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Preface

One of the major challenges that the mining and minerals processing industry faces in the 
21st century is dealing with the management of ever decreasing water resources. More than 
80 countries experience water shortages that threaten industrial activities and the health of 
their citizens. In the United States, water shortages are also of concern, not only in dry, western 
states, but also in Alabama, Florida, Hawaii, Illinois, Louisiana, Maryland, Missouri, South 
Carolina, and Virginia. The solutions to the problem include reduced consumption of water, 
development and use of water-free technologies, treatment and recycling of industrial and 
municipal water streams, and desalting of brines and water from oceans and seas.

To conserve water resources, water from industrial activities must be recycled or dis-
charged after treatment to meet the standards of freshwater. Although removal of suspended 
and floating particles has improved over the years, the search for better and more economi-
cal technologies continues. More challenging is the removal of dissolved solids and organics. 
Current technologies in this area are insufficient and, consequently, even continuous recycling 
of industrial water contributes to a decline in its quality, particularly through increases in salin-
ity and hardness of the water and increased content of dissolved organics, which affect mineral 
processing operations, corrosion of equipment, water use, and reclamation efforts. 

In recognition of these challenges, the SME Mineral and Metallurgical Processing Division 
organized this First International Symposium on Water in Mineral Processing during the 2012 
SME Annual Meeting in Seattle, Washington. Through this symposium, and similar sym-
posia to be organized in the future, we intend to promote innovative water-use and water-
purification technologies for mineral processing applications. Because most mineral processing 
operations require high water use to sustain the parameters for selective separation of minerals, 
the symposium intends to address the needs for sustainable technologies with reduced water 
consumption and reduced discharge of process-affected water. Strong emphasis is also given to 
fundamental aspects of the effects of process water quality on recovery and grades of valuable 
minerals products.

The program comprises a plenary session with keynote addresses by Robert Dunne from 
Newmont Mining Corporation and Ronald S. Oremland of the U.S. Geological Survey, and 
four regular sessions on the following topics: Processing with Sea Water and Saline Solutions, 
Water Treatment and Biological Methods, Effect of Water Quality on Minerals Processing, and 
Water and Tailings Management, with two additional keynote presentations by Sergio Castro 
of the Universidad de Concepción (Chile) and Enrico Drioli from the University of Calabria 
(Italy). We thank all of the keynote speakers for accepting our invitation and sharing their 
expertise and time.

All keynote and regular presentations from the symposium are collected in this book. We 
sincerely thank the authors for their contributions, and we thank all the reviewers for their 
time and effort. We also acknowledge the help and support received from the publisher. We 
hope that you will find this book timely and useful.
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Water Water Everywhere and Not a Drop to 
Drink, Nor Do I Know Its Whereabouts

Robert Dunne
Newmont Mining Corporation, Englewood, CO, USA

ABSTRACT

The demand for water is driven primarily by population and concomitant economic 
growth. Water requirements are predicted to grow considerably in the next decades while 
supplies will remain relatively constant or decline due to over pumping of aquifers, changing 
weather patterns and increased water pollution and contamination.

Mining activities are often located in remote, arid environments, with limited access to 
high-quality water. The water used in mining operations comes from a variety of sources and 
the sources and quality of the water varies from operation to operation. Mining impacts on 
water quantity and quality are among the most contentious aspects of mining development. 
The main problem for the mining industry is to generate confidence in developing a respon-
sible, sustainable and transparent water management strategy that is recognized as such by all 
stakeholders. This paper provides an overview of water in the wider global arena and compares 
this to how the mining industry has dealt with water stewardship over the last couple of decades.

INTRODUCTION

The demand for water is driven primarily by population and concomitant economic 
growth. Water requirements are predicted to grow considerably in the next decades while 
supplies will remain relatively constant or decline due to over pumping of aquifers, chang-
ing weather patterns and increased water pollution and contamination. While all regions will 
experience water scarcity to some degree, for some countries it will become more acute (Vaux 
2011). It is estimated that by 2025, as water scarcity intensifies, more countries will be severely 
short of water. Water shortages appear to have started in earnest around 1900, when around 
2% of the world’s populations were subjected to acute water shortages (Oelkers et al. 2011). 
This increased to 9% by 1960 and since then the number of people subject to chronic water 
shortages have increased rapidly to around 35 percent by 2005 (Kummu et al. 2010).

Overall, some 66% of the water withdrawn from the environment is used in agriculture, 
23% by industry (includes mining) and 7% by households (Horrigan et al. 2002). Annually, 
about 42,500 cubic km3 of water is available for human use, and 2600 km3 is consumed 
(primarily for agriculture). Globally, water supplies are virtually fully allocated and water use 
is between 50 and 85% of freshwater supply. In total, approximately 4000 km3/y of water is 
withdrawn from surface water and groundwater sources worldwide to meet human needs. Of 
this roughly 20% is taken from groundwater (Boswinkel 2000). It is estimated that the “safe” 
consumption of runoff is essentially already allocated in that it will be needed to feed a growing 
global human population (Barrett 2011).

GLOBAL WATER RESOURCE

The total amount of water in the hydrosphere consists of “free” water in liquid, solid or 
gaseous states in the atmosphere, on the Earth’s surface, and in the crust down to a depth of 
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2 Keynotes

approximately 2000 m. Approximate estimates of the Earth’s water resources are shown in 
Table 1 (Gleick 1996). Some 97.5% is saline water largely in the oceans, so that only 2.5% 
is fresh water. The greater proportion of the fresh water is in the form of ice and permanent 
snow cover in polar and mountainous regions (Trenberth et al. 2007). The other two sources 
are surface water (rivers and lakes) and atmospheric water (via rainfall) and store no more than 
0.0012% of global water reserves. These sources are the most accessible for economic needs 
and are of vital importance to water ecosystems. However, a significant fraction of this water 
flows in isolated rivers (e.g., in South America and the Arctic) and from a practical viewpoint 
is unavailable. Besides this these resources are rapidly replenished by natural processes. Almost 
all of the remaining water is contained in underground aquifers. Water storage in rivers and 
lakes is small, some two orders of magnitude less than groundwater volume. The mean resi-
dence time of water in rivers and the atmosphere is estimated to be 16 and 8 days, respectively. 
Although lakes store more freshwater than either rivers or the atmosphere, they take on average 
17 years to refill.

WATER AvAILABILITy

Rainfall and Surface Storage

Surface water and groundwater sources have up until now, ensured the growth of our society. 
Surface water can be very important locally however, there are limitations in the supply as the 
availability of surface water can fluctuate markedly according to rainfall (monsoon) or snowmelt 
cycles (Vaux 2011). As rainfall supplies approximately 80% of the water used for agricultural 
production worldwide these fluctuations can have serious impacts on agricultural production.

The prevailing practices of water resource management during the last century placed 
heavy reliance on the construction of reservoirs/dams and canals to store and distribute water 
(Vaux 2011). Constructed reservoirs/dams are able to accommodate seasonal changes, but 
often at the cost of large evaporative losses and expensive infrastructure. Surface waters are 

Table 1. Major earth surface water reservoirs (based on Gleick, 1996)

Water Source Percent of Total Water Mean Residence Time of Water

Oceans, seas, bays 96.5 2500 years

Ice caps, glaciers 1.74 9700 years

Groundwater 1.69 1400 years

 Fresh 0.76 —

 Saline 0.93 —

Ground ice and permafrost 0.022 10,000 years

Lakes 0.013 17 years

 Fresh 0.007 —

 Saline 0.007 —

Atmosphere 0.001 8 days

Swamps 0.0008 5 years

Rivers 0.0002 16 days

Biological water 0.0001 4 hours

Totals 100
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also vulnerable to cycles of drought. The naturally small storage of surface waters means that 
declines in precipitation quickly translate into reductions in stream flows. As water demand 
continues to grow so water available for development becomes increasingly scarce. The costs 
of water storage infrastructure have risen disproportionately because low-cost sites and water 
supplies have already been developed and because the costs of civil works have increased faster 
than the rate of inflation (Vaux 2011).

Half the world’s people now live in cities and are heavily dependent on their water-supply 
systems. Examples of these are: Los Angeles uses of local groundwater but import the bulk of 
its supply from surface waters in the Owens Valley, the Sacramento-Dam Joaquin Delta, and 
the Colorado River, hundreds of kilometers away. Beijing, which has relied historically on 
local supplies, is now tapping the Yangtze River 1000 km to the south. In less than a century, 
sociological tools needed to grow their cities seemingly without regard for natural limits on the 
availability of local water supplies (Schwartz and Ibaraki 2011).

Groundwater

Groundwater is by far the most readily available water resource of freshwater. The huge 
volumes of water stored in aquifers together with slow rates of “natural” depletion make 
groundwater a resilient source of water (Vaux 2011). Groundwater is commonly extracted 
from aquifers big and small and the rate of “external” withdrawal of groundwater around 
the world has increased substantial however, the rates in many instances far exceed the natu-
ral replenishment (Schwartz and Ibaraki 2011). Moreover, increasing populations, with their 
associated agricultural and industrial activities, create sources of pollution that further limit 
supplies of water. Furthermore, intensive extraction of groundwater can create unintended 
impacts on surface waters. The inherent coupling of groundwater and surface waters means 
that groundwater consumed for irrigation reduces the flow in streams that normally receive 
natural inflows of groundwater (e.g., springs) (Schwartz and Ibaraki 2011).

In the United States, two-thirds of piped water (mostly in large cities) comes from surface 
water, but in rural areas, drinking water is frequently not obtained from public water suppliers 
and nearly all domestic supply is reliant on groundwater (Johnston et al. 2011; Kenny et al. 
2009).

Lakes

Lakes also are a “large” source of freshwater and well as “quality” water for industrial usage. 
The latest survey undertaken by the International Lake Environment group, in co-operation 
with the United Nations Environment Program, of 217 lakes worldwide found that 54% of 
lakes in Asia are eutrophic (oxygen depleted by nutrients), compared to 41% in South America 
and 28% in Africa (Jørgensen 2001). The greatest water-quality problems in lakes are found in 
countries with large populations and with scarce financial resources. The regulation of nutri-
ents to protect drinking water supplies is urgently needed (Johnston et al. 2011)

Aquifer Storage

A process known as aquifer storage and recovery (ASR), has emerged as an increasingly 
attractive water-management strategy in the last two decades. ASR and variants such as aquifer 
storage transport and recovery (Rinck-Pfeiffer et al. 2005) involves the storage of water in sub-
surface aquifers when water is plentiful and recovered during times of peak demand or water 
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stress (Pyne 1995). Peak storm water flows and wastewater streams can be harvested, treated 
passively (e.g., constructed wetlands) or actively (e.g., dissolved air flotation/filtration) and 
injected into confined aquifers for subsequent recovery for non-potable purposes (Pyne 1995; 
Pavelic et al. 2006a; Swierc et al. 2005). ASR has been carried out for municipal, industry and 
agriculture use. In Texas, there are two operating ASR facilities-one was developed in Kerrville 
for the Upper Guadalupe River Authority in the early 1990s, and the other the San Antonio 
Water System in south Bexar county and this came online in June 2004. The first agriculture 
ASR wells were put into service in Oregon in the autumn of 2006 injecting spring flood waters 
into the aquifer (www.ecy.wa.gov). The shallow recharged water is then recovered as potable 
water and injected into the deep basalt aquifer.

Wastewater

Today, wastewater treatment technologies have advanced to the point where household 
and industrial wastewater can be cleaned so as to meet the standards prescribed for household 
use. For example, the Orange County Water District, located in Southern California, produces 
significant quantities of water from wastewater, and this recycled water is recharged to local 
aquifers from which it is ultimately extracted to serve household needs (Vaux 2011). The dis-
trict employs several technologies, of which the most advanced feature artificial membranes 
that are used in a reverse osmosis process to clean the water prior to direct injection into the 
underlying aquifer. These technologies are relatively costly and can be employed economically 
only under certain conditions,

WATER QUALITy

The deterioration of water quality can be either natural (geogenic) or human induced 
(anthropogenic).

Geogenic Deterioration

Geogenic contaminants in groundwater are related not only to the local and regional 
geology but also to the conditions that facilitate contaminant release from aquifer sediments 
(Smedley and Kinniburgh 2002).

The chemistry of most surface water and shallow groundwater is the result of water-rock-gas 
interactions. The evaporation of water concentrates solutes, in certain circumstances resulting 
in the crystallization of minerals such as calcite and gypsum. The combination of evaporation 
and mineral precipitation can lead to high sodium, chloride, and/or sulfate concentrations. 
Soil gases commonly have carbon dioxide because of root respiration and organic matter decay. 
Therefore percolation of water through organic-rich soil can further lower pH, leading to the 
dissolution of acid soluble minerals. Weathering reactions in the soil zone include the disso-
lution of unstable silicates, ion exchange reactions are fast, and water commonly establishes 
equilibrium with these minerals and mineral surfaces. In contrast, silicate mineral dissolution 
in nature is controlled by slow kinetics, and the precipitation of secondary clay minerals is an 
even more sluggish process (Zhu and Schwartz 2011).

The two most important geogenic contaminants from a health aspect (Hopenhayn 2006) 
are arsenic (Ravenscroft et al. 2009) and fluoride (Fawell et al. 2006). Hundreds of millions 
of individuals, mostly in Asia, are exposed to these geogenic contaminants at levels 10 to 
100 times greater than drinking water standards.
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Anthropogenic Deterioration

Anthropogenic contaminants are chemical contaminants that have been introduced to the 
environment by the activity of man. These contaminants include industrial chemicals inadver-
tently released into the environment, as well as those derived from land use activities such as 
oils and grease flushed off roadways and agricultural chemicals. Chemical plants, manufactur-
ing facilities, gas stations, repair shops, landfills and mining activities all have the potential to 
release contaminants into the environment.

Modern agriculture is capable of contaminating shallow aquifers with fertilizer, pesticides 
and agricultural waste (e.g., manure). In the High Pains Aquifer (central USA), enhanced 
recharge in irrigated regions has mobilized natural chloride and nitrate from the unsaturated 
zoned and transported trace quantities of pesticides into shallow groundwater (Gurdak et al. 
2009). For this reason efforts are in place and growing to protect groundwater from contami-
nation from agricultural, mining and industrial activities, and improper disposal of solid waste 
and domestic wastewater (Zhu and Schwartz 2011). In recent years it has been recognized 
that submarine groundwater discharges into coastal oceans contributing 5–10% of freshwater 
inflows to oceans, as well as being a significant source of nutrients and pollutants for coastal 
ecosystems (Johnston et al. 2011).

As rainwater falls through the atmosphere it is chemically altered; for example it dissolves 
and incorporates sea salt aerosols, sulfate, ammonium, and nitrate from natural and human 
sources such as power plants, automobile exhaust, smelters, and agriculture (Zhu and Schwartz 
2011). Rainwater also equilibrates with atmospheric carbon dioxide giving unpolluted rain-
water a pH of around 5–6. Furthermore, this rainwater water may be chemically altered if it 
is able to react with dry particulate aerosols on the ground accumulated between precipitation 
events.

Anthropogenic changes in water flows to the oceans may also affect the global cycles of 
some elements (Oelkers et al. 2011). The flow of water down rivers transports more than 7.6 
× 1013 kg/y of elements in dissolved form and within suspended materials to the oceans (Viers 
et al. 2009). This process is reported to play a major role in the global cycles of most elements, 
including phosphorus and nitrogen (Meybeck 1982; Vitousek et al. 1997; Filippelli 2008). 
Similarly the transport of calcium by rivers from the continents to the oceans and its subse-
quent precipitation as carbonate minerals is an important component of the long-term carbon 
cycle (Berner et al. 1983; Gislason et al. 2006).

WATER TREATMENT

In an attempt to address the growing need for water and to attenuate environmental dam-
age, desalination treatment is growing rapidly (Shannon et al., 2008). A range of desalination 
processes are used worldwide and the most common is reverse osmosis (Fritzman et al. 2007). 
It is estimated that there are around 21,000 desalination plants in use today in more than 
120 countries around the world (Oelkers et al. 2011), almost 50% use seawater to produce 
fresh water and the rest use brackish water. Technical improvements have enabled the cost to 
decrease substantially over the past three decades; the cost to desalinate 1 m3 of seawater can 
now be US$1.00 or less (Yermiyahu et al. 2007). A large part of the cost is associated with 
energy consumption and therefore the overall cost can escalate rapidly and be vastly differ-
ent on a regional basis (Andrianne and Alardi 2002). The combination of lower cost and 
an increasing need for fresh water has led to substantial increase in desalination treatment 
worldwide. Between 1994 and 2004 desalination capacity has reportedly increased from 6.3 to 
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13 km3/year. Desalination currently supplies less than 0.3% of global water needs and thus 
contributions a small amount only to global requirements.

WATER IN THE MINING INDUSTRy

Mining activities are often located in remote, arid environments, with limited access to 
high-quality water. The water used in mining operations comes from a variety of sources, 
including groundwater, surface water, seawater, water from dams on site or sourced from water 
treatment plants. The source and quality of the water varies from operation to operation. 
Mining impacts on water quantity and quality are among the most contentious aspects of min-
ing development. Negative environmental impacts of past mining activity generally cause local 
and downstream populations to worry that existing and new mining activity will adversely 
affect their water supply and quality (Brown 2003; Bebbington and Williams 2008). The main 
problem for the mining industry is to generate confidence in developing a responsible, sustain-
able and transparent water management strategy that is recognized as such by all stakeholders.

WATER USE IN THE MINING INDUSTRy

Water is a critical input for mining, mineral processing smelting, refining and petroleum 
businesses. Proportionately most of the water in mineral processing is for flotation and to a 
lesser degree for heap leaching of copper and gold ores. Other water uses include dust suppres-
sion (McIntosh and Croni 2003), equipment cooling, slurry conveyance and human needs at 
mine sites. In recent times many sites are replacing high quality (potable) water with poorer 
quality water to help conserve local water supplies. From a mining aspect, water, especially 
high quality water, is an increasingly scarce and valued resource around the world.

WATER RESOURCES AND QUALITy IN THE MINING INDUSTRy

There are a multitude of water resources available to the mining industry and Kaufmann 
and Nadler provided an excellent diagrammatic representation of these in their paper 
(Kaufmann and Nadler 1965) that is still valid today. The diagram, which has been modified, 
is shown in Figure 1 and the water resources available are summarized as follows.

Groundwater

As mentioned previously mining activities are often located in remote and arid environ-
ments with limited surface water supply, for this reason groundwater is the main source of 
water for mining and processing activities. Due to the need of good quality for human con-
sumption and farming the quality of underground water for mining is usually “brackish.” As 
an example in Western Australia water supply is mainly from bore field sources and this water 
is hyper-saline. Measured salinities are in excess of 100,000 ppm total dissolved solids and, in 
some cases, in excess of 200,000 ppm, six times that of sea water.

Sea Water

Some historic and current examples of sea water application are the Texada Mill in British 
Columbia where sea water was used in the 1970s to produce both high-grade sinter iron 
concentrate and a by-product copper-gold-silver flotation concentrate (Haig-Smillie 1974). 
The Black Angel lead-zinc mine in Greenland operated from 1973 to 1990 used sea water 
in the grinding and flotation circuits (Poling and Ellis 1995). The Batu Hijau Copper Mine 
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on the island of Sumbawa, Indonesia, initially intended to use fresh water from surface run-
off for the processing plant. However, the lack of sufficient storage capacity and the large 
variations in seasonal rainfall led to the decision to use sea water. Sea water is used for 7 to 
8 months of the year, the balance of the time water is a blend of seawater and mine water 
runoff from stockpile, waste and mine dewatering (Wirfiyata and McCaffery 2010). In Chile, 
the Michilla Copper Mine located near the coast and 100 km north of Antofagasta, has been 
using sea water since the 1990s for copper leaching (Wiertz 2009). More recently, Esperanza, 
a copper mining project under construction and located north east of Antofagasta decided to 
exclusively use sea water for flotation (Wiertz 2006; Chadwick 2009). Interestingly about half 
of Rio Tinto’s annual water withdrawal is sea water (600 billion litres) and is used for cooling 
water at Rio’s owned power stations (Rio Tinto Sustainability Report 2010).

Desalinated Sea Water and Groundwater

In Chile, several mine sites located in the arid mountains of the Andes are currently look-
ing at using reverse osmosis (RO) plant located on the seashore to supply their operation 
with desalinated sea water (Wiertz 2009). The Escondida mine filed an environmental impact 
assessment in late 2009 for sea water desalination plant using reverse osmosis (RO) to provide 
water for a proposed capacity increase at the mine. The Candelaria Copper Mine has also 
looked at reverse osmosis (RO) options to provide fresh water to alleviating impacts on the 
mine site impact on the local aquifers (Levay et al. 2006). BHP Billiton has for some time 
been evaluating seawater desalination on the coast of South Australia and pumping it inland 

Figure 1. Water resources available to the mining industry (based on Kaufmann and Nadler 1975)
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to supply the Olympic Dam mine with fresh water to cater for the mine’s proposed expansion 
(Levay et al. 2006; BHP Billiton Sustainability Report 2010).

Reverse osmosis (RO) is the key membrane-based filtration/desalination technology used 
to treat saline groundwater at many mines in the Australian outback to provide potable water 
and high quality water for metallurgical purposes (e.g., elution of gold loaded activated carbon).

Sewage Water

The simplest, and perhaps most common synergies in wastewater application are those 
where one operation takes the wastewater from another as all or part of its input. Many exam-
ples exist where treated effluent is used in this way. Examples are the Levack concentrator in 
Sudbury, Canada (Browne and Butler 1970), Cadia Gold Mine, New South Wales, Australia 
(Levay et al. 2001), Queensland Alumina Limited (QAL) in Queensland (Stegink et al. 2003) 
and the Port Kembla steel works in South Australia (Hird 2006).

MINIMIZING WATER CONSUMPTION IN THE MINING INDUSTRy

The incentive for recycling water on a mine is to lower the demand for externally supplied 
water. It is generally accepted that any recycling of water is an environmentally desirable prac-
tice. Recycling can also lead to lower operating costs as less water needs to be purchased and/
or pumped. Furthermore any residual reagents can be returned in the recycle water, thereby 
lowering reagent consumptions (Coleman and Wallace 1978). There also are positive social 
implications from water recycling, especially if there is competition for scarce surface water 
resources in semi-arid or arid regions, or if extraction of underground water impacts local users 
of the same groundwater resource. One of the earliest references on “good water recycle prac-
tice” stated that at the Copper Cliff mill, Sudbury, Canada, recycled water increased from 50% 
to 72% during 1941 (Browne and Butler 1970). Records in the USA showed that on average 
about 69% of mine site water was recycled in the 1970s (Bailey 1970; Joe 1973; Pickett and 
Joe 1974; Hyatt 1976). By the 1980s the recycle had increased up to 73% (Watt et al. 1982). 
Information provide in recent sustainability reports (2009 and 2010) for large global mining 
companies show that water recycled on a company-wide basis to be in the range of 50 to 75%.

There are a number of factors driving the industry to increase “dewatering” (solid liq-
uid separation) in the mining industry. These include limited water availability and reduced 
chemical consumption (Klein and Hallbom 2009). The “dewatering” process separates water 
from solids and provides the opportunity to recycle water. There are many dewatering process 
that achieve this including screening (Doerffer and Heinrich 2009; Mathewson et al. 2006), 
conventional and paste thickening (Chambers et al. 2003), filtration (Mathewson et al. 2006) 
and sedimentation in the tailings dam. To enhance the separation of water from the solids in 
thickening and sedimentation selected chemicals are used for coagulation and flocculation 
(Levy et al. 2006; de Krester et al. 2009). Thickener equipment technology also has advanced 
greatly over the last two decades to produce higher underflow densities and especially for 
the treatment of “difficult to dewater” ores (Schoenbrunn et al. 2009). Enhanced dewater-
ing of colloidal hydrophilic mineral dispersions, via flocculation and gravity-assisted thicken-
ing, remains an important and technically challenging problem. This is especially so for ores 
with high clay contents. Prudent selection and mode of addition of different polymer types 
and structure can promote synergistic effects between cationic and anionic flocculants leading 
to significantly improvements in the dewatering of heterogeneous mineral tailings (Addai-
Mensah and Ralston 2005; Levy et al. 2006).
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For thickened tailings disposal, dry stacking and paste fill, the rheology must be manipu-
lated and exploited (Sofra and Boger 2000; Levy et al. 2006) to ensure maximum efficiency 
of the entire disposal process including pumping (Simms et al. 2008; Cooke 2008). Recently 
novel dewatering aids have been shown to substantially reduce the cycle time for filtration and 
the filter cake moistures content (Asmatulu et al. 2005). Advances in dewatering equipment 
over the last two decades, especially the development of large capacity vacuum and pressure 
filter equipment (Mathewson et al. 2006) has presented an opportunity for storing tailings 
in an “unsaturated” state. The filtered tailings can then be transported to the storage area by 
conveyor or truck and placed, spread and compacted to form an unsaturated, dense and stable 
tailings “stack” (often termed a “dry stack”).

Most of the world’s mineral processing plants store tailings in engineered impoundments 
to insure structural integrity. These structures must be designed and constructed to hold and 
manage large quantities of water. Water losses (evaporation and leakage into subsurface) from 
tailings impoundments are receiving increased scrutiny from regulators and the public, who 
now insisting that viable alternatives be considered for any new mining development (Pinto 
and Barrera 2008; AMEC 2008). Water losses by evaporation can be reduced by minimizing 
the water surface area, reducing the water temperature and/or minimizing the exchange of 
water vapor with dry air above the water. Evaporation reduction methods can be grouped into 
either structural (i.e., wind breaks, alternative dam design or cover techniques). Several com-
panies currently manufacture floating balls, floating covers, chemical mono-layers and shade 
structures to minimize evaporation from storage dams. A novel “floating modular” cover to 
reduce evaporation has been developed by Rio Tinto (Takos et al. 2006).

WATER TREATMENT IN THE MINING INDUSTRy

The practice of water treatment is to improve water quality either before recycle or prior 
to discharge. As far back as the 1960s it was recognized that stricter requirements on the 
quality of discharge water would be imposed by regulatory authorities, thus necessitating the 
treatment of virtually all discharged water (Kaufman 1967). At that time it was predicted that 
mineral treatment plants would recycle substantially more water and incur additional costs 
associated with chemically treating discharge water or in recirculating the water.

Mine water treatment technologies have evolved substantially during the past twenty 
years, driven by a sustained research effort and by the need of mining companies to address 
their long-term liabilities associated with contaminated mine water (van Niekerk et al. 2006; 
Kuyucak 2006). A number of reliable and proven neutralization and desalination technolo-
gies are now available and shown in Figure 2. Lime is still the principal alkali pH modifier for 
flocculation to improve water clarity and/or for alkalinity to promote metal precipitation as 
hydroxides (Kemmer and Beardsley 1971; Kuyucak 2006; van Niekerk et al. 2006). The next 
preferred option is treatment by reverse osmosis (RO). Queensland Nickel uses RO to treat 
and recycle contaminated water; Ranger Uranium Mine and the Ulan Coal Mine use it to 
treat excess water prior to discharge into the environment (Levy et al. 2006). During the last 
two decade biological treatment of wastewaters has receive a lot of attention. The biological 
sulfate reduction (BSR) process is one of the more successful technologies and in today’s terms 
it is considered established and proven (van Niekerk et al. 2006; Kuyucak 2006). Nowadays 
contaminated mine water is not always considered a liability, but may be exploited as a valuable 
water resource in many water scarce catchments (Levy et al. 2006).

Brine solutions generated from RO treatment of mine and process waters normally need 
further treatment to remove and stabilize the precipitated metals prior to disposal into land 

WaterMineralsProcessing.indb   9 11/22/11   1:48 PM



10 Keynotes

fill. The process is complex involving complex chemistry to achieve the extremely low metal 
levels required by statutory organizations (Madin 2006). The subject matter on all the available 
treatment options is extensive and a few recent references on the subject are provided (Fisher et 
al. 1999; O’Leary 1996; Kuyucak 2006; Levy et al. 2006; McCloskey et al. 2008; Gusek et al. 
2008; McCloskey et al. 2009; Sibrell et al. 2008; Croall 2009; Hollis 2009).

Sludge generated from water treatment, such as ARD precipitation or treatment of RO 
brine solutions, is either stored in plastic lined facilities on site or sent to external permitted 
land filled sites. Disposal of sludge often constitutes a significant portion of the operating cost 
of an AMD treatment plant.

WATER TREATMENT IN THE OIL INDUSTRy

In the oil industry the treatment of water containing more than 40,000 mg/L TDS using 
RO is considered not to be economically feasible even at favorable energy prices (Gregory 
et al. 2011; Cline et al. 2009). For high-TDS waters, vibratory shear-enhanced processing 
(VSEP) has been applied to membrane technologies (Jaffrin 2008). In VSEP, flat membranes 
are arranged as parallel discs separated by gaskets. Shear is created by vibrating a leaf element 
tangent to the membrane surface and this lifts solids and fouling material off the membrane 
surface, thereby reducing colloidal fouling and polarization of the membrane (New Logic 
Research 2004). VSEP technology has been used successfully in the treatment of water from 
offshore oil production (Fakhru’l-Razi et al. 2009).

Several other technologies that have been or are being developed in the oil industry for 
treating TDS waters include ion exchange and capacitive deionization (Jurenka 2007), which 
are limited to the treatment of low-TDS water; freeze-thaw evaporation, which is restricted to 

Figure 2. Commonly available water treatment technologies (van Niekerk et al., 2006)
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cold climates; evaporation ponds, which are restricted to arid climates; and artificial wetlands 
and agricultural reuse (Veil et al. 2004), which are greatly limited by the salinity tolerance 
of plant and animal life. Distillation and crystallization are mature technologies that rely on 
evaporating the wastewater to separate the water from its dissolved constituents (Doran and 
Leong 2000). Distillation removes up to 99.5% of dissolved solids and has been estimated 
to reduce treatment and disposal costs by as much as 75% for produced water from shale oil 
development (ALL Consulting 2003). However, distillation is a very energy-intensive process.

STRATEGIC AND MINE SITE WATER MANAGEMENT PLANNING

A strategic water management framework utilizes a system-level approach to the account-
ing of water in the mine water circuit and surrounding region. It identifies the operational 
tasks on-site associated with water, such as dewatering of ore bodies, grinding, flotation, dust 
suppression, water quality treatment, and the storing and discharge of water. It explicitly rep-
resents the flows of water between tasks within sites and the flows of water into and out of 
sites within a region. A systems approach allows benchmarking of mine performance against 
industry best practice, and examination of how operations interact with surrounding environ-
ment, community and other stakeholders,

Water management plans are required for most mining operations and include require-
ments to implement controls to mitigate water use and discharge impacts. A dynamic water 
balance that takes account of cyclic variations (i.e., wet and dry seasons) is a major part of any 
mine site water management plan. The quality of water is also an important consideration, as 
it can effect production or increase operation costs. As a result, each mining operation will have 
its own unique water strategy.

WATER DISPOSAL IN MINING

The way that effluent mine water is treated depends on the characteristics of the effluent, 
the nature of the receiving water (such as rivers and lakes), the possibility for reusing the water, 
and the specific legal requirements of the local country authority. Obviously before making any 
decision on what treatment system to use for a particular effluent, it is essential to consider its 
physical, chemical and biological characteristics in order to asses the potential for reducing its 
concentration and volume, in accordance with the principle of cleaner production.

CONCLUSIONS

Key considerations in today’s world of mining are the availability of water for ore treat-
ment and the amount of water that can be replenished or that needs to be discharged. All stake-
holders associated with the mining industry are demanding that the industry continually looks 
at ways to reduce external water requirements and implement best practice water management 
strategies. Where mines discharge water into the environment there will be ever increasing 
requirements to improve water quality. Increased water recycle, as a means to decrease external 
water demand will become a day to day focus at mines of the future. This implies that dewater-
ing practices and water treatment unit operations will be of greater importance in the day to 
day operation at a mine site.
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Arsenic and Life: Bacterial Redox Reactions 
Associated with Arsenic Oxyanions

Ronald S. Oremland
U.S. Geological Survey, Menlo Park, CA, USA

ABstRAct

Oxyanions of the Group 15 element arsenic (As), namely arsenite [As(III)] and arsenate 
[As(V)], have been known for millennia to be potent poisons. In more recent times it was 
discovered that certain microorganisms, in contrast to human, have evolved specific resistance 
mechanisms guarding them against the presence of these oxyanions in their surroundings, 
thereby allowing for their grow in As-contaminated environments. Subsequent discoveries have 
revealed that biologically-mediated redox reactions occurring in the cell envelope of some pro-
karyotes can either oxidize As(III) to As(V), or reduce As(V) to As(III). These redox reactions 
are highly exergonic, and result in biological energy conservation that sustains growth. Hence, 
arsenic oxyanions can be thought of as an energy source ripe for microbiological exploitation, 
in other words as a food source. In some cases these redox reactions can be linked to chemo- or 
photo-autotrophy. Since arsenic often co-occurs in the ores of precious metals, the exploita-
tion of these microbiological redox reactions for the purpose of site remediation or of waste 
sequestration (via immobilization) holds promise for future investigation.

INtRODUctION

In contrast to the Group 15 elements nitrogen and phosphorus, the lower atomic weight 
neighbors of arsenic in the Periodic Table, the latter is infamous for its ability to end life rather 
than to sustain it. The biochemical mechanisms for acute arsenic toxicity appear to be its 
action as an inhibitor of oxidative phosphorylation [when in the form of As(V)] acting as an 
analog of phosphate, and by its binding to the sulf-hydryl groups of key respiratory enzymes 
[when occurring as As(III)] (Hughes, 2002; Stolz et al., 2010). Arsenic became popular for 
the specific purpose of people poisoning (aka: murder) because not only was it effective but 
its soluble oxyanions were generally colorless, odorless and tasteless when added to the food or 
beverage of the unsuspecting victim (Emsley, 2005). Its nefarious employment in this capacity 
became quite popular until the development of the forensic Marsh Test in the 19th century, 
which was devised as a means to detect the presence of arsenic in biological tissues. Today an 
even more insidious poisoning phenomenon is evident. There is growing recognition that 
naturally-occurring arsenic found as solid phase minerals embedded in drinking water aquifer 
matrices can become mobilized into the aqueous phase, thereby posing dire threats to human 
health. The problem will certainly become more acute as the human population expands in 
numbers and water resources become further constrained. Arsenic poisoning (“arsenicosis”) is 
most severe and most highly visible in Asia (Fendorf et al., 2010). In Bangladesh alone some 
40–50 million people drink water that is well above the WHO recommended of 10 ppb, 
and arsenicosis is endemic to the population, with many thousands of life-threatening cases 
and deaths occurring annually (Nordstrom, 2002; Smith et al., 2002; Oremland and Stolz, 
2005). Arsenic mobilization in the environment is a complicated interdisciplinary phenom-
enon, including important components of geochemistry, hydrochemistry, hydrology, and 
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microbiology. There is a broad literature dealing with various aspects of this subject that is well 
beyond the scope of this brief chapter to recount, but significant reviews have been published 
on various aspects of the topic (e.g., Smedley and Kinniburgh, 2002). Since this chapter’s focus 
is upon the microbiological perspective, the reader is referred to the reviews of Mukhopadhay 
et al. (2002), Rosen, (2002), Oremland and Stolz (2003), Silver and Phung (2005), Stolz et al., 
(2006), Oremland et al., (2009), Páez-Espino et al., 2009), and Stolz et al., (2010).

ARsENIc REsIstANcE

Arsenic oxyanions can enter the cytoplasm of microbial cells by transiting the cell mem-
brane. The mechanisms by which this is achieved depend on the chemical species under scru-
tiny, with As(V) mimicking phosphate and actively brought inside by phosphate transporters. 
Arsenite freely enters via aqua-glycerol porins, at least this occurs at circum-neutral pH where 
the As(III) ion has no charge. Once inside the cell arsenic oxyanions still hold the capacity to 
cause biochemical mayhem and hence must be pumped outward. In the case of As(V), this is 
first achieved via its reduction to As(III) through the action of a low molecular weight, soluble 
arsenate-reductase located in the cytoplasm (Mukhopadhyay and Rosen, 2002). In prokaryotes 
like E. coli this is achieved by the ArsC system, while in unicellular eukaryotes like S. cerevisiae 
by an analogous protein termed Arr2p (Simon & Phung, 2005). The arsenic oxyanions are 
then transported out of the cell in a membrane-associated enzyme complex that also includes 
the action of an ATPase. Hence, a key point to bear in mind is that removal of arsenic oxyani-
ons from the internal milieu of the cell is an energy-requiring process. It was initially thought 
that expression of As-resistance genes were responsible for the observed speciation of arsenic 
in the environment, especially for the presence of As(III) in anoxic sediments and waters. 
However, the discovery of dissimilatory As(V) reduction (i.e., arsenate respiration) changed 
the paradigm away from resistance mechanisms being the primary cause of observed arsenic 
speciation (Ahmann et al., 1994; Laverman et al., 1995; Newman et al., 1997). Nonetheless, 
As(V) respiring anaerobic bacteria like Shewanella strain ANA-3 also have a full cassette of 
As-resistance genes to compliment their respiratory As(V) reductases (Saltikov and Newman, 
2003). This enables the organism to not only generate energy via As(V) reduction, but to do 
so in the presence of high concentrations of this toxicant.

The notion that arsenic is a universal toxicant for all forms of life unless specifically adapted 
for its resistivity has recently been challenged. Strain GFAJ, an otherwise “common” halo-
philic bacterium of the γ-Proteobacteria isolated from Mono Lake, California was found to be 
capable of using As(V) in lieu of phosphate to sustain its growth (Wolfe-Simon et al., 2011). 
The results suggested that this organism was capable of inserting As into key biological macro-
molecules where P should be normally be present, most sensationally into the phosphodiester 
linkages of nucleic acids (e.g., DNA). This provocative report has stirred up much commen-
tary and criticism, especially in the “blog-o-sphere” but also in reputable reviews (i.e., Rosen et 
al., 2011; Silver and Phung, 2011). Not all the commentary has been negative, and two papers 
support the idea that As-DNA molecules are stable based on the authors’ quantum mechanical 
calculations (Denning and MacKerrell Jr, 2011; Mládek et al., 2011). If confirmed, the work 
has profound importance with regard to what specific major elements other than C, N, P, S, 
O, and H can actually constitute life as we currently understand its compositional base to be 
restricted. The idea that As could substitute for P in nucleotides was first shown to be possible 
over 45 years ago in 74As(V)-radiolabel experiments conducted with mouse cancer cells (Kay, 
1965). The initial incorporation of the radiolabel into nuclear DNA was followed by its tran-
scription into cytoplasmic RNA. At the time the goal of this work was to better understand the 
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role of arsenic in promoting lung cancer in eukaryotes rather than its substitution for phospho-
rus as a possible basis for life (E. Kay, personal communication, 2011).

ARsENOtROPHY

Arsenotrophy is here defined as the “redox” reactions involving either As(V)-reduction 
or As(III) oxidation that couple to ATP generation, that is they conserve energy for the con-
comitant growth of the microorganism (Hoeft et al., 2010). In the case of As(III) oxidation, 
excluded are the incidental reactions not directly coupled to growth that may be otherwise 
be involved in detoxification or immobilization of the As-oxyanion. Hence, if As(III) acts as 
a the primary electron donor (energy source) the microbe therefore obtains its carbon from 
reduction of CO2, and is a chemo-autotroph. Most of the chemo-autotrophic As(III) oxi-
dizers previously described are obligate aerobes and couple their oxidation of As(III) to the 
reduction of O2 (Oremland and Stolz, 2003; Garcia-Dominguez et al., 2008). However, more 
recently some novel As(III) oxidizers were found to be able to employ nitrate in lieu of O2 in 
this capacity (Oremland et al., 2002; Hoeft et al., 2007; Rhine et al., 2006,; 2007; Sun et al., 
2008; 2009). Indeed, oxidation of arsenite can bypass the need to couple to strong biologi-
cal oxidants (e.g., O2, NO3

–) entirely. Anoxygenic photosynthesis carried out by bacteria like 
Ectothiorhodospira can employ As(III) as its electron donor in the light, much as they do for 
sulfide, but in this case resulting in the formation of As(V) along with the conservation of 
energy for growth (Buddinhoff and Hollibaugh, 2008; Kulp et al., 2008).

Running in the counter direction to the above-described process, arsenate respiration 
employs the As(V) oxyanion as a respiratory electron acceptor. This enables anaerobes to con-
serve energy for growth from their biochemical oxidation of organic matter (or of H2 or sul-
fide) resulting in the formation of As(III) and oxidized substances like acetate, CO2, or sulfate 
in the case of sulfide (Oremland and Stolz, 2003; Hoeft et al., 2004). Because the product 
As(III) is more toxic and more hydrologically mobile than is As(V), the process of As(V) res-
piration is of great environmental significance. In certain arsenic-rich environments, such as 
Mono Lake, California, bacterial As(V) respiration represents an important pathway of carbon 
re-mineralization, shuttling about 10% of annual water column primary productivity via this 
respiratory route (Oremland et al., 2000; Hollibaugh et al., 2005).

The enzymes that control these reactions, namely As(III) oxidase and respiratory As(V) 
reductase are both members of the broad family of Mo-containing DMSO-type reductases 
(McEwan et al., 2002). Both are hetero-dimers with the larger, Mo-containing reaction cen-
ter subunit (~87–88 kDa) associated with a smaller iron-sulfur cluster containing subunit of 
14–24 kDa (Silver and Phung, 2005). Despite their outward similarities, they are controlled 
by two distinctly different sets of genes, designated aoxBA for the arsenite-oxidase complex and 
arrAB for the arsenate reductase complex (Oremland et al., 2009). Until quite recently these 
enzymes were thought to function uni-directionally in vivo. However, the full genome annota-
tion for Alkalilimnicola erhlichii altered that perception because while it clearly lacked a homo-
log of aox, it contained two homologs of the reductase gene arrA but was incapable of reducing 
As(V) (Hoeft et al., 2007). Subsequent biochemical studies revealed that this organism’s respi-
ratory As(V) reductase was actually reversible, running in the oxidative mode when coupled 
with nitrate (Richey et al., 2009). An investigation using “knockout” mutants of A. ehrlichii 
clearly demonstrated that only one of its two arrA homologs was involved in As(III) oxidation. 
However, the incapacitation of this section of its genome (protein designated 0216) rendered 
the A. ehrlichii mutant incapable of growth on As(III) and nitrate, or of As(III) oxidation and 
nitrate reduction (Zargar et al., 2010). This reverse-running, anaerobic As(V) reductase gene 
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was therefore designated as “arxA” and was phylogenetically aligned with As(V) reductases 
(arrA), suggesting a common ancestor distinct from that of aerobic As(III) oxidases (aoxB). In 
a similar vein, Ectothiorhodospira strain PHS-1, another member of the γ-Proteobacteria iso-
lated from Mono Lake also lacked an aox-type of As(III) oxidase gene, but did have an arx-type 
homolog closely aligned to that of A. ehrlichii (Kulp et al., 2008). These observations suggest 
that this clade of anaerobic As(III) oxidases may be widespread in nature.

ARsENIc AND ARsENOtROPHs IN tHE ENVIRONMENt

Arsenic ranks as 20th on the list of elemental abundance within the Earth’s crust, lying 
well below oxygen (#1), silicon (#2), and for the purposes of this section aluminum (#3) 
and iron (#4). The latter two elements are significant here because of the interactions they 
have with arsenic oxyanions that govern their hydrologic mobility. In general, As(V) adsorbs 
more strongly with and to a greater diversity of minerals than does As(III). In particular, 
As(V) adsorbs to aluminum oxides while As(III) does not (Zobrist et al., 2000), and this 
is of great significance considering the widespread abundance of clays and alumino-silicates. 
Adsorbed As(V) on an aluminum oxide surfaces can undergo direct dissmilatory reduction 
by Sulfurospirillum barnesii which results in the net accumulation of As(III) in the aqueous 
phase (Zobrist et al., 2000). The interaction of arsenic species and iron minerals is far more 
complex as both As(V) and As(III) adsorb with differential strengths to these surfaces, and the 
adsorptive capacity tends to diminish with increasing degree of crystallization of the minerals 
(Dixit and Hering, 2003). Direct bacterial reduction of Fe(III) contained in ferrihydrite can 
liberate adsorbed As(V) into solution (Langner and Inskeep, 2000), but this process is retarded 
with time and microbial activity as the amorphous ferrihydrite is converted to more crystalline 
forms like goethite and siderite (Campbell et al., 2006; Tufano et al., 2008). These minerals 
also have a tendency to bind any As(III) formed from As(V) reduction, further complicating 
interpretation of results (Zobrist et al., 2000). Nonetheless, the above-cited laboratory studies 
are necessary to aid our understanding of the question of arsenic mobility in sub-surface aqui-
fers as this interdisciplinary phenomenon has great implications for human health. These com-
plex interactions between dominant mineral phases, indigenous bacterial species, hydrology 
and hydrochemistry all have a bearing on the question as has been noted, for example, with 
investigations conducted in Bangladesh (Harvey et al., 2002; Islam et al., 2004; Akai et al., 
2004; 2008) as well by continued pursuit in laboratory investigations with sediments (Fakih 
et al., 2009; Pearcy et al., 2011). Moreover, microbial weathering of minerals containing key 
nutrients can also result in the aqueous mobilization of arsenic from the solid phase. Hence, 
phosphorus-starved cells of Burkholderia fungorum were able to break down the matrix of the 
mineral apatite [Ca5(PO4)3(F, Cl, H)] to liberate phosphate, and in doing so released associ-
ated arsenic into solution (Mallioux et al., 2009). Ironically, in situ aquifer bioremediation 
efforts, such as enhancement of reductive dechlorination of solvents via addition of electron 
donors (i.e., lactate) can have a secondary effect in promoting arsenic mobility via dissimila-
tory reduction of solid phase Fe(III) and As(V) (He et al., 2010).

A number of investigations have harnessed the discoveries made with respect to arsenotro-
phic enzymes to detect the presence of these genes in DNA extracted from bacterial populations 
that reside in the environment. Thus, after first identifying the gene encoding the arsenate-
reductase of Shewanella strain ANA-3 (Saltikov and Newman, 2003), Malasarn et al. (2004) 
were the first to report successful primer amplification of arrA amplicons from DNA taken 
from the sediments of Hiawee Reservoir in California. Similar success was also achieved with 
enrichments taken from Chesapeake Bay mud (Song et al., 2009). The arsenic-rich extreme 
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environments of Mono Lake and Searles Lake have also proven amenable to amplification of 
these genes (Kulp et al., 2006; 2007; Hoeft et al., 2010). There has been considerable recent 
research conducted on the physiology, biochemistry, genetics, and environmental microbiol-
ogy/biogeochemistry of aerobic arsenite-oxidizing bacteria (e.g., Wilkie and Hering, 1998; 
Santini et al., 2000; 2004; 2007; Gihring et al., 2001; Langner et al., 2001; Muller et al., 
2003; Salmassi et al., 2006; D’Imperio et al., 2007; Quéméneur et al., 2008). However, there 
has been only a limited amount published to date on attempts to amplify and characterize 
aox-sequences from natural habitats, and these were primarily from hot spring environments 
located in Yellowstone National Park (Inskeep et al., 2007; Clingenpeel et al., 2009). Recently, 
however, a paper emerged reporting a high diversity of environmental aoxB sequences in DNA 
extracted from sediments located downstream of the Gabes-Gottes mine located in France 
(Heinrich-Salmeron et al., 2011).

ARsENIc sEQUEstRAtION

Arsenic can be removed from the aqueous phase and thereby immobilized by a number 
of strategies collectively termed sequestration. The goal of sequestration can be to prevent its 
hydrologic movement from a point source, thereby foreclosing down-gradient arsenic con-
tamination. Alternatively, sequestration can be employed as a means to remove arsenic from 
contaminated water so that it can be safely employed for human consumption or agricul-
tural purposes. In practicality, sequestration can be achieved either by adsorption onto an 
appropriate solid surface (or exchange resin) or via precipitation by de novo formation of a 
complex insoluble mineral phase. In both processes there can be significant involvement of 
As-metabolizing bacteria. Hence, since As(V) adsorbs more strongly and to a greater variety 
of solid matrices than does As(III), the efficacy of adsorptive removal is dependent on the 
arsenic chemical species in solution. Bacterial oxidation of As(III) to As(V) is therefore a key 
primary step in any adsorptive removal strategy, and aerobic biofilms have been investigated 
with this purpose in mind (Michel et al., 2007; Andrianisa et al., 2008). Straight-forward 
photochemical methods have also been pursued (Neppolian et al., 2008) as well as purely 
chemical adsorptive mechanisms that are capable of sequestering both As(III) and As(V) for 
small community-level water purification purposes (Sarkar et al., 2008). The possibility that in 
situ arsenic sequestration within subsurface aquifers could be accomplished by such means is 
appealing, but the limited solubility of oxygen in water makes such an approach impractical. 
Aqueous subsurface injection of an alternative to oxygen, namely a strong oxidant like nitrate 
is actually quite feasible and was shown to immobilize dissolved arsenic transport in ground-
water experiments in Bangladesh (Harvey et al., 2002). Sun et al. (2008) showed that anoxic 
biological As(III) oxidation in freshwater systems can be achieved with nitrate reduction, and 
then went on to demonstrate that combined As(III) and Fe(II) oxidation with nitrate could 
be a practical strategy for constraining sub-surface arsenic mobility as it not only increases the 
amount of As(V) but also produces more Fe(III)-rich adsorptive sites for this oxyanion to bind 
with (Sun et al., 2009). While this approach may possibly be useful in temporarily arresting 
arsenic hydrologic migration, one must continually monitor such sites and if necessary con-
tinuously supply them with a source of nitrate. The problem of arsenic contamination could 
then become one of nitrate contamination of groundwater aquifers, which would still render 
the water un-potable for human and livestock consumption.

Another means of sequestration involves precipitation reactions. These primarily involve 
reaction of soluble arsenic oxyanions with free sulfide, and when formed in combination with 
ferrous ions can yield arsenopyrites (Corkhill and Vaughan, 2009). A word of caution is in order 
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as there is complicated chemistry involved, some of it focused on the stability of thio-arsenic 
compounds in sulfidic waters as well as the ability of sulfide to drive the oxidation of As(III) to 
As(V) (Holz and Tossell, 2008).The biological precipitation of arsenic trisulfide, essentially as 
the yellow-colored mineral orpiment, was first reported in cultures of the sulfate-reducing bac-
teria Desulfotomaculum auripigmentum, which was also capable of As(V)-respiration (Newman 
et al., 1997 a & b). Natural deposits of arsenic sulfides attributable to these microbiological 
reactions have been noted in salt playas located in the Andes Mountains (Demergasso et al., 
2007), as well as along Yellowstone National Park hot springs. The latter occur as sequential 
chemical reactions along a spring outflow gradient (Planer-Friedrich et al., 2007). However, 
biological precipitation reactions cannot be entirely ruled out, as some anaerobic thermophiles 
can precipitate realgar by employing As(V)-resistance enzymes (Ledbetter et al., 2007). Under 
highly alkaline conditions thio-arsenic compounds are quite soluble. Thus, although sulfate-
reduction and As(V)-respiration take place in situ in the anoxic water column of Mono Lake, 
California (pH = 9.8), the resulting thioarsenites remain dissolved under anoxia (Oremland et 
al., 2000; Hoeft et al., 2004; Hollibaugh et al., 2005) but can be oxidized back to As(V) and 
sulfate by bacterial nitrate-reduction (Oremland et al., 2002; Hoeft et al., 2002) or by sulfur-
oxidizing bacteria (Fisher et al., 2008). This contrasts with freshwater lakes where thioarsenites 
precipitate into the sediments during anoxic stratification. Their dissolution requires either 
water column aeration upon turnover or the presence of nitrate to break-up the precipitate and 
release As(V) into the water column (Senn and Hemond, 2002).

Sequestration of initially mobile arsenic oxyanions can be achieved in situ by naturally-
occurring microbial processes. Thus arsenic oxyanions released from the site of a former pesti-
cide manufacturing plant on the shores of a tidal estuary (San Francisco Bay) was immobilized 
down-gradient by formation of realgar and orpiment phases when encountering anoxic, sul-
fidic regions having active sulfate-reduction (Root et al., 2009). Several laboratory investiga-
tions have pursued studying the effects of sulfate-reduction on arsenic speciation and mobility 
in systems containing a solid-phase matrix such as ferrihydrite columns (Kocar et al., 2010), 
landfill materials (Keimowitz et al., 2007), and ferrihydrite-slurries (Saalfield et al., 2009). 
These studies further reinforced the concept that overall, sulfate-reduction can significantly 
contribute to arsenic sequestration in complex aquifer systems containing Fe(III), As(V), and 
sulfate, and that organic amendments can enhance this process. Nonetheless, a high degree of 
complexity is associated with these processes, and under certain conditions biogenic sulfide 
can actually cause the reverse to occur, namely mobilization of solid phase arsenic entrapped in 
minerals (i.e., arsenopyrite). Zhu et al. (2008) found that under conditions of redox disequi-
librium, where sulfide plumes encounter oxic or hypoxic natural waters, an exchange of solid 
phase As with aqueous free sulfide occurs. These counterintuitive observations of complexity 
have an important cautionary tale when devising strategies for arsenic sequestration employing 
sulfate reduction. Meso-scale investigations of arsenic sequestration by sulfate-reduction and 
its release under subsequent aeration using incubated aquifer materials over long term treat-
ments revealed insights into practical in situ management of contaminated systems (Onstott 
et al., 2011).

sUMMARY

In this brief review I have attempted to highlight some aspects of the behavior of micro-
organisms that alters our understanding of how they mediate the chemical speciation of arse-
nic in the environment. It is clear that a number of diverse microbes, both prokaryotes and 
eukaryotes, have evolved effective strategies which enable them to survive in the presence of 
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high arsenic oxyanion concentrations. Recognition that the redox changes associated with 
either bacterial As(III) oxidation or As(V) respiration couples with energy conservation came 
later on, but at the time they were first announced it was a surprising observation. Those dis-
coveries prompted further investigations concerning microbial redox process that influenced 
the mobility of arsenic oxyanions in nature, a realm once thought to be governed entirely by 
chemical and physical processes. This area of research has important implications for human 
health and the well-being of broad segments of humanity world-wide. Exploitation of these 
fundamental microbial processes holds out the hope that they can be put to use in removing 
or sequestering arsenic from aquifers so that it does not impact communities down-gradient or 
at the well-head. Finally, microorganisms that respire As(V) and also reduce sulfur species have 
the ability to form nano-scaled minerals. Some of these arsenic-sulfides may have applications 
in the realm of emerging nano-technologies, such as “nano-photonics” (Lee et al., 2007). The 
employment of microorganisms in this realm rather than harsh chemicals offers the possibility 
of a “green” synthesis approach to form novel materials (Pearce et al., 2011).
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AbStrACt

Sea water and saline water are usually considered detrimental for the flotation of copper-
molybdenum ores. A desalination stage is assumed necessary to improve the quality of water 
for the use in flotation process. However, the effect of sodium chloride and other electrolytes 
improve the floatability of natural hydrophobic minerals. Hence, salinity by itself is not a 
limitation in mineral flotation. However, the chemistry of sea water is much more complex 
that a simple sodium chloride solution. Chemical factors such as the buffering effect of sea 
water, which increases lime consumption; and the precipitation of hydrophilic colloidal par-
ticles in alkaline media, which may exhibit depressing effect on some minerals, must be taken 
into account. It was found that when Cu-Mo sulfide ores are floated in sea water, molybde-
nite (MoS2) is strongly depressed at pH>9.5. Upgrading of copper concentrates takes place 
by pyrite depression, but when pH is increased up to the values at which molybdenite is 
depressed, non-conventional pyrite depressants are needed to avoid Mo losses. Therefore, the 
use of sea water requires innovative solutions to these specific problems. This paper attempts to 
describe the advances in the Cu-Mo sulfide ore flotation in sea water, and to identify the most 
important and challenging issues.

IntrOduCtIOn

Mining companies in different countries are facing water scarcity, and as a result they are 
competing with other water users such as farmers and local communities. The use of sea water 
and underground saline water has a high potential to satisfy these water demands, but they are 
usually considered of poor metallurgical quality.

Reverse osmosis offers an adequate technology to transform sea water into drinking water, 
being the most widely used desalination technology (Greenlee, et al., 2009). However, it has 
two major problems in mineral processing: the high cost, and the production of concentrated 
brines that can strongly affect the environment (Barrera and Cerna, 2009; Randall et al., 2011; 
Lee et al., 2011). Hence, the major challenge in copper flotation is the successful use of sea 
water without desalination.

The question is, is it necessary to desalinate sea water before its use in flotation? To answer 
this question some factors need to be take into account. First, the floatability of natural hydro-
phobic minerals is significantly improved in concentrated electrolyte solutions (Klassen and 
Mokrousov, 1963). Hence, salinity is not an obstacle but a positive aspect for particle/bubble 
attachment in flotation, as it has been discussed elsewhere (Laskowski and Castro, 2008; Castro 
and Laskowski, 2011). Additionally, electrolytes prevent bubble coalescence as fothers do, and 
improve foamability of frother solutions, being both positive factors for flotation (Castro et al., 
2010; 2012a; 2012b). The problem is the complex chemistry of sea water because it contains 
not only simple electrolytes but also some secondary ions (additional to NaCl). These ions may 
interfere with the flotation of some minerals. Hence, the flotation behaviour of Cu, Mo and Fe 
sulfides in sea water is very different from that in NaCl solutions.
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One of the first references on flotation of copper ores in sea water in Chile dated back to 
1930 (Burn). Later, Rey and Raffinot (1966) reported that sea water flotation technology was 
very successful in a number of mills and it could be used extensively. Successful pilot plant 
flotation tests were reported for the Andacollo deposit in Chile (Cu-Mo-Au-Ag ore), pH 9.5 
was recommended for the rougher circuit—by using thionocarbamate as collector and pine oil 
as frother—and pH between 9.5 and 10.5 for cleaner stages (Morales, 1975).

Basic studies showed the floatability of chalcocite is strongly affected in sea water. 
Chalcocite exhibits only a narrow peak of floatability around pH 9. Pyrite is also strongly 
depressed in sea water, even at pH below 7. The floatability of chalcopyrite is not affected in 
NaCl solutions, but the information on the effect of sea water is not available (Alvarez and 
Castro, 1977; Laskowski and Castro, 2008). On the other hand, Lekki and Laskowski, (1972) 
emphasized the significant role of the frother (α-terpineol) on the flotation recovery of chal-
cocite when copper ores are floated with saline mine water at laboratory scale. These results are 
in good agreement with the frothing properties reported for α-terpineol in sea water (Castro 
et al., 2012b). On the other hand, galvanic effects that arise by direct contact between sulfide 
particles also play a role in sea water flotation, for example the loss of floatability of chalcocite 
in the presence of pyrite by Cu ions released to the solution by electrochemical mechanisms 
(Alvarez and Castro, 1977; Parraguez et al., 2009).

The most important recent advance involving the use of sea water for Cu-Mo-Au flota-
tion, at large mining scale, is the Esperanza concentrator at Sierra Gorda in Chile (Antofagasta 
Minerals S.A AMSA). A chalcopyrite Cu-Au ore (0.57% Cu and 0.23 g Au/ton) is processed 
in a 95,000 tpd capacity flotation plant, by using sea water without any pre-treatment. The 
operation just started in the January–March 2011 period. Sea water is pumped 145 Km from 
the Pacific Ocean to a 60,000 m3 pool at the mine site located at an altitude of 2,300 m above 
sea level. It is planning to produce around 200,000 tons of Cu (as copper concentrate) and 
around 285,000 Au ounces per year in concentrate (Parraguez et al., 2009; Thiele, 2011). 
Other similar but small flotation plant is the Las Luces concentrator at Taltal in Chile (Minera 
Las cenizas) which has been operating during the last 17 years with sea water (chalcocite 
Cu-Au ore). Sea water is pumped from the Pacific Ocean (2,200 m3/day) to the concentra-
tor site located at 7 Km distance and there is stored in a 2,600 m3 pool. Recycled sea water 
from the tailing dam constitutes around 65%, while only 35% is fresh sea water. Cu recovery 
is usually in the range of 81–85%, and Au recovery around 71% (Monardes, 2009). Other 
important case is the Batu Hijau concentrator (Newmont, operating from 2000), which uses 
sea water for processing a gold-rich phorphyry copper ore (Chalcopyrite-bornite), located at 
the Indonesian island of Sumbawa, with an annual production in 2005 of 325,500 ton Cu; 
and 719,000 oz Au.

The aim of this work is to analyse and discuss the recent developments in the Cu-Mo 
sulfide ores flotation in sea water and to identify most urging challenges.

EXPErIMEntAL

This study was conducted in the laboratories of the University of Concepción using real 
copper ore samples provided by two Chilean mining companies. In both cases standard labora-
tory flotation tests were carried out (standard reagents, pH, etc.). In the tests carried out with 
sea water this water was employed in both grinding and flotation stages.
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Flotation Set-up and Procedure

With the exception of results presented in Figure 3, all laboratory flotation tests were car-
ried out with the same copper ore (sample 1) (chalcopyrite-bornite): 0.56%Cu, 5.76%Fe and 
0.017%Mo. The experimental conditions were:1,204.4 g of sample for rougher flotation tests; 
35% solids (by wt.); pH as indicated in figures; grinding size analysis: 29.3% + 100 Tyler mesh 
(P80 = 210 µm). For rougher flotation tests a 2.7 L Agitair LA-500 flotation cell was employed; 
and a 1.5L for cleaner flotation tests. All tests were carried out at 900 rpm impeller speed rate 
and air flow rate of 10 L/min. For open cycle tests, two rougher flotation concentrates were 
employed to carry out one cleaner flotation test (without re-grinding); and pH 9 was employed 
for rougher flotation in sea water and pH 10.5 in fresh water. The general scheme of reagents 
and time for rougher tests is given in Table 1.

Only for the flotation tests showed in Figure 3, a different copper ore (sample 2) (chalcocite-
chalcopyrite) was employed: 0.99%Cu, 1.7%Fe and 0.007%Mo. The experimental conditions 
were: 1,015.7 g; impeller speed, 900 rpm; air flow rate 7 L/min; 30% solids (by wt.); grinding 
size analysis: 30% +100 Tyler mesh (P80 = 198.3 µm). Details are given in Table 2.

All flotation reagents were provided by the mining companies and were employed as 
received. Sea water was a local sample taken from Concepción coast (Bellavista-Tomé ); and 
fresh water was Concepción tap water.

rESuLtS And dISCuSSIOn

Copper Flotation technology in Fresh Water

The current Cu-Mo flotation technology in fresh water usually includes a rougher flota-
tion stage at pH around 10.0–10.5, and one or two cleaner stages with one scavenger circuit 
operating at pH 11.5 to 12.0. Lime is used as pyrite depressant and a minimum of 28–30%Cu 

table 1. Standard flotation conditions employed for rougher and cleaner tests in fresh water and 
sea water (sample 1)

Stage

Flotation Reagents, g/ton Time, min

Sascol-95 Matcol TC-123 Matfroth-355 Diesel Grinding Conditioning Flotation

Grinding — — — 10 3' 30" — —

Rougher 11 22 10 — — 5 7

Cleaner — — — — — 3 4

table 2. Standard flotation conditions employed in the rougher and cleaner tests in fresh water 
and sea water (sample 2)

Stage

Flotation Reagents, g/ton Time, min

Matcol 
D-101 IsobX

X-133/
Pine oil Diesel Grinding Conditioning Flotation

Grinding — — — 20 7' 05" — —

Rougher 
flotation

35 5 10 — — 4 8

Note: As activator 100 g/ton NaSH.
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32 Processing With sea Water and saline solutions

in the final concentrate is achieved. With this technology a high pyrite ore can be processed 
with high Mo and Au recovery. The main flowsheets are illustrated in Figure 1.

According to the plant practice experience, the same flowsheets employed for the flota-
tion of Cu-Mo sulfides in fresh water are useful with sea water. The flowsheet including two 
cleaner stages seems to be more convenient to obtain high final concentrate grade in sea water, 
particularly for low Cu grade ores.

Chemical Factors in Sea Water

Two most important chemical factors of sea water that may affect the flotation process are: 
(a) the buffering effect of sea water, which significantly increases lime consumption in flota-
tion pulps; and (b) the precipitation of secondary ions at alkaline pH with potential depressing 
effect on the flotation of some sulfide minerals.

buffering Effect of Sea Water

The buffering effect of sea water increases significantly lime consumption when pH is 
adjusted to values traditionally used for copper sulfide flotation in fresh water. Sea water has 
a natural pH of around 7.8–8.2, which depends on salinity and concentration of the couples 
carbonate/bicarbonate ions (HCO3

–/CO3
2–) and boric acid/borate ions (B(OH)3/B(OH)4

–). 
These ions are responsible for the buffering effect of sea water (Pytkowicz and Atlas, 1975).

Figure 2 shows a comparison between the consumption of lime in fresh water and sea 
water for a typical copper ore under usual rougher flotation conditions. It was observed that in 
sea water lime consumption increases exponentially with pH.

Alkalinity of sea water and the majority of ground waters are caused by dissolved bicar-
bonate ions (HCO3

–). The most important reactions for maintaining acid-base balance in sea 
water are the carbonic acid/bicarbonate ion buffer.

The simultaneous equilibrium reactions of interest—in distilled water—are:

CO H O H CO2 2 2 3?+  (1)

The equilibrium constant is 1.70 × 10−3: hence, the majority of the carbon dioxide is not 
converted into carbonic acid, remaining as CO2 molecules.

Ro.

Re-grinding/classification

Scv.

Cl.

Concentrate

Feed

Tailings

Tailings

Ro.

Re-grinding/classification

Scv.

Cl.

Feed

1 st Cl.

Concentrate

Figure 1. Flowsheets employed for copper ores flotation
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H CO H HCO2 3 3? ++ −  (2) 
Ka1 = 4.45 × 10−7; pKa1 = 6.352 at 25°C

HCO H CO3 3
2? +− + −  (3) 

Ka2 = 4.69 × 10−11; pKa2 = 10.329 at 25°C

Therefore, at 25°C and pH 6.35 the concentrations of H2CO3 and HCO3
– species are the 

same; and at pH 10.33 the concentration of ions HCO3
– and CO3

2– are equivalent. However, 
the values of the constants for the dissociation of the carbonic acid in sea water need a correc-
tion due to the effect of salinity (Millero et al., 2006).

Sea water contains around 0.027 g/kg of borate ions (BO3
3–). Although the boric acid can 

appear in solution as polyborates, the main reaction in aqueous solution is the conversion to 
borate ions, and depending on the borate anion considered, according to Raposo et al. (2003) 
this reaction could be expressed as:

B OH H B OH H O4 3 2?+ +− +^ ^h h  (4)

H BO H B OH2 3 3?+− + ^ h  (5)

BO H H O B OH2 2 3?+ +− + ^ h  (6)

( ) ( )B OH H O B OH H3 2 4E+ +− +  pKa ~ 8.55 (7)

The ortho-boric acid is a week acid with the following dissociation constants:

H BO H H BO3 3 2 3E ++ −  K1=5.8 × 10–10 (8)

H BO H HBO2 3 3
2

E +− + −  K2=1.8 × 10–13 (9)

HBO H BO3
2

3
3

E +− + −  K3=1.6 × 10–14 (10)
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Figure 2. Lime consumption in rougher flotation as a function of pH adjusted by lime for a 
copper ore floated in fresh water and sea water (sample 1)
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34 Processing With sea Water and saline solutions

Therefore, ions dissociated from carbonic and boric acid are responsible for the buffer 
effect observed in sea water and in some saline waters. However, magnesium, calcium, sulfate, 
and bicarbonate ions are also very important in defining the chemistry of sea water in flotation 
systems, because they participate in side precipitation reactions.

Colloidal Precipitation of Secondary Ions

Salinity of sea water is typically 35‰, and NaCl concentration is around 0.5–0.6M, with 
important secondary ions such as, sulfate ions (2.7 g/kg); magnesium ions (1.29 g/Kg); cal-
cium ions (0.41 g/Kg); bicarbonate ions (0.145 g/Kg); borate ions (0.027 g/Kg); etc. These 
ions are not indifferent for the flotation process. They may influence the surface chemistry 
and thereby the floatability of some minerals. Some of these secondary ions can form colloidal 
precipitates at pH>10. Calcium and magnesium ions can form colloidal hydroxides, carbon-
ates and sulfates. These precipitates can depress some mineral species like molybdenite. There 
may be several reasons for depression of molybdenite, including hydrophilic surface coating by 
some of these colloidal precipitates. The main precipitation reactions between sea water and 
lime under flotation conditions are:

Ca OH Mg Mg OH Ca2
2

2
2E+ ++ +^ ^h h  (11)

2Ca OH Ca OH2
2E++ − ^ h  (12)

2 ·2 2Ca OH SO H O CaSO H O OH2 4
2

2 4 2E+ + +− −^ h  (13)

2Mg OH SO MgSO OH2 4
2

4E+ +− −^ h  (14)

2Ca OH CO CaCO OH2 3
2

3E+ +− −^ h  (15)

2Mg OH CO MgCO OH2 3
2

3E+ +− −^ h  (16)

Kps Mg(OH)2 = 1,2 × 10–11 (17)

Kps Ca(OH)2 = 4,1 × 10–6 (18)

Kps CaCO3 = 6,7 × 10–7 (19)

Flotation of Cu-Mo Ores in Sea Water

Two samples of porphyry Cu ores were evaluated through rougher laboratory flotation 
tests in sea water, by using the flotation reagents corresponding to the current standard con-
ditions applied in commercial plants. The purpose of the first tests was to compare the Cu 
rougher recovery in sea water and fresh water as a function of pH. It was found that the flota-
tion of copper ores in sea water depends on mineralogy of copper sulfides. For porphyry cop-
per ores with a predominance of chalcopyrite (CuFeS2), Cu recovery is not sensitive to pH. 
Figure 3 shows the effect of pH on the rougher Cu recovery in sea water and fresh water (under 
the same conditions) for a chalcopyrite ore.

However, when chalcocite (Cu2S) and covellite (CuS) are the predominating species a dif-
ferent flotation pattern was found and in this case Cu recovery exhibits a peak about pH 10, 
as is shown in Figure 4. These results are in good agreement with micro-flotation tests carried 
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out with a pure chalcocite sample floated in sea water (Alvarez and Castro, 1977; Laskowski 
and Castro, 2008).

Therefore, for the rougher flotation of Cu-Mo sulfide ores, a reasonable high Cu recovery 
is feasible to be obtained in sea water, taking into account mineralogy of Cu sulfides and flota-
tion pH. Figure 5 illustrates the effect of pH on Cu, Mo and Fe recovery in sea water. It must 
be noted that strong depression of Mo was observed in alkaline media. It was found that Mo 
and Fe recovery were strongly decreased at pH higher than 9.5, showing that the floatability 
of molybdenite (MoS2) and pyrite (FeS2) are very sensitive to pH in sea water. Along the same 
line, Figure 6 shows that Fe recovery in sea water is lower than in fresh water at the same pH, 
probably because the amount of lime in the system is much higher. Therefore, copper ores with 
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Figure 3. rougher Cu recovery as a function of pH adjusted by lime for a copper ore floated in 
fresh water and sea water (sample 1)
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Figure 4. rougher Cu recovery as a function of pH adjusted by lime for a different copper ore 
(sample 2) floated in fresh water and sea water
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36 Processing With sea Water and saline solutions

Mo as the main by-product face a serious problem: how to depress pyrite without depressing 
Mo. This issue will be more important for high pyrite copper ores.

depression of Molybdenite in Sea Water

Mo recovery in sea water is highly affected by pH, because the floatability of molybde-
nite is strongly depressed at pH>9.5. Figure 7 shows the differences in Mo rougher recovery 
between sea water and fresh water as a function of pH. It indicates that Mo is dramatically 
depressed when pH is increased over pH 9.5 in sea water, but not in fresh water, suggesting 
that secondary ions may play a depressing role in molybdenite sea water flotation. Taking into 

pH

7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

R
ou

gh
er

 re
co

ve
ry

, %

0

10

20

30

40

50

60

70

80

90

100

%RCu
%RMo
%RFe

Figure 5. rougher Cu, Mo, and Fe recovery as a function of pH adjusted by lime for a copper ore 
floated in sea water (sample 1)
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Figure 6. rougher Fe recovery as a function of pH adjusted by lime for a copper ore floated in 
fresh water and sea water (sample 1)
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account that molybdenite is easily depressed and that high lime doses are needed to adjust pH 
in rougher flotation, values below pH 9.5 are recommended. This is in agreement with some 
other data which suggest a pH range from 8.5 to 9.5 for copper sulfides sea water flotation for 
rougher circuits (Parraguez et al., 2009; Morales, 1975).

The current technology in fresh water for cleaner circuits needs the addition of lime up to 
pH 11.5–12 to depress pyrite. However, in sea water a strong Mo depression may take place 
in the first cleaner stage, as can be seen in Figure 8. These results confirm the incompatibility 
between Mo recovery and pyrite depression when lime is used as the only pyrite depressing agent.
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Figure 7. rougher Mo recovery as a function of pH adjusted by lime for a copper ore floated in 
fresh water and sea water (sample 1)
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Figure 8. Mo recovery in cleaner flotation (first cleaner) as a function of pH adjusted by lime for a 
copper ore floated in fresh water and sea water (rougher: pH 9 in sea water; and pH 10.5 in fresh 
water) (sample 1)
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38 Processing With sea Water and saline solutions

Therefore, for high pyrite Cu-Mo ores the conventional technology based on the use of 
lime to depress pyrite in cleaner circuits is not suitable. Depending on rougher and cleaner pH, 
the choice are two fold: (a) to obtain a high Cu concentrate grade by effective pyrite depres-
sion, but with low Mo recovery; or (b) to obtain high Mo recovery operating at low pH but 
obtaining low Cu concentrate grade (high pyrite content).

nonconventional Pyrite depressants Alternative to Lime

The reagent used traditionally to depress pyrite in Cu cleaning stages is lime. However due 
to the buffer effect of sea water the consumption of lime in the rougher and cleaner-scavenger 
stages is very high and if the same pH scheme is followed colloidal precipitates which are able 
to depress molybdenite (and gold) are formed. Therefore, the use of lime to depress pyrite is 
not convenient in sea water and new pyrite depressants that can act at low pH (< pH 9.5) are 
needed. However, this should be an inorganic compound since polymers usually also depress 
molybdenite flotation (Castro and Laskowski, 1997).

Therefore, in order to obtain 28%–30% Cu grade in the final concentrate a depressing 
agent alternative to lime is required. It has been reported that in sea water the use of cyanide in 
small doses (6 g/ton, regarding feed to the plant) makes it possible to obtain a 28%Cu grade 
in the final concentrate (Parraguez et al., 2009). However, cyanide is strongly toxic and is not 
environmentally friendly. The difficulty of upgrading Cu concentrates in cleaner-scavenger 
circuits is a function of pyrite content in the ore. For low pyrite content it is feasible to apply 
lime in cleaner stages up to pH 10.2; however for higher pyrite content an additional depres-
sant agent is necessary.

Finally, when sea water is used, the rougher stage must be carried out at pH 8.5–9.5 to 
avoid high lime consumption and losses of Cu by-products (Mo, Au), and the cleaners-scaven-
ger circuits at a pH not higher than 10.2 However, for copper ores with pyrite content higher 
than 2%, and Mo as the main by-product, the probability of losing Mo and Au recovery or 
producing low Cu final concentrate is very high (Parraguez et al., 2009).

COnCLuSIOnS

The rougher and cleaner pHs when flotation is carried out in sea water must be differ-
ent from those traditionally used in fresh water. The flotation of molybdenite in sea water 
is strongly depressed in rougher and cleaner stages at pH>9.5, limiting the use of lime for 
pyrite depression, particularly in cleaner stages. Therefore, the following are the most impor-
tant aspects for Cu-Mo sulfide ores flotation in sea water: High Mo recovery and strong pyrite 
depression in cleaner circuits, in order to produce a 28–30% Cu final concentrate grade. As 
shown by selected examples in this paper, the main challenges facing the use of sea water in 
Cu-Mo sulfide flotation are:

•	 High recovery not only for copper but also of its valuable by-products (Mo and Au).
•	 Pyrite depression in sea water at lower pH (pH<9.5) from that traditionally used in 

fresh water (pH 11.5–12.0)
•	 Reducing the excess of lime consumption in sea water (into the range 0.7–1.0 Kg/ton).
•	 Development and application of new pyrite depressants in cleaner circuits able to 

operate at moderate pH in sea water (pH<9.5).
•	 Obtaining high Cu concentrate grade (28–30%) for high pyrite copper ores (<3% Py).
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Correlation of Graphite Flotation and Gas 
Holdup in Saline Solutions

S. Alexander, J. Quinn, J.E. van der Spuy, and J.A. Finch
Department of Mining and Materials Engineering, McGill University, Montreal, Quebec, Canada

ABSTRACT

Two-phase (solution-air) batch gas holdup tests were undertaken in a laboratory bubble 
column with six inorganic salts (KCl, NaCl, Na2SO4, MgCl2, CaCl2, MgSO4). The electrolytes 
grouped according to the gas holdup: salts containing divalent ions (1-2, 2-1 and 2-2 cation-anion 
pair) increased gas holdup at lower molar concentrations than salts containing monovalent ions 
(1-1 salts) and a dependence on ionic strength was demonstrated. The gas holdup was shown 
to correlate with the graphite flotation results of Pugh et al. (1997). In the presence of coales-
cence inhibiting salts, gas dispersion appears to play a significant role in dictating flotation 
performance.

INTRODUCTION

Over the past decades, water use in mineral processing has come under in½creased scru-
tiny. With fresh water being scarce in many mining locales, the use of process water with high 
inorganic salt content is increasingly common. This ranges from use of sea or bore water to 
water recycling which can lead to build-up of soluble salts. Table 1 gives examples of flotation 
operations which utilize(d) saline process water and typical water composition (Texada data 
from Haig-Smillie (1972), Raglan data from Quinn et al. (2007), Mt. Keith data from Peng 
and Seaman (2011) and George (1996), Leinster data from Nesset et al. (2007), potash flota-
tion data from Laskowski et al. (2003)). The extreme case is potash processing where flotation 
occurs in a saturated brine solution.

INORGANIC SALTS AND GAS DISPERSION

There have been several studies on the effect of inorganic salts on bubble coalescence 
inhibition and gas dispersion (e.g., bubble size) (Lessard and Zieminski 1971; Craig et al. 
1993; Zahradnik et al. 1999). Relatively high levels of certain inorganic salts have been shown 
to affect gas dispersion in a similar manner to conventional flotation frothers. For example, 
Quinn et al. (2007) showed that 0.4 M NaCl solution not only produced similar gas disper-
sion (bubble size and gas holdup) but yielded similar solids concentrate rate in flotation tests 
on Brunswick ore (Xstrata Zinc) as 8–10 ppm Methyl Iso-Butyl Carbinol (MIBC), a typical 
frother and dosage. In comparison to frothers which inhibit bubble coalescence at low concen-
trations (mM), inorganic salts are only effective in relatively high concentrations (0.05–1 M) 
(Lessard and Zieminski 1971; Craig et al. 1993; Zahradnik et al. 1999).

Unlike flotation frothers, inorganic salts (typically) slightly increase surface tension, ions 
tending towards the bulk solution (as most ions are hydrated) rather than the water/air inter-
face. Foulk and Miller (1931) discussed the concept of positive and negative adsorption by 
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42 Processing With sea Water and saline solutions

surfactants (frothers) and inorganic salts, respectively, at the water/air interface and how both 
could result in stable film formation (inhibition of bubble coalescence).

Various researchers have identified the ability of certain inorganic salts to inhibit bubble 
coalescence (Marrucci and Nicodemo 1967; Lessard and Zieminski 1971; Craig et al. 1993; 
Hofmeier et al. 1995; Laskowski et al. 2003; Craig 2004). Much of the work involved con-
tacting bubble pairs at adjacent capillaries and determining the percentage that coalesce. A 
transition concentration at which salts inhibit bubble coalescence has been proposed (Lessard 
and Zieminski 1971; Craig et al. 1993; Zahradnik et al. 1999). Zieminski and Whittemore 
(1971) showed that salts containing multi-valence ions have lower transition concentrations 
compared to monovalent ions. Craig et al. (1993) developed a combining rule which indicates 
whether a specific cation-anion pair (inorganic salt) will inhibit bubble coalescence.

There has been considerable research into the effects of salts in coal flotation (Klassen and 
Vlasova 1967; Yoon and Sabey 1989; Laskowski 1986; Kurniawan et al. 2011) but few have 
focused on gas dispersion properties.

Pugh et al. (1997) performed batch graphite flotation tests in the presence of a series of 
inorganic salts. They demonstrated that recovery increased with the addition of certain inor-
ganic salts (Figure 1). The salts divided into three groups (A, B and C). Group A consisted 
of divalent and trivalent salts (such as CaCl2, MgCl2 and MgSO4) which showed high flota-
tion response. Group B consisted of monovalent salts (such as KCl and NaCl) which showed 
medium flotation response. Group C consisted of strong acids and perchlorate salts which 
showed low flotation response up to 0.3 M concentration.

Pugh et al. (1997) discussed the findings by considering, for example, electrostatic interac-
tions and gas solubility in electrolyte solutions. They did note that increased recovery appeared 
correlated with decreased bubble size in the froth, as did Kurniawan et al. (2011) in the case 
of coal flotation. No quantitative examination of bubble size in the pulp zone (i.e., gas disper-
sion) was undertaken.

The trend in Figure 1 was reminiscent of the trend in gas holdup with inorganic salt con-
centration reported by Quinn et al. (2007) which stimulated the present enquiry. Gas holdup 
reflects bubble size, increasing as bubble size decreases. It is thus a convenient surrogate for 
bubble size being easier to measure, at least in two-phase (water-air) systems. A case can be 
made for gas holdup being related to flotation kinetics. Gorain et al. (1997; 1998) have pro-
posed flotation kinetic models which correlate the rate constant with bubble surface area flux, 

Table 1. Examples of flotation operations that utilize saline process water

Operation Company Location Water Type TDS (ppm) Major Elements

Raglan Xstrata Quebec Recycle ~30 000 Na+
, Ca2+ SO4

2–
, 

S2O3
2–

Texada Texada Mines British 
Columbia

Sea ~35 000 Na+, Cl–

Mt. Keith BHP Billiton Australia Bore 60 000 –
80 000

Na+
, K

+
,
 Ca2+, Mg2+, 

Cl–, SO4
2–

Leinster BHP Billiton Australia Bore ~120 000 N/A

Potash Various Canada Brine Saturated Na+, K+, Cl–

WaterMineralsProcessing.indb   42 11/22/11   1:48 PM



 correlation of graPhite flotation and gas holduP in saline solutions 43

Sb (Finch and Dobby, 1990). Finch et al. (2000) showed that bubble surface area flux and gas 
holdup (eg) are roughly proportional according to Equation 1 (eg in %, Sb in s–1):

5.5Sg b.ε  (1)

We would, therefore, expect flotation recovery (at a fixed time) to be related to gas holdup. 
Based on this principle, the purpose of this paper is to determine gas holdup in inorganic salt 
solutions and correlate with the graphite flotation results of Pugh et al. (1997).

EXPERIMENTAL

Two-phase (water-air) gas holdup tests were undertaken in a bubble column with the gen-
eral setup shown in Figure 2. The column had an internal diameter of 7.62 cm and a height 
of 398 cm. Air was introduced to the base of the column through a cylindrical porous sparger 
(vertical orientation). Gas holdup was measured using a Bailey differential pressure transducer 
(method detailed in Finch and Dobby (1990)). The differential pressure was measured by tap-
ping between heights 193 cm and 283 cm from the base of the column. Air flow rate was con-
trolled using a 0–5 L/min MKS mass flow meter. Gas holdup was measured at a gas superficial 
velocity, Jg, of ca. 0.95 cm/s (equivalent to 3 L/min air flow rate). Gas velocity was corrected 
for temperature and pressure to the mid-point of the gas holdup measurement.

Before and after each experiment, the tank and column were thoroughly rinsed with tap 
water to limit contamination. The column was filled to a height of 298 cm. The salts tested 
were KCl, NaCl, Na2SO4, MgCl2, CaCl2 and MgSO4 (supplied by Fisher—A.C.S. grade) to 

Figure 1. Recovery as a function of inorganic salt concentration (reprinted from International 
Journal of Mineral Processing, 51, Pugh, R.J., Wesissenborn, P., and Paulson, O., Flotation in inorganic 
electrolytes; the relationship between recover of hydrophobic particles, surface tension, bubble 
coalescence and gas solubility. 125–138, 1997, with permission from Elsevier)
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Figure 2. Laboratory bubble column
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Figure 3. Gas holdup as a function of inorganic salt concentration
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overlap with those used by Pugh et al. (1997). They are all coalescence inhibiting salts (Craig 
et al., 1993).

RESULTS AND DISCUSSION

Figure 3 shows gas holdup increased with concentration of salt, indicating a decrease in 
bubble size. The salts divided into two groups based on the specific salt cation-anion pair: the 
two 1-1 salts, KCl and NaCl, showed a moderate increase in gas holdup over the concentration 
range tested; and the 1-2, 2-1 and 2-2 salts had a more profound effect, increasing gas holdup 
at lower molar concentrations. The results are similar to those reported previously (Quinn et 
al. 2007).

Due to the noted valence effect, several authors have shown a correlation between gas dis-
persion parameters and solution ionic strength (Zieminski and Whittemore 1971; Keitel and 
Onken 1982; Quinn et al. 2007). Ionic strength (µ) is defined as

C Z2
1

i i
2µ = /  (2)

where Ci is the molar concentration of the ith species, Zi the charge of the ith species and the 
summation is over all species in solution. Figure 4 shows gas holdup as a function of ionic 
strength. Applying the same reasoning, Figure 5 re-plots the graphite recovery data in Figure 2 
for the six salts tested in the current study as a function of ionic strength. The trends in Figures 
4 and 5 have similar shape and in both cases, the data appear to show a relationship indepen-
dent of salt type.

Since not all salt concentrations were in common between the two studies, the gas holdup 
data were fitted to a function to interpolate: examples for KCl and CaCl2 are shown in Figure 6.

The recovery data were then plotted against gas holdup: Figure 7 shows the recovery-gas 
holdup correlation for KCl and CaCl2; and Figure 8 shows the relationship for all (6) salts 
tested (interpolated data were used to estimate gas holdup for the concentrations tested by 
Pugh et al. (1997) but not tested in the current gas holdup work).

Figure 4. Gas holdup as a function of ionic strength
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The individual salts support a linear trend (Figure 7) and although there is scatter when 
all data are considered (Figure 8), it is evident that salts that increased gas holdup resulted 
in higher flotation recovery. This implies that a significant component of the recovery is the 
impact of the salts on gas dispersion, i.e., bubble size and surface area flux as reflected in the 
gas holdup in the pulp zone. The observations relating to bubble size in the froth (Pugh et al. 

Figure 5. Graphite recovery (data from Pugh et al. 1997, Figure 2) as a function of ionic strength

Figure 6. Model fit of gas holdup as a function of salt concentration for KCl (solid line) and CaCl2 
(dashed)
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Figure 7. Graphite recovery as a function of gas holdup for KCl (solid trend line) and CaCl2 
(dashed trend line)

Figure 8. Recovery as a function of gas holdup for all salts tested
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1997; Quinn et al. 2007; Kurniawan et al. 2011) are likely an extension of what has occurred 
in the pulp zone. Other effects, such as electrostatic interactions, could be explored once the 
impact of gas dispersion is accounted for.

CONCLUSIONS

Gas holdup as a function of concentration was measured for six inorganic salts. A depen-
dence on ionic strength was demonstrated. The gas holdup results correlated with the graphite 
flotation data taken from Pugh et al. (1997). In the presence of coalescence inhibiting salts, gas 
dispersion appears to play a significant role in dictating flotation performance.
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ABSTRACT

The effect of ionic strength (NaCl solutions, and sea water) on the foaming properties of 
the flotation frothers (MIBC and DF‑250) have been investigated. It was found that the foam‑
ability of these frothers is higher in electrolyte solutions and sea water than in distilled water. 
These results are in a good agreement with bubble size measurements, which demonstrate 
that bubble coalescence is inhibited in electrolyte solutions and in sea water. The effect of 
MIBC and DF‑250 on surface tension of aqueous solutions varying in ionic strength is found 
to be very different. The presence of NaCl in aqueous solutions increases surface tension of 
water over a broad MIBC concentrations ranges of up to 120 ppm. In the case DF‑250 this is 
observed only in the frother concentration range of up to 1.2 ppm; at higher DF‑250 concen‑
trations the surface tension of the aqueous solutions is reduced below the values measured in 
the absence of NaCl. This by itself indicates much higher surface activity of DF‑250 in com‑
parison with that of MIBC. Foamability measurements for the two tested frothers carried out 
at varying NaCl concentrations confirm these conclusions. Increasing NaCl concentration was 
found to increase dynamic foamability index (DFI), this increase is much more pronounced 
for DF‑250 than for MIBC.

INTRODUCTION

Frothers play a very important role in flotation process. Frother’s foaming/frothing proper‑
ties are affected by the quality of process water. In many flotation plants processing water is a 
concentrated electrolyte solution (Quinn et al., 2007) and the effect of inorganic electrolytes 
on the foaming properties of frothers became an important research topic.

The size of bubbles and foam stability are determined by bubble coalescence (Cho and 
Laskowski, 2002a,b; Laskowski, 2003). Flotation frothers applied in concentrated electrolyte 
solutions may exhibit quite different properties. In concentrated electrolyte solutions (e.g., 
sea water) the bubble coalescence is a particularly complex phenomenon since both surface 
active compound (frother) and surface inactive compound (inorganic salt) are able to stabilize 
bubbles against coalescence (Castro et al., 2010).

As shown by Traube (1926), the surface‑active substances are displaced from their aque‑
ous solutions by surface‑inactive substances, and this additionally decreases surface tension of 
water. In the recent paper (Castro et al., 2011) we introduced the term surface tension switch 
point (s.t.s.p.). As Figure 1 explains, since the slope of the curve when surface tension is plotted 
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versus frother concentration changes with electrolyte concentration, the two curves shown 
in Figure 1 intersect at a given frother concentration. This concentration is the surface ten-
sion switch point. The change of the slope of the curve surface tension = f(c) indicates that a 
relatively weakly surface active compound changes into a stronger surface active compound at 
increased electrolyte concentration.

The results reported in this paper constitute a part of the larger project aimed at utilization 
of sea water in flotation of Cu‑Mo sulfide ores. The aim of this work is to study the effect of 
inorganic electrolyte concentration (NaCl) on the foaming properties of the flotation frothers 
(MIBC and DF‑250). The dynamic foamabilty tests at different electrolyte concentrations, 
carried out to delineate its foaming properties, have been run in parallel with the surface ten‑
sion measurements, and the examination of bubble coalescence characterized from the bubble 
size data.

EXPERIMENTAL

Materials

Methyl isobutyl carbinol (MIBC) was provided by Cytec‑Chile; DF‑250, DF‑400 and 
DF‑1012 polyglycol frothers were from Moly‑Cop Chile S.A. These were technical commer‑
cial grade products. All inorganic salts employed in the project were of reagent grade (Merck).

A local sample of sea water from Concepcion city (Bellavista-Tomé ) with salinity of 33.5‰ 
was employed.

Methods

KSV Sigma 700 tensiometer, with a Pt Du Noüy ring, was employed in the surface tension 
measurements. Bi‑distilled water was used for preparation of solutions. The Wilhelmy plate 
method was used in several cases to cross‑check the results. Low frother concentration solu‑
tions were prepared by successive dilution of a 5 ppm frother solution. All the measurements 
were carried out at ambient temperature and resulting pH.

Figure 1. Surface tension switch point concept
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The bubble size analyser developed at the Cape Town University (UCT) was employed. A 
detailed description of the instrument has been published by Randall et al. (1989).

The size of bubbles was measured in a 4.5 cm inner diameter column (the same column 
was employed in the dynamic foamability measurements in which nitrogen gas was bubbled 
through the sinter glass frit either in water or in electrolyte solutions. The gas flow rate was 
275 cm3/min.

Determination of the Dynamic Foamability Index (DFI) requires measurement of gas 
retention time in a column (in which gas is bubbled through sintered disc) as a function of 
gas flow rate and frother concentration (Malysa et al., 1981; Czarnecki et al., 1982). What is 
measured is the total height of the solution plus the foam phase. These tests were carried out 
in a glass column of 101 cm height and 4.5 cm inner diameter, with the pore size range being 
from 40 to 100 μm. 500 mL of solution was used in each experiment (Castro et al., 2010).

RESULTS

Dynamic Foamability Index Measurements

To characterize the effect of electrolyte concentration on foamability of a given frother the 
DFI was determined in NaCl solutions and sea water. These measurements are based on the 
bubble retention time (rt), which is defined as the average time necessary for an average bubble 
to pass trough the system consisting of solution and foam (Czarnecki et al., 1982; Wantke et 
al., 1994). The results of the Dynamic Foamability Index measurements are given in Figure 2.
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Figure 2. Effect of NaCl concentration on the dynamic foamability index of the frothers DF‑250 
and MIBC (Castro et al., 2010); in some tests, sea water was used
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As Figure 2 demonstrates, the foamability of DF‑250 is higher from the foamability of 
MIBC solutions, both in distilled water and sea water. The figure indicates that NaCl concen‑
tration has a pronounced effect on the DFI values for both tested frothers. In both cases, the 
foamability increases up to a maximum point, which is situated around 2M NaCl for DF‑250 
and 1M NaCl for MIBC. In Zone 1, which is on the left side from that maximum, the DFI 
values increase quite rapidly with NaCl concentration. In Zone 2, which is on the right side of 
the maximum, a reverse effect is observed. Since the salinity of sea water is below 0.6M NaCl, 
it can be concluded that the dynamic foamability for the two common flotation frothers is 
much higher in sea water than in distilled water.

Surface Tension Measurements

Figure 3 shows the influence of NaCl concentration on surface tension of MIBC aqueous 
solutions. As this figure indicates for MIBC the surface tension switch point (s.t.s.p.) is situ‑
ated around 120 ppm. This point for DF‑250 is situated around concentration of 1.2 ppm 
(Figure 4).

As Figure 5 demonstrates, for all tested polyglycol frothers the s.t.s.p’s are situated below 
the concentration of 2 ppm.

Bubble Size Measurements

The bubble size measurements are shown in Figure 6. In accordance with literature, in dis‑
tilled water the critical coalescence concentration (CCC) values for DF‑250 are much smaller 
(0.042 mmol/L) than for MIBC (0.089 mmol/L). If CCC is determined in the same way for 
NaCl its value is around 0.78 M. As this figure indicates, the bubbles generated in NaCl solu‑
tions at c > CCC are smaller from those generated in either MIBC or DF‑250 solutions.

The bubble size measurements carried out in NaCl solutions as a function of frother 
concentration reveal entirely different trends from those tests which were carried out in NaCl 
solutions (Figures 7 and 8).
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Figure 3. Effect of MIBC concentration on surface tension of aqueous solutions of NaCl
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The results of bubble size measurements in sea water are given in Figure 9. These results 
indicate that the size of bubbles generated in sea water in the presence of MIBC is finer from 
the bubbles generated when polyglycols are utilized.

DISCUSSION

On the basis of DFI measurements, it can be concluded that the foamability of DF‑250 
and MIBC is higher in electrolyte solutions and sea water than in distilled water. These 
results are in a good agreement with direct foam layer thickness determined in a modified 
laboratory flotation cell (Castro et al., 2012). These results are also supported by bubble size 
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measurements, which demonstrate that bubble coalescence is inhibited in electrolyte solutions 
and in sea water.

The surface tension measurements in distilled water indicate that polyglycol frothers are 
more surface active than MIBC. The term “surface activity” indicates the preference of such 
compounds to accumulate at liquid/gas interface. Hence, this preference is much larger for 
DF‑250 than for MIBC. The surface tension measurements in NaCl solutions reveal that at 
as low concentration of DF‑250 as 1.2 ppm (s.t.s.p.), the presence of the frother dominates 
over the effect of NaCl. For MIBC this is observed only at MIBC concentrations that are 
100 times higher (120 ppm). Over the concentration range from 0 to 120 ppm (MIBC), the 
surface tension curve is dominated by the surface‑inactive compound (NaCl) and only at the 
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MIBC concentration higher than the s.t.s.p. the plot starts resembling the situation in which 
a surface‑active compound is present in the system.

The results of surface tension measurements correlate rather well with the foamability 
tests (Figure 2). The foamability of DF‑250 in the environment of sea water is much bet‑
ter than that of MIBC. The surface tension measurements indicate that the accumulation of 
the frother at the interface increases with increasing electrolyte concentration. This initially 
improves foaming. The adsorbed frother bonds some water molecules by hydrogen bonding 
but, apparently, the amount of such water in a bubble “hydration shell” is reduced at higher 
electrolyte concentrations. This seems to be explaining the observed reduced foaming when 
electrolyte concentration is very high.

In this paper the samples of commercial frothers were utilized. Nominal formulas of the 
tested frothers are as follows: CH3CH(CH3)CH2CH(OH)CH3 for MIBC, CH3(OC3H6)4OH 
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for DF‑250, H(PO)6.5OH for DF‑400 and CH3(OC3H6)6..3OH for DF‑1012. As could be 
expected, the surface activity of DF‑1012 is much higher than the activity of the other tested 
frothers. The presence of H in DF‑400 instead of CH3 group (as in the other two polyglycols) 
makes the surface activity of this compound much lower from the surface activity of the other 
two tested polyglycols (Figure 5). It is interesting to point out that the molecular weights of 
DF‑1012 and DF‑400 frothers are practically identical (400).

In spite of much higher foamability of DF‑250 from the foamability of MIBC, especially 
in sea water, finer bubbles are produced in sea water in the presence of MIBC (Figure 9). Our 
bubble size measurements were carried out in a column in which bubbles were generated by 
passing nitrogen under pressure through a glass frit. Since a stream of bubbles is generated in 
such a device the bubbles collide with each other and their size is preserved only if they do not 
coalesce. Only at frother concentrations exceeding the CCC values the bubbles do not coalesce 
and assume uniform size (Figure 6). Our foamability tests were carried out in the same column 
which was used for bubble size measurements. The foam starts to form when the number of 
bubbles arriving at the liquid/gas interface exceeds the number of rupturing bubbles. However, 
this coalescence process now takes place in the foam and the properties and stability of the 
liquid films separating bubbles in the foam are very different from the “films” separating col‑
liding bubbles in aqueous solution. The experimental results indicate that while the bubble 
coalescence characterized by bubble size measurements were not very sensitive to a type of 
frother, the results of the foamability tests turned out to be very different. In comparison with 
MIBC, the foamability is obviously better when DF‑250 frother is utilized, especially at high 
salt concentrations. This confirms importance of dynamic effects in foam formation (Malysa, 
1992; Malysa and Lunknheimer, 2008) and possibly different types of the stabilizing forces 
which dominate under studied conditions.

Surface elasticity forces are induced and operate only under dynamic conditions. It is a 
“self‑healing” capacity of the film against external disturbances. The elasticity effects are pos‑
sible only if a layer with different properties is formed at the interface, the layer in which there 
is a gradient of concentration. In the case of surface‑active agents this is very easy to visualize: 
such molecules accumulate at the liquid/gas interface (adsorption) and the gradient of con‑
centrations at the interface is clearly established. The movement or any other dynamic distur‑
bance that affects this gradient will immediately initiate the action of the “self‑healing” forces. 
These are Marangoni dynamic elasticity effects. In the case of aqueous solutions of inorganic 
electrolytes the concentration of ions is lower in the surface layer than in the bulk (increasing 
surface tension), and the concentration gradient within this surface layer is also established. 
The elasticity effects should then also be possible. However, if elasticity forces are responsible 
for stabilization of a dynamic system in which bubbles collide with each other, the stability of 
the foam is rather determined by other phenomena.

The bubble size measurements plotted versus frother concentration provide the value of 
CCC which is obtained graphically from such a plot as the point of intersection of the linear 
segments of the experimental curves. The CCC values, determined in that way from Figure 6, 
are 0.042 mmol/L for DF‑250 (11.1 ppm) and 0.088 mmol/L for MIBC (9 ppm). This 
value for NaCl is 0.78 M. Quinn et al. (2007) showed that gas dispersion in 0.4 M NaCl and 
10 ppm MIBC solutions are quite similar.

The two cases: frother in distilled water that is the system with a surface‑active compound, 
and electrolyte solution that is the system with surface‑inactive compound, are easy to visual‑
ize. The system in which both these compounds are present is much more complicated. As 
Figures 7 and 8 demonstrate, while frother is needed to reduce bubble size in distilled water, 
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in electrolyte solutions the bubbles are stabilized against coalescence even in the absence of 
the frother. This effect has been well studied (Marrucci and Nicodemo, 1967; Lessard and 
Zieminski, 1971; Zieminski and Whittemore, 1971; Craig et al., 1993; Laskowski et al., 
2003). The curves in the region where the frother concentration is lower than the CCC show 
the effect of frother on bubble coalescence. What is interesting here is that the bubble size in 
the region where the frother concentration exceeds the CCC may still be finer in the mixed 
systems with both frother and electrolyte present (Figures 7 and 8). As these figures demon‑
strate, introduction of a frother to the electrolyte solution initially leads to some disturbances 
and bubble size initially seems to slightly increase when the forther is added. However, with 
further increase in frother concentration even finer bubbles are produced. This size of the 
bubbles is produced by the sparging mechanism and the results indicate the effect of frother 
and electrolyte on bubble breaking‑up (Grau and Laskowski, 2006). Kracht and Finch (2009) 
discussed such effects further.

CONCLUSIONS

The properties of foams in NaCl solutions generated in the presence of common flota‑
tion frothers under dynamic conditions may provide valuable information for copper sulfide 
flotation in sea water. The dynamic foamability of MIBC and DF‑250 is much higher in NaCl 
solutions and sea water than in distilled water.

The surface tension of a solution of surface active agents and an inorganic electrolyte is 
characterize by the surface tension switch point (s.t.s.p.), which indicates the frother concentra‑
tion at which the forther changes into a stronger surface active compound in electrolyte solu‑
tions, compared with its behaviour in distilled water. This parameter is much higher for MIBC 
(120 ppm) than DF‑250 (1.2 ppm).

Bubble size measurements in NaCl solutions and sea water indicate that electrolytes are 
able to reduce bubble size by itself, without any surface active agent. In distilled water, the 
CCC values are slightly lower for DF‑250 than MIBC (11 ppm for DF‑250 and 9 ppm for 
MIBC), but at the concentration higher than CCC the bubble size reaches similar values for 
both frothers. However, when bubble size is measured in a mixed solution of NaCl and a 
frother, the resulting bubble size is finer than that of the same frother in distilled water.
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ABSTRACT

The beneficial effect of electrolytes on mineral flotation has been observed and attributed 
to the improved bubble-particle attachment in a number of studies. However, the behavior of 
gangue minerals in electrolyte solutions has not been studied. In fine particle flotation, gangue 
minerals play an important role in determining both the recovery and grade of valuable miner-
als as results of slime coating and high mechanic entrainment. In this study, the selective flota-
tion of fine particles from a nickel ore deposit and a secondary copper ore deposit is studied 
in both fresh water, and bore water having high ionic strength. Flotation results from the two 
ore systems show the same pattern. In fresh water, slime coats on valuable mineral particles 
resulting in the low flotation recovery of the valuable minerals. At the same time the mechanic 
gangue entrainment is high due to the fine particle size. However, in bore water, slime coating 
is mitigated and the entrainment of gangue minerals is reduced simultaneously, resulting in 
the improved flotation separation. Mechanisms responsible for the improvement in electrolyte 
solutions are investigated as well. It seems that the screening of electrical double layer forces is 
the main contributor.

INTRODUCTION

Saline water is an important part of the Australian mining industry. In Western Australia, 
bore water with high ionic strength has to be used on mine sites for production, site rehabilita-
tion, and downstream processing because fresh water is not available locally. In Queensland, 
most mine sites have adopted water re-use as a means for making freshwater savings. However, 
water re-use results in increased salinity in site water stores, which is driven largely by evapora-
tion and ongoing salt inputs from spoil, minerals and groundwater. Flotation relies on a large 
amount of water and therefore the impact of saline water on flotation performance has gained 
more and more attention. Despite a number of studies, the role saline water plays in flotation is 
still not clear. In the past years, there has been debate over whether fresh water should be intro-
duced to flotation plants since fresh water is normally used and almost all flotation chemicals 
are designed for use in fresh water.

The beneficial effect of saline water on coal flotation has been observed and a number 
of studies have been conducted to investigate the mechanisms. In general, the improved coal 
flotation in saline water compared to fresh water has been attributed to the increased bubble-
particle attachment. Yoon (1982) and Paulson and Pugh (1996) proposed that reduced bubble 
sizes and increased population in electrolyte solutions increased the encounter efficiency of 
bubble-particle attachment. Fuerstenau et al. (1983) and Yoon and Sabey (1989) attributed 
the increased bubble-particle attachment to the reduction of zeta potential of both bubbles and 
particles resulting from the compression of electrical double-layer in the presence of electrolytes. 
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Another mechanism proposed is that the inorganic electrolytes destabilize the hydrated layers 
surrounding coal particles and reduce their surface hydration therefore enhancing the bubble-
particle attachment (Klassen and Mokrousov, 1963). Nanobubbles or nanopancakes were also 
observed to form on coal surfaces in electrolyte solutions facilitating bubble–particle attach-
ment (Mishchuk, 2005; Zhang and Ducker, 2007).

Studies in coal flotation with saline water have not taken into account the behavior of 
gangue minerals. In fine particle flotation gangue minerals play an important role. It has been 
established that fine gangue minerals may coat on the surfaces of valuable minerals preventing 
the adsorption of collectors and then depressing the flotation. The electrostatic interaction 
between gangue and valuable minerals has attributed to slime coating. The typical example is 
the flotation of pentlandite in the presence of serpentine in fresh water. In neutral and weakly 
alkaline solutions, pentlandite is negatively charged, but serpentine is positively charged, 
resulting in an electrostatic interaction between them (Edwards et al., 1980; Bremmell et al., 
2005). The coating of serpentine minerals on pentlandite surfaces explains the poor flotation 
behavior of pentlandite (Edwards et al., 1980; Bremmell et al., 2005). The depressed flotation 
of coal by clay minerals, and sphalerite by fine silica minerals has also been contributed to slime 
coating (Arnold and Aplan, 1986; Duarte and Grano, 2007). In fact, both sphalerite and silica 
may be negatively charged in neutral and weakly alkaline solutions, but the dissolved zinc ions, 
added copper ions and collector molecules may increase particle interactions between silica 
and sphalerite (DiFeo, and Finch, 2002; Duarte and Grano, 2007).

High gangue entrainment is another important issue in fine particle flotation resulting 
in the low quality of flotation concentrate. The collection of gangue minerals into the flota-
tion concentrate is through the water layers in the laminar borders between gas bubbles. The 
smaller the particles, the higher the entrainment (Trahar and Warren, 1976; Warren, 1985; 
Ross and Van Deventer, 1988). Liu et al. (2006) and Gong et al. (2010) demonstrated that 
the enlargement of the size of fine gangue particles significantly reduced their entrainment in 
flotation.

In this study, the effect of saline water on the behavior of gangue minerals in fine particle 
flotation in terms of slime coating and entrainment was investigated by using two types of ores, 
a nickel ore and a secondary copper ore.

EXPERIMENTAL

Materials and Reagents

The nickel ore or copper ore sample was crushed to a size of –2.36 mm before grinding 
and flotation. The nickel grade of the nickel ore is about 0.6%. X-Ray Diffraction (XRD) 
analysis indicates that the nickel ore contains about 2% pentlandite and 98% serpentine, pre-
dominantly by lizardite. The copper grade of the copper ore is about 0.8%. As indicated by the 
XRD analysis, the copper ore contains 0.4% chalcopyrite, 0.7% chalcocite, 2.8% pyrite, 1.9% 
goethite, 66.1% quartz, 22.8% dolomite and 5.2% bentonite. About 85% Cu originates from 
chalcocite and 15% Cu from chalcopyrite. The Cu from chalcocite is cyanide soluble, while 
the Cu from chalcopyrite is cyanide insoluble (Sheffel, 2002). Pentlandite, lizardite, chalco-
pyrite, chalcocite, quartz and bentonite single minerals were obtained from Ward’s Natural 
Science Establishment (US). All of them have 98% purity analyzed by XRD.

The chemical analysis of the bore water is shown in Table 1. The conductivity and TDS 
(total dissolved solids) are about 12.8 mS/cm and 77.1 g/L, respectively. Sodium ethyl xanthate 
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and H407 (polypropylene glycol ether blend), industrial grade, were used as collector and 
frother, respectively in the nickel flotation. Potassium amyl xanthate (PAX) and IF56, indus-
trial grade, were used as collector and frother, respectively in the copper flotation.

Grinding and Flotation

A 1-kg crushed nickel ore sample was ground in a laboratory stainless steel rod mill at 40% 
solids to obtain 80% particles passing 125 µm to match the nickel distribution produced in 
the plant. The mill discharge was then transferred and run through a 1" Mozley cyclone. The 
overflow stream with about 400 g solids was filtered and then floated. The P80 and P50 of the 
stream are 25 µm, and 8 µm, respectively, measured by Malvern Mastersizer. The nickel grade 
of the cyclone overflow stream was about 0.43%. Flotation was carried out in a 2.5 L Agitair 
flotation cell using an agitation speed of 750 rpm. The solid density in the flotation cell was 
15%. During the conditioning, collector (150 g/t) and frother (30 g/t) were added. Flotation 
was performed for 32 min and 6 concentrates were collected after cumulative times of 1, 2, 4, 
8, 16 and 32 min. Both de-ionized and bore water were tested in this study. The chosen water 
type was utilized in all stages of grinding, cycloning and flotation. The pH during grinding and 
flotation was constant, about 8.8 due to the buffering effect of the ore.

A similar grinding and flotation procedure applied to the copper ore sample. A 1-kg ore 
sample was ground at 40% solids until 80 wt.% of the particles present were less than 38 µm 
in diameter. The P50 of the mill discharge was 12 µm measured by Malvern Mastersizer. The 
mill discharge was transferred to the flotation cell and conditioned with 100 g/t collector and 
20 g/t frother. Lime was used to control pH 9.0 at the end of grinding and during flotation. In 
flotation, four concentrates were collected after cumulative times of 0.5, 2.0, 4.0 and 8.0 min.

Zeta Potential Measurement

Particle electrophoretic mobility was measured with a Rank Brothers Microelectrophoresis 
Mark II apparatus. Single mineral particles were ground in a ceramic mill, screened to obtain 
–38 µm and then conditioned in a 1.25 dm3 reaction vessel with de-ionized water containing 
10–3 M KCl solution or mixed with bore water at pH 9.0 for 30 minutes. The pH was main-
tained by the addition of sodium hydroxide solutions. 10 mobility measurements at each of 
the two stationary planes were performed at each pH. The average mobility was converted to 
zeta potentials using the Smoluchowski equation.

Settling Test

The flotation feed was conditioned in the flotation cell and then transferred to a 2.5 L 
graduated cylinder. De-ionised or bore water was added to bring the water level to 2.5 L. The 
cylinder was then stoppered and inverted 10 times to further mix the slurry, and then set still in 
the upright position. The bed volume was monitored as a function of time. The settling rate is 
an indication of pulp stability or the extent of mineral aggregation. The quicker the bed settles, 
the lower the pulp stability and the stronger the mineral aggregation.

Table 1. Composition of the bore water (mg/L)

Na K  Ca Mg SiO2 Cd Cr Cu Ni Cl SO4

20000 940 400 5100 4.9 0.002 0.001 <0.005 0.033 32000 23000
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RESULTS

Flotation

Figure 1 shows the effect of water types on Ni and MgO recovery in the flotation of the 
nickel ore. In bore water, Ni recovery was very low, about 38% in the completion of 32 min 
of flotation. This is consistent with other researchers demonstrating poor pentlandite flota-
tion in the presence of serpentine minerals (Edwards et al., 1980; Bremmell et al., 2005). The 
electrostatic interaction between pentlandite and serpentine minerals results in slime coating 
(Edwards et al., 1980; Bremmell et al., 2005). Meanwhile, MgO recovery was high in de-
ionized water, reaching 24% in the completion of 32 min of flotation. This is also in good 
agreement with high gangue entrainment in fine particle flotation observed by other research-
ers (Trahar and Warren, 1976; Warren, 1985; Ross and Van Deventer, 1988). However, in bore 
water, Ni recovery was increased significantly, while MgO recovery was decreased significantly. 
In the end of flotation, Ni and MgO recoveries were 70% and 16%, respectively. It seems that 
the adverse effect of serpentine on pentlandite flotation was mitigated in saline water, while the 
entrainment of fine gangue minerals was reduced.

Figure 2 shows MgO and Ni recoveries as a function of water recovery in de-ionized and 
bore water. In both de-ionized and bore water, a linear relationship existed between MgO 
recovery and water recovery, indicating that the collection of serpentine gangue minerals to 
the concentrates was through water entrainment (Trahar and Warren, 1976; Warren, 1985; 
Ross and Van Deventer, 1988). The relationship between Ni recovery and water recovery devi-
ated from the MgO-water recovery line slightly in de-ionized water but remarkably in bore 
water. A small difference occurred between Ni and MgO recoveries versus water recovery in 
de-ionized water indicating a low level of true flotation of pentlandite. However, in bore water, 
the true flotation of pentlandite was the predominant mechanism since the difference between 
Ni and MgO recoveries was significant. The different levels of true flotation in de-ionized and 
bore water may also be examined by nickel enrichment. In de-ionized water, nickel grade was 
upgraded from 0.43% in the flotation feed (the cyclone overflow fraction) to 0.68% in the 
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concentrate, while in bore water, nickel grade was upgraded to 1.20%. Apparently, electrolytes 
in the bore water increased the true flotation of pentlandite.

A similar trend was observed in the flotation of the copper ore. As shown in Figure 3, the 
total Cu recovery was increased from 56% in de-ionized water to 78% in bore water in the 
completion of 8 min of flotation, while SiO2 (from quartz and clay minerals) recovery was 
decreased from 20% to 10%. The response of both valuable and gangue minerals in nickel 
and copper ores to the water type is exactly the same. It seems that the gangue minerals in the 
copper ore may coat on copper mineral surfaces resulting in the low Cu recovery in de-ionized 
water. This coating may be mitigated in bore water resulting in the improved copper flotation. 
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In fact, the deleterious effect of clay minerals on the flotation of coal and bitumen by the coat-
ing has been observed (Arnold and Aplan 1986; Liu et al., 2005). Obviously, the entrainment 
of gangue minerals in the copper ores were halved in bore water.

The copper ore contains two copper minerals, chalcopyrite and chalcocite. Chalcocite is 
cyanide soluble, but chalcopyrite is not. Therefore, the behavior of chalcopyrite and chalcocite 
in flotation may be examined separately. Figure 3 shows that the response of chalcopyrite and 
chalcocite to the water type was completely different. Chalcopyrite recovery was high in both 
de-ionized and bore water and the water type had little effect. In contrast, chalcocite recovery 
was low in de-ionized water, about 48% in the end of flotation, but increased to 78% in bore 
water. The increased total Cu recovery in bore water was mainly contributed to the improved 
chalcocite flotation since chalcocite was the dominant copper mineral. It seems that gangue 
minerals have stronger affinity to chalcocite in de-ionized water and deteriorate its flotation.

Zeta Potential Measurements

The improved flotation of hydrophobic minerals in saline water has been attributed to the 
inhibition of bubble coalescence (Craig et al., 1993; Weissenborn and Pugh, 1995; Miklavcic, 
1996) and the increase of bubble-particle attachment (Yoon, 1982; Paulson and Pugh, 1996). 
While the inhibition of bubble coalescence and the increase of bubble-particle attachment may 
improve pentlandite flotation in bore water in this study, the direct factor should be the change 
in the electrostatic interaction between serpentine and pentlandite since the electrostatic inter-
action plays an important role in pentlandite flotation (Edwards et al., 1980; Bremmell et al., 
2004). However, all the flotation tests and electrophoresis measurements in previous studies 
were conducted in fresh or de-ionized water with low ionic strength. In the current study, zeta 
potentials of single minerals were measured in both de-ionized and bore water.

Figure 4 shows the zeta potential of pentlandite and lizardite, the main minerals in the 
nickel ore, as a function of the proportion of bore water at pH 9.0. In de-ionized water cor-
responding to zero proportion of bore water, pentlandite was strongly negatively charged with 
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a zeta potential about –20 mV, while lizardite was strongly positively charged with a zeta 
potential about 28 mV. This is consistent with the observations by Edwards et al. (1980) and 
Bremmell et al. (2004). With the addition of bore water, the magnitude of the zeta poten-
tial was reduced significantly. With 5% saline water, the zeta potentials reached a minimum. 
Clearly, the electrostatic interaction between pentlandite and lizardite was minimized in bore 
water. This may explain the improved pentlandite flotation from the nickel ore in bore water 
through the mitigation of slime coating.

Figure 5 shows the zeta potential of chalcopyrite, chalcocite, quartz, bentonite and dolo-
mite, the main minerals in the copper ore, as a function of the proportion of bore water. The 
three gangue minerals were negatively charged. In particular, the zeta potential of quartz and 
bentonite has a great magnitude. This has been observed by many other researchers (Chen and 
Tao, 2004; Liu, et al. 2005; Herrera-Urbina and Fuerstenau, 1995). However, in de-ionized 
water, chalcopyrite and chalcocite displayed different electrical properties. Chalcopyrite was 
negatively charged whilst chalcocite was positively charged although the two samples were pre-
pared exactly the same in air. Fullston et al. (1999) studied the oxidation of copper sulfide min-
erals by measuring their zeta potentials. Without oxidation, both chalcopyrite and chalcocite 
were negatively charged at a large pH range. Chalcopyrite was inert to the oxidizing condition. 
Oxygen purging only slightly moved the zeta potential curve to a more positive direction. In 
contrast, chalcocite was sensitive to the oxidizing condition. Oxygen purging reversed the 
sign of the zeta potential of chalcocite with a positive value at pH 9.0 (Fullston et al. 1999). 
Lascelles and Finch (2002) also demonstrated that chalcocite was more easily oxidized than 
chalcopyrite producing 50 times more copper ions. It seems that the surface oxidation of cop-
per minerals governs their electrical properties. At the normal flotation condition, the zeta 
potential on the chalcopyrite surface may remain negative and repulsive from the slime gangue 
minerals corresponding to the good flotation behavior. Unlike chalcopyrite, chalcocite may 
become positively charged at weakly alkaline solutions due to surface oxidation and attractive 
to slime gangue minerals, resulting in the decreased flotation.
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Settling Tests

In the flotation of the nickel or copper ore with bore water, not only nickel or copper flo-
tation was improved but also the gangue entrainment was reduced. The improved nickel and 
copper flotation in bore water may be attributed to the mitigation of slime coating. However, 
the mitigation cannot explain the reduced gangue entrainment. Liu et al. (2006) correlated 
fine gangue entrainment with the aggregation measured by settling tests. The quicker the 
settling of gangue minerals in the presence of high molecular weight polymers, the less the 
entrainment. This was attributed to the enlarged particle size of gangue minerals. In this study, 
the settling rate of the nickel and copper ores were measured.

Figure 6 shows the settling of the cyclone overflow fraction of the nickel ore in de-ionized 
and bore water. Clearly, the settling of the mineral suspension in de-ionized water was slow, 
whilst the solids settled quite fast in bore water. For example, the solids settled 1840 mL in 
bore water, but only 380 mL in de-ionized water. The same trend was observed in the settling 
of the copper ore as indicated in Figure 7. The copper ore settled much quicker in bore water 
than de-ionized water. In fact, the phenomenon that electrolytes promote solid aggregation 
and subsequent fast settling has been observed by other researchers (Rattanakawin and Hogg, 
2001). It has been proposed that van der Waals attraction forces are predominant in electrolyte 
solutions and cause the aggregation (Rattanakawin and Hogg, 2001). The aggregated fine 
gangue minerals in the flotation of the nickel or copper ore in bore water may be responsible 
for the reduced gangue entrainment.

DISCUSSION

In this study, two difficult ores, nickel and copper ores, are examined in de-ionized and 
bore water. The water type had a significant effect on the selective flotation. In de-ionized 
water a low level of true flotation occurred. Ni or copper recovery and the selectivity against 
gangue minerals were low as well. In bore water, the true flotation became predominant with 
reduced gangue entrainment. As a result, the selective flotation was improved remarkably in 
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Figure 6. Bed volume of the flotation feed of the nickel ore as a function of settling time in 
de-ionized and bore water
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bore water. The different flotation behavior of the nickel and copper ores in de-ionized and 
bore water may be dictated by the inter-particle interactions.

Based on the DLVO theory, when two particles are brought into contact they are sub-
jected to van der Waals and electrostatic forces (Liang et al., 2007). Van der Waals forces 
are due to the interaction between two dipoles that are either permanent or induced. They 
are weak, attractive and insensitive to variations in electrolyte strength and pH. Electrostatic 
forces depend on the charges present on the particles. They can be attractive or repulsive. In 
this study, in the nickel ore, serpentine and pentlandite are oppositely charged and an electro-
static attraction occurs between them. For the same reason, an electrostatic attraction occurs 
between chalcocite and other gangue minerals in the copper ore. Between two particles with 
the same sign of charges, the electrical double layer repulsive forces occur. Since the gangue 
minerals are predominant with more than 90% content in both the two ore systems, the strong 
electrical double layer repulsive forces between the gangue particles may play an important role 
in the high stability of suspensions in de-ionized water. The high stability of suspensions may 
result in the high entrainment of fine gangue minerals in flotation. Meanwhile, the coating of 
fine gangue minerals on the pentlandite or chalcocite surface through the electrostatic attrac-
tion may result in the low nickel or copper flotation.

A different scenario occurs in bore water. The presence of charged species causes the screen-
ing of surface charges on particles and the electrostatic forces between particles may be mini-
mized. As a result of the minimization of the electrostatic forces (both the electrical double 
layer repulsion between similar particles and the electrostatic attraction between dissimilar par-
ticles), the coating of fine gangue minerals on nickel or copper minerals due to the electrostatic 
attraction may be mitigated, while the attractive van der Waals forces may promote mineral 
aggregation. The former explains the improved nickel and copper flotation in bore water, while 
the latter explains the reduced gangue entrainment possibly through the enlarged particle size.

In bore water, it is also possible that the attractive van der Waals forces promote the aggre-
gation between fine valuable minerals, and between fine valuable minerals and gangue min-
erals. The aggregation between fine valuable minerals may improve the flotation due to the 
increased bubble-particle collision efficiency (Ralston and Fornasiero, 2010). The aggregation 
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Figure 7. Bed volume of the flotation feed of the copper ore as a function of settling time in 
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between fine valuable minerals and gangue minerals may have little effect on the flotation 
because the interaction between valuable minerals and air bubbles through hydrophobic forces 
is stronger than van der Waals forces. The detailed forces between particles and air bubbles in 
electrolyte solutions and their effect on mineral flotation are under investigation.

CONCLUSIONS

The current study indicates the importance of the mineral interaction in fine particle flota-
tion. In de-ionized water, the coating of fine gangue minerals on the surface of valuable miner-
als may occur as a result of the electrostatic attraction and therefore limit the true flotation. As 
normal, high gangue entrainment is expected in the flotation. In bore water, the flotation of 
valuable minerals may be improved and gangue entrainment reduced both probably due to the 
screening of the electrostatic interaction between particles by electrolytes in the solution. The 
screening of the electrostatic interaction may mitigate the slime coating of gangue minerals on 
valuable minerals, while promoting the aggregation of gangue minerals.
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ABSTRACT

The kinetics of air bubble attachment to chalcopyrite, bornite and gold surfaces were 
recorded with a high-speed video system in 1 mM NaCl solution and simulated seawater 
of neutral and alkaline pH to measure the induction time. Collectors at a concentration of 
20 mg/L included PAX (potassium amyl xanthate), S-701 (dialkylsulfide), Aero 6098 (thi-
onocarbamate) and Aero 3477 (dithiophosphate). The experimental results show that the 
flotation chemistry variables have a strong effect on the kinetics of bubble attachment. The 
measurements indicated a positive effect of seawater on the kinetics of air bubble attachment 
to chalcopyrite and gold, particularly in the presence of PAX collector. The use of seawater 
with S-701 collector does not guarantee an improvement in the kinetics of bubble attachment 
to chalcopyrite, bornite and gold.

INTRODUCTION

Continuously rising human population and expanding industrial and agricultural activi-
ties inflict significant stresses on already limited fresh water resources. Availability and more 
efficient water use have become priorities for the mining and mineral processing industries in 
many regions of the world. Remote areas of potential mining activities, including southern 
Peru and northern Chile, often have limited water resources. Therefore, existing operations 
and new projects invest into technologies with reduced water use and sustainable options such 
as brine solutions and seawater.

About 97% of the water on the earth is salty water, and use of this water in mining and 
mineral processing operations must be considered when possible. Seawater has been used in 
ore beneficiation since the 1920s (Castro et al. 2010). Examples of mining operations where 
salty water is utilized are listed in Table 1. Additionally, exploration and recovery of economic 
mineral resources from the marine environment is expected to increase in years to come. About 
95% of the oceans remain unexplored and the potential for the discovery of valuable miner-
als is high (Cruickshank 2011). Marine mining inevitably will rely on either raw or processed 
seawater.

Fundamental research on the processing of minerals in seawater is not well developed but 
it has gained interest in response to a growing mining industry demand. Castro et al. (2010) 
briefly reviewed the past literature on flotation studies with seawater at the XXV International 
Mineral Processing Congress. Several related papers summarizing current and past research 
studies on flotation systems with seawater are also included in these proceedings.

WaterMineralsProcessing.indb   73 11/22/11   1:49 PM



74 Processing With sea Water and saline solutions

The flotation process is controlled by the thermodynamics, kinetics and hydrodynamics 
of the system (Laskowski 1974; 1986; Schulze 1984). Fundamental aspects of the flotation 
event include: (i) creation of a hydrophobic surface for specified particles (thermodynamic 
condition); (ii) provision of sufficient time for bubble attachment (kinetic condition); and 
(iii) stabilization of bubble/particle aggregates under the prevailing flow (hydrodynamic con-
dition). All these criteria are important and have received extensive study. Thermodynamics 
and kinetics of particle-bubble attachment can be controlled by changing the solution chem-
istry. In this paper, we only report the kinetics of bubble attachment through induction time 
measurements. Such measurements were proven in our laboratory to be useful in the selection 
of appropriate solution chemistry conditions for the flotation of sulfide and gold minerals in 
seawater. Importantly, studies on the effect of seawater on the kinetics of bubble attachment at 
a mineral surface have not been reported previously. The results presented summarize part of 
our 1995/1996 project on surface chemistry of chalcopyrite, bornite and gold in seawater and 
have not been previously published.

EXPERIMENTAL

Reagents

Collectors used in this study included: potassium amyl xanthate (PAX, Tessenderlo Kerley 
Inc.), dithiophosphate (Aero 3477, Cytec), thionocarbamate (Aero 6098, Cytec), and dialkyl-
sulfide (S-701). Fresh solutions of these collectors were prepared in deionized water (200 mg/L) 
before experiments. In all experiments the concentration of collector was adjusted to 20 mg/L, 
which is approximately equivalent to 40 gpt in a flotation circuit (assuming 33 wt% solids). 
S-701 collector does not dissolve completely at a concentration of 20 mg/L and a certain vol-
ume of this collector remained in an emulsified state during experiments.

A mixture of frothers was prepared using 40 vol% of Dow 200, 40 vol% of Dow 250, 
and 20 vol% of Dow 1012. A solution of the blended frother was prepared in deionized water 
(100 mg/L) before experiments. The frother concentration for experiments was adjusted to 
5 mg/L or the equivalent of about 10 gpt in a flotation circuit (assuming 33 wt% solids).

Table 1. Mining operations with the use of sea water or saline water (based partially on Philippe 
et al. 2011)

Project Company Country Water Source

Batu Hijau Newmont Indonesia Sea and fresh water

Las Luces Minera Las Cenizas Chile Sea water

Michilla Antofagasta Chile Sea water

KCGM Barrick/Newmont Australia Saline

Mt Keith BHP Billiton Australia Saline

Raglan Xstrata Canada Saline

Texada closed Canada Sea water

Tocopilla closed Chile Sea water

Esperanza—under 
development

Antofagasta Chile Sea water
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Other chemicals used in this study included analytical grade sodium chloride, potassium 
chloride, and lime. The pH of the aqueous phase was adjusted with lime and hydrochloric acid 
(technical grade). Mili-Q water (resistivity +18 MW) was used in preparation of all solutions.

Simulated seawater was prepared by dissolving 36 g of commercial sea salt formula, Coral 
Sea (Kordon) in 1 L of deionized water. The chemical composition of this formula as specified 
by the manufacturer is shown in Table 2.

Mineral Samples

Natural specimens of chalcopyrite (Durango, Mexico) and bornite (Montana, USA) were 
purchased from Ward’s Natural Science Establishment, Inc. The specimens were cut into the 
approximate dimensions of 36×20×10 mm using a Buehler Isomet low-speed diamond saw. 
Once cut, the samples were polished with a series of polishing papers (grit: #200, #300, #400, 
#800) and with alumina powder (0.05 micron). Polished surfaces were cleaned from residual 
fine alumina powder ultrasonically in the Bransonic 211 bath and washed with deionized 
water. Samples were repolished and cleaned before each experiment.

One-hundred-nanometer-thick gold films were prepared by electron-beam evapora-
tion of gold (Materials Research Co.; 99.999%) onto silicon test wafers. Before each experi-
ment the gold samples were washed with deionized water and cleaned with argon plasma in 
a Tegal Plasmod chemical reactor for 40 min. Using Teflon-coated tweezers, the samples were 
immersed and stored in deionized water before experiments in order to avoid/reduce contami-
nation with air-born hydrocarbons and particulates.

Induction Time Measurements

The kinetics of air bubble attachment to the mineral surfaces were examined using 
the experimental set-up shown in Figure 1 (Drelich et al. 1997). A high-speed camera of 
1000 frames per second and 10 µs exposure time (Kodak EktaPro 1000 High-Speed Video 
System) was coupled with a photographic lens. The sample was placed on two stable sup-
ports with flat surfaces in a rectangular glass chamber, and the chamber was filled with the 
desired solution. The mineral sample was equilibrated for 10 to 15 min in the solution before 

Table 2. Coralite scientific-grade marine salt chemical composition

•	Concentrations are expressed in mg/L (ppm)
•	Approximate specific gravity 1. 023 at 25°C (77°F)
•	One hour after dissolving in deionized water, pH = 8.3

Ingredients:

•	Chloride—19,000
•	Sodium—11,000
•	Sulfate—2,500
•	Magnesium—1,350
•	Calcium—420
•	Potassium—410
•	Bromide—60
•	Strontium—9.0
•	Silicon—1.2
•	Lithium—0.2
•	Iodide—0.12

•	Magnesium—0.10
•	Iron—0.08
•	Molybdate—0.068
•	Zinc—0.035
•	Copper—0.030
•	Selenium—0.004
•	Lead—<0.0004
•	Aluminium—<0.0004
•	Nickel—<0.0002
•	Cobalt—<0.0002
•	Cadmium—<0.0002
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the gas bubble was injected. A small air bubble (~1.5 mm diameter) was made at the tip of a 
U-shaped needle using a microsyringe (at a distance less than 1 mm from the sample surface) 
and was then released from the needle tip. Released bubbles rested at the mineral surface. The 
entire event starting with the release of the bubble from the needle, rest of the bubble and its 
attachment were recorded with the video camera. The bubble attachment process was viewed 
in slow motion and the bubble induction time was determined with an accuracy of 1 to 5 ms, 
depending on the speed of recording.

All bubble induction time measurements were conducted at room temperature (21–22°C). 
At least 40 measurements were performed for each experimental condition in order to establish 
the distribution of induction times.

Contact Angle Measurements

The rectangular glass chamber with a mineral sample and experimental solution which 
was used in bubble attachment experiments was placed on the table of a Rame-Hart goniom-
eter and the receding contact angle was measured using the captive-bubble technique (Drelich 
et al. 1996). An air bubble with a diameter of about 1.5 mm was made at the tip of a U-shaped 
needle using a microsyringe. After attachment, the three-phase contact line of the air bubble 
was made to advance by adding a small volume of air, and the receding contact angle (as 
measured through the aqueous phase) was measured by a goniometer within 30–45 seconds 
on both sides of the bubble. The contact angles were measured for a bubble base diameter 
of approximately 3–4 mm. The needle remained in contact with the bubble during all mea-
surements. Care was taken to insure that the needle did not distort the bubble shape. The 
contact angle measurements were carried out for at least five bubbles (at both sides) at room 

Figure 1. Experimental high-speed video set-up used for recording bubble attachment to mineral 
samples
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temperature (21–22°C). The ranges of measured receding (water) contact angle values, from 
smallest to largest ones, are reported in this communication.

RESULTS AND DISCUSSION

Figure 2 presents an example of the air bubble attachment event at the chalcopyrite surface 
in deionized water. This entire sequence of frames provides the snapshot of three fundamental 
stages of flotation: (1) water film thinning, (2) water film rupture to the nucleation of a hole 
and formation of the three-phase contact line, and (3) expansion of the three-phase contact 
line to a stable configuration. These three stages of bubble attachment are sometimes com-
bined to represent the induction time (Gu et al. 2003). However, in this contribution we use 
the definition of the induction time stated previously (Ye et al. 1989): the time from the moment 
of the bubble stationary rest at the mineral surface (first contact) to the moment when the aqueous 
film, which separates the gas bubble from the mineral surface, ruptures.

For example, the sequence of three high-speed video frames in the upper row represents 
the induction time at the chalcopyrite surface which is reported in this contribution. The lower 
row of high-speed video frames in Figure 2 shows the kinetics of the displacement of the aque-
ous film by the air bubble from the moment the aqueous film breaks to the final stable state. 
The rate of movement of the three-phase contact line after rupture of the aqueous film is not 
discussed in this communication.

From 40 to 50 events of bubble attachment at the mineral surface were recorded for each 
system. The experimental results were plotted as cumulative distributions such as shown in 
Figure 3. The numbers in parentheses in Figure 3 represent the range of measured receding 
contact angles. The receding contact angles were preferred for flotation systems because these 
contact angles are supposed to correlate better with flotation response than other measures of 

Figure 2. Air bubble attachment at the chalcopyrite surface in deionized water as captured with a 
high-speed video system. Upper row of frames presents the bubble induction time sequence, from 
the moment that the bubble rests at the mineral surface to the moment when attachment takes 
place. Lower row of frames presents the kinetics of bubble base expansion.
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contact angles (Laskowski 1994). This data allowed us to track changes in wetting characteris-
tics of mineral specimens in solutions of different chemistry.

Any point on the cumulative distribution curves represents the percentage of the total 
number of observations which have a bubble induction time less that the indicated time. For 
example, for the chalcopyrite in 1 mM NaCl with 20 mg/L PAX collector (Figure 3A; open 
circles), the minimum (tmin) and maximum (tmax) induction times are 5 and 491 ms, respec-
tively. 50% of the total number of measurements (50% population) had induction times cor-
responding to t50 @ 197 ms, as compared to t50 @ 233 ms for chalcopyrite without collector. 
The t50 value corresponds to the time for which half of the induction time measurements are 
less than the t50 value and half of the measurements are greater than the t50 value. Minimum 
and maximum times refer to the shortest and longest, respectively, bubble induction times 
recorded in a particular experiment. In the further part of this communication, tmin, tmax, and 
t50 values are reported instead of plots with cumulative distribution curves.

Figure 3. Effect of PAX collector on induction time at a chalcopyrite surface for 1 mM NaCl 
solution (a) and simulated seawater (b) at pH 7.5. The range of measured receding contact angles 
is reported in parentheses.
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Electronic induction timers are more commonly used in examination of flotation sys-
tems (Ye et al. 1989; Gu et al. 2004; Wang et al. 2005; Albijanic et al. 2010; Min 2010) than 
high-speed video systems such as used in this study due to simplicity of instrumentation and 
measurements, and involvement of particles instead of flat larger specimens. An important 
disadvantage of the induction time measurements at a particle bed is, however, that for many 
systems the induction time is less than the detection limit for the instrument. This problem 
was illustrated in our previous contribution (Drelich et al. 1997). We compared the t50 values 
measured for a polished specimen with the induction times (t50P) measured for –212+150 µm 
particles of the same chalcopyrite in different solutions. As shown in Table 3, in several solu-
tions the induction time t50P was too short, less than 1 ms, to be measured precisely. In con-
trast, the induction times measured on flat specimens are one to two orders of magnitude 
greater. This is the result of the fact that gas bubbles need to displace the liquid film from the 
much larger area of the polished surface than from the particle(s) surface.

As indicated by the data in Table 3, both t50 and ti50 values follow a similar pattern of 
changes in response to different solution chemistry. It should be recognized, however, that 
selection of a representative mineral specimen and its preparation for bubble attachment time 
measurements can have a significant impact on the results. Too large and/or too many inclu-
sions (inhomogenities) in the area of bubble attachment can significantly shift the t50 value. 
It is often necessary to use the same quality specimen to test the effects of different solution 
chemistry in order to optimize the selection of flotation reagents for short bubble attachment/
induction times.

Chalcopyrite

In the absence of collector chalcopyrite exhibits modest hydrophobicity as revealed by 
a receding contact angle of 30–40 degrees as presented in Table 4. The effect of seawater on 
bubble induction time at the chalcopyrite surface for different flotation chemistry conditions 
was examined. The experimental results are summarized in Tables 4 and 5.

Four collectors, PAX, S-701, 6098, and 3477, were tested with chalcopyrite (Table 4). 
As expected, the PAX collector improved the hydrophobicity of the chalcopyrite surface and 
bubble induction time was reduced from t50 =233 to 197 ms in 1 mM NaCl solution at pH 
= 7.5. Similar positive effects were observed for solutions with two other collectors, S-701 

Table 3. A comparison of average induction times for flat specimens of chalcopyrite and a particle 
(–212+150 µm) bed (Drelich et al. 1997)

Solution Chemistry pH

Induction Time (ms)

At Polished Specimen
t50

At Particle Bed
t50P

Deionized water 5.6
2.4

320
110

90
<1

0.01 M NaCl 5.6 240 40

1M NaCl 5.6 225 25

20 mg/L PAX 7.5
9.5

180
180

<1
<1

20 mg/L S-701 7.5
9.5

190
370

<1
55
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and 6098. In contrast, a negative effect was observed for the 3477 collector and this collector 
reduced the hydrophobicity of chalcopyrite and increased the t50 value. Also frother stabilized 
the water film at the chalcopyrite surface and prolonged the time needed for the attachment of 
air bubbles in 1 mM NaCl solutions at pH = 7.5.

The series of experiments with simulated seawater (both with and without collector) 
showed a positive effect of high ionic strength on the destabilization of the water film at the 
chalcopyrite surface as can be concluded from the t50 values in Tables 4 and 5. At pH = 7.5, the 
induction times were reduced significantly for air bubbles attaching to the chalcopyrite surface 
without collector, and with 20 mg/L of PAX and 6098. A positive, but smaller effect, was also 
observed for the solution with 20 mg/L of S-701. The negative activity of the 3477 collector  

Table 4. Effect of seawater on induction time and receding contact angle measured at a chalcopyrite 
surface in solutions of different collectors and frother at pH = 7.5

Mineral pH Solution
Collector
(20 mg/L)

qrec
(deg)

Induction Time (ms)

tmin tmax t50

Chalcopyrite 7.5

1 mM NaCl
I=1×10–3

None 32–38 23 >500 233

PAX 50–60 5 491 197

S-701 35–41 22 >500 187

6098 42–48 16 >500 176

3477 <20 54 >500 347

Frother* 38–42 32 >500 308

Seawater
I=0

None 38–42 38 >500 136

PAX 48–56 5 373 63

S-701 42–46 28 450 149

6098 44–50 5 >500 84

3477 <15 >1000 >>1000 >1000

Frother* 44–50 128 >800 297

*Without collector.

Table 5. Comparison of induction time and receding contact angle values measured for air bubbles 
at a chalcopyrite surface in 20-mg/L solutions of PAX and S-701 collectors

Mineral
Collector
(20 mg/L) Solution pH

qrec
(deg)

Induction Time (ms)

tmin tmax t50

Chalcopyrite

PAX

1 mM NaCl
7.5 50–60  5 491 197

9.5 50–60  5 500 190

Seawater
7.5 48–56  5 373 63

9.5 64–68  5 365 58

S-701

1 mM NaCl
7.5 35–41 45 735 173

9.5 37–45 10 >2000 372

Seawater
7.5 42–46 30 460 147

9.5 30–33 85 >2000 537
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was further enhanced in seawater. Seawater had negligible, if any, effect on the stability of 
water films at the chalcopyrite surface stabilized by the Dow frother.

The effect of seawater at pH = 9.5 was only tested for two collectors, PAX and S-701 
(Table 5). It was observed that seawater had a negligible effect on the performance of the PAX 
collector. However, the activity of the S-701 collector was reduced in seawater at pH = 9.5. As 
noted in the experimental section, the S-701 collector could not be dissolved completely in 
the aqueous phase at a concentration of 20 mg/L and thus remained partially in an emulsified 
state. Seawater could affect the stability of the emulsified collector.

Bornite

Bornite exhibits even greater natural hydrophobicity than chalcopyrite as revealed by the reced-
ing contact angles in Table 6. The receding contact angle for chalcopyrite in the absence of collector 
was 30–40 degrees whereas the receding contact angle for bornite in the absence of collector was 
45–60 degrees. The PAX collector significantly improved the hydrophobicity of the bornite surface 
and the receding contact angle increased to 80–90 degrees. On the other hand, S-701 reduced the 
receding contact angle to 42–50 degrees.

The pH had no detectable effect on the natural hydrophobicity of bornite and it had 
only a small impact on the bubble induction time (Table 6). The induction time appeared 
to be reduced at pH = 9.5 as compared to pH = 7.5 in the absence of a collector. The system 
showed a different response when PAX collector was added to the system. An increase in the 
alkalinity of the solution had a negative effect on the kinetics of bubble attachment to the 
bornite surface. Also, the value of the bubble induction time for systems with S-701 collector 
was significantly increased when the pH of the solution was increased from pH = 7.5 to pH = 
9.5, consistent with observations for chalcopyrite. These results indicate that for some collec-
tors the correlation between pH of the solution and bubble induction time is not simple and 
the alkalinity might affect both the stability of the water film and the dissociation/activity of 
collector.

Table 6. Effect of seawater on induction time and receding contact angle measured at a bornite 
surface in 20 mg/L solutions of PAX and S-701 collectors at pH = 7.5 and 9.5

Mineral pH Solution
Collector
(20 mg/L)

qrec
(deg)

Induction Time (ms)

tmin tmax t50

Bornite

7.5

1 mM NaCl

None 50–60 10 273 105

PAX 80–90 9 78 <9

S-701 42–50 10 250 127

Seawater

None 45–55 10 82 36

PAX 75–85 9 121 17

S-701 40–50 10 480 66

9.5

1 mM NaCl

None 45–55 10 173 81

PAX 75–80 10 250 42

S-701 44–48 10 350 127

Seawater

None 42–52 10 92 <10

PAX 70–80 9 300 123

S-701 <20 10 >2000 >2000
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The series of experiments with simulated seawater showed a positive effect of high ionic 
strength on the destabilization of water films at the natural bornite surface. On the other hand, 
seawater showed rather a negative effect on the induction time when PAX and S-701 were used 
in the bubble induction time experiments. It appears that activity of collectors in seawater, 
particularly at pH = 9.5, was reduced. This is consistent with observations during experiments 
with chalcopyrite and S-701 collector but in disagreement with experiments involving chalco-
pyrite and PAX collector. It should be recognized however, that t50 values for bornite are typi-
cally much smaller than for chalcopyrite, suggesting that the seawater effect might be overall 
negligible in the flotation of bornite.

Gold

Gold is a naturally hydrophilic mineral if its surface is protected from air-born contami-
nants (Smith 1980). Freshly sputtered gold used in this study also stabilized aqueous films, 
and air bubbles could not attach to the gold surface (Table 7). A hydrophobic state was created 
at the gold surface by PAX, S-701, 6098, and 3477 collectors in alkaline solutions. Virtually 
only the PAX collector was capable of making the gold hydrophobic at pH = 7.5 when used at 
20 mg/L concentration.

As shown in Table 7, for 1 mM NaCl at both pH = 7.5 and 9.5 the induction time between 
the air bubble and the gold surface strongly depended on the collector type. The ability of the 
collector to reduce the bubble attachment time was in the following order:

at pH = 7.5 PAX >> S-701 >> 6098 ~ 3477 
at pH = 9.5 S-701 > PAX >> 6098 ~ 3477

An increase in pH value from 7.5 to 9.5 reduced the induction time for systems involv-
ing collectors S-701, 6098 and 3477, but slightly prolonged the induction time for the PAX 
collector.

Using seawater instead of 1 mM NaCl solution improved the destabilization of water films 
at the gold surface when PAX collector was used (Table 7). On the other hand, the activity of 
the S-701 collector changed drastically in seawater. Although the S-701 collector improved the 
hydrophobicity of the gold surface, the induction time increased significantly when compared 
to the system with 1 mM NaCl solution. A similar effect of seawater on the activity of the 
S-701 collector was observed for chalcopyrite.

SUMMARY AND CONCLUSIONS

A high-speed video system was used to record bubble attachment events to mineral sur-
faces. The bubble induction time is 1–2 orders of magnitude larger than induction time mea-
sured for particles using an electronic induction timer. The high-speed video observations of 
bubble attachment to polished surfaces appeared to be especially useful for such systems where 
bubble attachment of particles is below the limit and resolution of the electronic instrument 
(<1 ms for the MCT-100 induction timer).

The kinetics of air bubble attachment with a time resolution of 1–5 ms at chalcopy-
rite, bornite and gold surfaces in aqueous solutions of varying pH (pH = 7.5 vs. 9.5) and 
ionic strength (1 mM NaCl vs. seawater) were studied for completely dissolved collectors 
(PAX, 6098, 3477) and for the partially dissolved collector (S-701) at a fixed concentration 
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of 20 mg/L. The systems examined were also characterized by the receding contact angle as 
measured with the captive-bubble contact-angle measurement technique using a goniometer.

The solution chemistry used affected both the wetting characteristics of minerals and 
the kinetics of bubble attachment to these mineral surfaces. No direct correlation was found 
between the bubble induction time and the value of the receding contact angle. The results, 
summarized in Table 8, are as follows.

Chalcopyrite

1. Ionic strength had a significant effect on both bubble induction time and natural 
wettability of chalcopyrite. It was found that the induction time decreased and the 
receding contact angle increased for seawater. Simulated seawater had a positive effect 
on the attachment of air bubbles to the chalcopyrite surface as compared to the 1 mM 
NaCl solution at pH values pH = 7.5 and 9.5, for most of the systems studied.

2. Natural hydrophobicity of chalcopyrite is only slightly sensitive to the pH of the aque-
ous phase. A significant reduction in the induction time was observed when the S-701 
collector was used and the pH value was reduced from pH = 9.5 to 7.5. On the other 
hand, no effect of pH on bubble induction time was observed when PAX solutions 
were used.

3. The PAX collector significantly enhanced the hydrophobicity of chalcopyrite at both 
pH = 7.5 and 9.5. Also S-701 and 6098 collectors improved the hydrophobicity of 
the chalcopyrite surface at pH = 7.5. On the other hand, the 3477 collector reduced 
the hydrophobicity of the chalcopyrite surface at pH = 7.5.

Table 7. Effect of seawater on induction time and receding contact angle measured at a gold 
surface in solutions of different collectors at pH = 7.5 and 9.5

Specimen Solution pH
Collector
(20 mg/L)

qrec
(deg)

Induction Time (ms)

tmin tmax t50

Gold

1 mM NaCl

7.5 No <15 >2000 >2000 >2000

PAX 52–58 10 680 157

S-701 11–15 100 >2000 920

6098 <10 >2000 >2000 >2000

3477 <10 >2000 >2000 >2000

9.5 No <15 >2000 >2000 >2000

PAX 78–82 5 910 248

S-701 55–60 5 433 90

6098 40–45 45 >2000 980

3477 68–72 87 >2000 1270

Seawater

7.5 No <15 >2000 >2000 >2000

PAX 45–50 41 540 135

9.5 No <15 >2000 >2000 >2000

PAX 75–80 6 800 345

S-701 68–72 100 2000 887
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Bornite

1. Solution chemistry significantly affected the kinetics of bubble attachment to a born-
ite surface. A positive effect of using simulated seawater on the kinetics of bubble 
attachment to a natural surface was observed.

2. The use of seawater with PAX and S-701 collectors does not guarantee an improve-
ment in the flotation kinetics of bornite. The selection of an appropriate collector for 
the effective flotation of bornite might be facilitated based on the results from induc-
tion time measurements.

3. The PAX collector seems to be a much more promising collector for the flotation of 
bornite than the S-701 collector.

Gold

1. Gold is naturally hydrophilic and thus can only be floated in the presence of collec-
tors. Among four collectors tested PAX and S-701 reduced significantly the induction 
time between an air bubble and the gold surface in aqueous solutions at pH = 7.5 and 
9.5. The PAX collector was more effective than the S-701 collector at neutral pH (pH 
= 7.5) and for the 1 mM NaCl solution, whereas the S-701 collector showed a greater 
impact on the induction time in lime solutions (pH = 9.5). This, however, changed 
when simulated seawater replaced the 1 mM NaCl solution. Collectors 6098 and 
3477 appeared to be ineffective in destabilization of water films at the gold surface.

2. The seawater had a small effect on the stability of water films at the gold surface in 
the presence of the PAX collector. The induction time was reduced for the system 
with seawater when compared to the system with 1 mM NaCl. A reverse tendency 
was observed when the S-701 collector was used and the induction time increased in 
seawater as compared to the 1 mM NaCl solution.

Table 8. Summary of flotation chemistry findings

Mineral Variable Effect

Chalcopyrite Collector type PAX > S-701 ~ 6098 >> 3477

pH = 7.5 vs pH = 9.5 No collector: negative effect of higher pH
with collector: PAX—no effect; S-701—negative effect

Seawater effect No collector: positive effect
with collector: PAX—positive effect; S-701—negative effect

Bornite Collector type PAX > S-701

pH = 7.5 vs pH = 9.5 No collector:
With collector: PAX & S-701—negative effect

Seawater effect No collector: positive effect
With collector: PAX & S-701—negative effect

Gold Collector type PAX > S-701 >> 6098 ~ 3477

pH = 7.5 vs pH = 9.5 No collector: no effect
With collector: PAX—negative effect; S-701—positive 
effect

Seawater effect No collector: no effect
With collector: PAX—positive effect; S-701—negative 
effect

WaterMineralsProcessing.indb   84 11/22/11   1:49 PM



 induction tiMe MeasureMents for air BuBBles 85

3. The pH of the aqueous phase had a significant effect on the stability of water films at 
the gold surface in the presence of PAX and S-701 collectors. The water film was more 
stable in the alkaline solution (pH = 9.5) of the PAX collector than in the neutral solu-
tion (pH = 7.5). On the other hand, the stability of the water film at the gold surface 
was enhanced in the neutral solution of the S-701 collector as compared to the case 
in an alkaline solution.
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ABSTRACT

Electrosorption is defined as potential-induced adsorption of ions onto the surface of 
charged electrode. When an electrical potential was applied to electrode, charged ions migrated 
to the electrode and are held in the electric double layer. Once external field is removed, 
the ions are quickly released back to bulk solution. Compared to conventional desalination 
technologies, electrosorption is an energy-efficient desalination process due to it operates at 
lower electrode potential (about 1–1.5 V) at which no electrolysis reactions occur. In addition, 
this process is environmentally attractive because it requires no chemicals for regeneration. 
Activated carbon is an effective electrode material for electrosorption. The material is inert, 
conductive, inexpensive, abundant and has high surface area to provide sufficient adsorption 
sites. Applications of electrosorption on ions removal for various kinds of water streams are 
introduced in this study.

INTRODUCTION

Water shortage is widely experienced in the whole world. It is particularly severe in China, 
which could even cause security problem in the world [1]. The water treatment market is enor-
mous in China. This has naturally brought fierce competition for all major water companies 
all over the world. It is also the place where new technology has to be developed to meet all 
market challenges.

China has been experiencing high economic growth rate. However, water shortage is get-
ting worse with the industrialization and the expansion of cities. China has over 600 cities 
(population above half million per city) in shortage of water. The amount in shortage is about 
40 billion metric tons in 2006. In the rural area, more than 60 million farmers are drinking 
water with fluorine contents exceeding the limits and about 37 million farmers are drinking 
brackish water. The water needs to be treated for their drinking exceeds 15 billion metric tons 
per year [2, 3].

The World Bank has estimated that the population of China will reach 1.6 billion in 2030. 
The water demand will be 3 times of that in 1980. The water pollution problems in China 
are getting worse recently. Water shortage and water pollution have been identified as a seri-
ous threat to the public safety by the government. Many policies are made. These policies will 
promote the development of the water business continuously.

According to the governmental statistics, the water treatment market in China grows from 
$300 billion RMB in 2007 to $2,000 billion RMB in 2010. The annual growth rate is esti-
mated at 15% for the next 30 years. This enormous market has brought competition from 
major companies all over the world.
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Technologies are the fundamental for all the competitions. There have been many water 
treatment technologies developed. Depending on the applications, there are different advan-
tages and disadvantages for different technologies. In general, there are various sedimentation, 
flotation and filtering technologies for the removal of suspended solids and oil droplets. Organ-
ics are frequently digested through various biological systems or removed with adsorbents. The 
removal of ions (desalination) is only considered when necessary due to its high cost.

The common desalination technologies include distillation, ion exchange, electrodialysis, 
and reverse osmosis [4–11]. High purity water can be obtained when these technologies are 
applied. However, there are in many cases we do not need to remove all the salts to generate 
the high purity water. For different applications, such as the drinking water, tap water, cooling 
water, irrigation water, paper mill water, steel mill water, petrochemical plant water, and elec-
tronic plant water, etc., different purities are required. There is definitely a need of a technol-
ogy that is capable to adjust the amount of salt removed at will.

ElECTROSORB TEChNOlOgy

The electrosorb technology (EST) is developed based on the capacitive deionization (CDI) 
technology. The CDI technology was first patented by Becker in 1957 [12]. The fundamental 
theory is based on the electric double layer phenomenon in water. On a charged surface, coun-
ter ions are adsorbed preferably in the Helmholtz layer and the Diffuse layer on the surface. 
Therefore, a pair of electrodes will be able to adsorb both the cations and anions, as shown in 
Figure 1. When the charge is removed, cations and anions will be released from the electrodes. 
This mechanism allows one to design and engineering the apparatus capable to separate ions 
from water. Since the adsorption of ions is related to the voltages applied, the gap between the 
electrodes, the surface area of electrodes, the flow velocity, the retention time, etc., there are 
plenty parameters to adjust the amount of ions adsorbed during the process. Hence this tech-
nology has the potential to meet the needs on adjusting effluent salt contents at will.

There have been many developments on the CDI technology [13–21]. A good review 
can be found in a recent article by Marc Anderson [15]. Most of the developments are related 
to the electrode materials, which include graphite, activated carbon, carbon aerogels, carbon 
nanotubes, carbon cloth, etc.

Most developments of the CDI technology ended in the laboratory, with only a few mak-
ing the effort to commercialize. Among those commercial developments, there is only one 
reached the full commercial stage with mass production capability, while the rests are still in 
the pilot to small capacity unit stages.

Electrode (-)

Electrode (+)

In Out

Figure 1. Capacitive deionization
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EST Water and Technologies Co., Ltd., is the company that so far has advanced the CDI 
technology to the arena that can compete commercially with all other technologies. The com-
pany is headquartered in Changzhou, China, where its manufacturing facility (Figure 2) is also 
located. Its marketing division and R&D Center are located in Beijing.

The company was established in 2000. Its R&D has made tremendous effort to refine 
the technology on both the electrodes and the systems to scale up the capability. As shown in 
Figure 3, the company took a module manufacturing approach. Its first generation product is 
only capable to treat 50 liter per hour. The capacity per module has been increased to 250 liter 
per hour in 2002, 1 ton per hour (1 cubic meter per hour or 6,341 gallons per day) in 2003, 
and 10 ton per hour in 2005. With the capability to mass produce the 10 ton per hour module, 
the company is able to compete with other technologies for large scale industrial water market 
by using multiple modules.

Figure 2. EST manufactured electrode modules

Figure 3. Advancement of EST treatment module

WaterMineralsProcessing.indb   89 11/22/11   1:49 PM



90 Processing With sea Water and saline solutions

Activated carbon is utilized to make the electrodes. Activated carbon has high surface area, 
excellent permeability, good conductivity, and is inert to the reaction. It is abundant and is not 
too expensive. These characteristics made it an ideal electrode material.

Each module contains multiple pairs of electrodes. The gap between the electrodes is about 
1 to 2 millimeters so that ions do not have to travel far distance. Figure 4 shows the schematics 
of the EST water treatment system. Mechanical filters are placed before the EST modules to 
prevent the entrance of large particles which may cause the blocking of the electrodes. Water 
is pumped into the EST modules from the bottom of the module. Conductivity is measured 
continuously for both the influent and the effluent. Voltage, flow velocity and retention time 
are the parameters utilized to ensure the effluent meeting the water salinity specifications. 
When the conductivity exceeds the specifications, the valve to the clean effluent is closed. Volt-
age is then turned off to release ions from the electrodes. A small amount of water is fed into 
the module to flush the ions out, which is collected as the concentrate. When disinfection is 
required, UV, ozone, or chlorination can be installed after the desalination.

APPlICATIONS

The EST system has been widely applied in a variety of industries in China. Its robustness 
and cost effectiveness have been demonstrated. Examples include applications in municipals, 
groundwater, petrochemicals, steel mills, thermoelectric powers, coal chemicals, paper mills, 
fertilizers, and high fluorine and high arsenic brackish water, etc. Some of the examples are 
presented here.

Figure 5 shows the picture of a desalination plant treating 80,000 tons per day (21 MGD) 
wastewater from the municipal sewage and coal chemical plant in Taiyuan, China. Taiyuan is 
the coal capital in China with 3 million populations. Its water supply is in extremely shortage. 
The Taiyuan Chemicals, a coal chemical company, has to look for alternative resources to meet 
its water demand.

The plan to use alternative water is shown in Figure 6. With cooperation from the city 
government, the company is able to obtain the city sewage water. Together with the wastewater 
from the coal company, the water is treated with conventional primary and secondary process 
and then feed to the EST modules.

Many technologies have been evaluated for this application. After a series of round robin 
pilot testing, the EST technology is determined as the only one that meets the challenges from 
both the technical and economic points. The organics from both the sewage and chemical 
plants are too hazardous to the membrane technologies, which causes the quick fouling of the 
membranes of reverse osmosis and other membrane based approaches.

The plant was built in 2007 and has been operating smoothly. Technical results of the 
operation are shown in Table 1. It is designed to remove 75% salts at 75% water yields. This 
has been easily achieved. The conductivity is reduced from 1174 μS/cm to 197 μS/cm, equiva-
lent to 83% salt removal. The COD is reduced from 20 mg/L to 8 mg mg/L. Color is reduced 
from 26 degree to 9 degree. Elements such as chloride, sulfate, nitrogen, calcium, iron etc., are 
all removed at satisfactory level. This plant is planned to be expanded later to 8 times bigger to 
treat the whole city’s wastewater.

In another example, the wastewater from the cold rolling mill of Bao Steel in Shanghai, 
China was recycled. The water contains oils and has been treated with catalytic oxidation and 
Membrane Bioreactor (MBR). The effluent of MBR is rich in salt, with conductivity around 
3200 μS/cm. This water needs to be desalinated before it can be reutilized. The specification is 
to reduce the conductivity to less than 1500 μS/cm at a yield of 75%.
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Figure 4. EST desalination process
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Figure 7 shows the EST plant operation data of the water for 16 days. During the opera-
tion, the water comes into the EST module has conductivity ranging from 2980 μS/cm to 
3490 μS/cm. The average is 3213 μS/cm. After the EST treatment, the conductivity of the 
water is reduced to about 1100 μS/cm, with a range of 910 to 1254 μS/cm. This is well below 
the 1500 μS/cm specification. The 75% yield requirement is also exceeded.

Arsenic is an element that has troubled many water operations. This element has been 
linked to cancer of the bladder, lungs, skin, kidney, nasal passages, liver, and prostate. Non-
cancer effects can include thickening and discoloration of the skin, stomach pain, nausea, 
vomiting; diarrhea; numbness in hands and feet; partial paralysis; and blindness. EPA has 

Figure 5. An EST plant at 80,000-TPD (21-MgD) capacity

Taiyuan Municipal Waste Water Recycling 

Industrial Waste Water
Sewage water 

station 1-8

Biological Treatment and Filtering
185,000 T/D, RMB$0.6/T

Residential 
Sanitory Misc. 
5,000 T/D

City 
Greening,
Water Park 
20,000 T/D

No.1 Power 
Plant 
Cooling 
50,000T/D

EST Desalt
80,000T/D, 
RMB$1.07/T

Taiyuan 
Chem
Cooling 
30,000 T/D  

No.1 Power 
Plant 
Boiler 
50,000T/D

Taiyuan 
Chem Boiler 
30,000 T/D  

Figure 6. Treatment plan to recycle municipal wastewater
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set the arsenic standard for drinking water at 0.010 parts per million (10 parts per billion) to 
protect consumers.

EST system has been installed for arsenic removal from the spring water by a bottling 
company. Except the arsenic, this water is rich in trace elements which is considered beneficial 
to the client’s health. The conductivity of the water is about 450 μS/cm. The goal of this com-
pany is to reduce the arsenic to below the 10 ppb level.

Table 2 shows the operation data for this plant. The goal of arsenic reduction to below 10 ppb 
is well achieved. In addition, the conductivity is reduced to a level of about 90 μS/cm. This level 
gives the best taste of water. The system is still in good condition after 8 years operation.

CONClUSIONS

EST has established its position in the water and wastewater treatment businesses. It has 
demonstrated the following technical advantages:

Table 1. Taiyuan municipal wastewater treatment results

No. Item Unit Influent Effluent Removal (%)

 1 Conductivity μS/cm 1174 197 83.2

 2 CODCr mg/L 20 8 60.0

 3 Color degree 26 9 65.4

 4 Turbidity NTU 6 1 81.4

 5 Nitrogen mg/L 10.1 3.7 63.8

 6 Hardness mg/L(CaCO3) 336.7 44.9 86.7

 7 Alkalinity mg/L(CaCO3) 248.4 77.3 68.9

 8 Chloride mg/L 132.2 7.1 94.6

 9 Sulfate mg/L 144.5 36.4 74.8

10 Total iron mg/L 0.130 0.053 58.9

11 TDS mg/L 882 224 76.3

Figure 7. Desalination results at Bao Steel cold rolling mill
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1. It consumes less energy than other desalination technologies. The low pressure drop 
nature of the process requires only low pumping energy. The flow path design is simple 
and is independent of the other structure factors. It does not require thermal energy.

2. The technology offers flexible and adjustable salt removal. The adjustment can be 
achieved by adjusting operation parameters such as voltage applied, flow velocity, and 
retention time, etc.

3. The EST technology is quite robust. It needs low maintenance. The EST module is 
very sturdy and can last for more than 5 years. The fouling problem associated with 
the membranes is not involved.

4. Little restrictions on influent water quality are involved. Unlike many other technolo-
gies, water containing COD, oils, chlorine, hardness, solvents, etc., can all be toler-
ated to some extents in the EST system.

5. No chemical additions are necessary. This is a physical process and does not require 
chemicals such as chelating agents or salt exchangers in the process.

6. It works in a broad temperature range. The variation of water temperature does not 
change the function of the equipment or the mechanism of the process.

7. The yield of water is typically above 75%. This is higher than the others and is quite 
important for areas where water is in shortage.
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Research on Primary Water Hardness of Coal Slurry
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ABSTRACT

We analyzed the composition, size of fine coal and ion concentration in coal slurry from 
18 coal dressing plants. The results show that the water hardness of coal slurry can either 
change (increase or decrease) or remain stable during coal washing. This finding violates the 
common understanding that water hardness can only increase with coal slurry recycling. In 
this study, we analyzed the relations between water hardness and the settling performance of 
coal slurry, and calculated the interaction energies between coal particles in coal slurry suspen-
sions under the different conditions of water hardness. The results show that water hardness is 
the determining factor in slurry settling performance; the higher the water hardness, the better 
the settling performance. On the basis of this research, we propose the new concept of primary 
water hardness and means of classification. Based on primary water hardness versus settling 
performance, we developed a mathematical model of calculating primary water hardness of 
coal slurry in coal preparation.

INTRODUCTION

Water is the working liquid medium in coal preparation plants, and water chemistry has 
a strong effect on coal classification. The settling performance of coal not only determines the 
natural clarification of coal slurry water, but also directly affects other production steps. Prior 
research showed that in the case of stable coal slurries, the use of circulated water with mud 
as the washing medium deteriorates the quality of product by 1–2 grades and production 
decreases 3–5%. In the separation stage, circulating water with mud adversely affects produc-
tion quality and recovery, and coal flotation often cannot be conducted. High coal slurry 
stability is a cause of production interruptions in coal preparation plants. To maintain produc-
tion, extra water is used to dilute the high-density coal slurry, which makes the load rate and 
operation rate only about 70% (Zhang et al. 2009). Therefore, good settling performance of 
coal slurry water is necessary to improve coal quality and increase the profits of coal prepara-
tion operations.

In fact, there are big differences in the settling performance of various coal slurries. The 
easily settling coal slurries can clarify water quickly without adding any reagents, but poorly 
settling coal slurries can be stable for many weeks or months if reagent is not added. At present, 
the main index used to describe the natural settling performance of coal slurry water is settling 
velocity. The settling velocity refers to the speed of settling, but it is not explicitly a criterion 
for settling performance. The settling velocity of coal slurry water often has great uncertainty 
because of various factors.

In this paper, we propose a new characterization index for natural settling performance 
of coal slurry in terms of water hardness. The influential main factors for primary hardness of 
coal slurry water are analyzed in terms of coal mineral composition and its chemical reaction 
in aqueous solution. The classification method based on primary hardness of settling per-
formance is proposed and a computational model of primary hardness theory is introduced. 
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Using our approach, it is possible to explain settling performance of coal slurry water and 
provide some guidelines for technological design of coal slurry water treatment, equipment 
selection, and design of other related processes.

Emerging Background of Primary Hardness

Coal Mineral Composition and Settling Performance of Coal Slurry Water

Beside organic maceral, coal is made of clay, soluble minerals, quartz and other minerals. 
Organic maceral is relatively stable, but it easily breaks to smaller particles. Due to a strong 
hydrophobic attracting energy, coal particles have a tendency to agglomerate in water. Soluble 
minerals, on the other hand, can dissolve in water. Quartz and other inorganic minerals remain 
stable in water; their high densities make it easy for them to settle in water. Clay particles 
expand and disperse with electric charges on their surfaces. These clays remain suspended in 
water and their concentration increases in recycled water, thus becoming the main mineral-
ogical component of coal slurry water (Zhang et al. 2008). For example, Sabah and Cengize 
(2004) found that suspended minerals in coal slurry water from the Tuncbiled coal preparation 
plant contained 50 wt% clay minerals. Further, during studies on settling performance of coal 
slurry water in Wanbo Mining Corporation, de Drester and Boger (1995) discovered that the 
presence of montmorillonite in the coal slurry water notably decreases both cohesion and set-
tling performance. Moreover, the study by Arnold and Aplan (1986) showed that clay minerals 
account for more than 80% of suspended particles in the recycled coal slurry water. In general, 
when clay content in coal slurry is too high, slurry water appears either yellow or white and 
coal slurries have difficulty settling.

Chemical Features and Settling Performance of Coal Slurry Water Solution

Suspended particles in coal slurries carry electric charges on their surfaces. Positive ions are 
needed to neutralize surface charges and accelerate settling of particles and improve the overall 
performance. The main physical and chemical processes that occur in water include:

1. Dissolution of soluble and semi-soluble minerals including carbonates (mainly gyp-
sum and calcite), chlorides, and sulphates in water. Dissolved ions increase the ionic 
strength of water.

2. Oxidation-reduction reaction. The reaction is between elemental sulphur and pyrite. 
It forms a weak acid solution that is beneficial in dissolving other inorganic minerals, 
contributing to a further increase in the ionic strength of water.

3. Ion exchange and adsorption/absorption reactions in clays.
After the above reactions (1 through 3), the main positive ions in coal slurry include Al3+, 

Fe3+, Ca2+, Mg2+, K+ and Na+. The Al3+ and Fe3+ can hydrolyze in the pH range from 6.5 to 
8.5; therefore, their concentrations are very low and there is typically no significant effect of 
Al3+ and Fe3+ on the settling performance of coal slurry water. The concentrations of K+ and 
Na+ in coal slurry water are much higher. Some researchers show that the presence of K+ is ben-
eficial to dissolution processes and the dispersion of clay particles (Liu et al. 2010). So in some 
coal slurry water, the K+ and Na+ concentrations are higher, but slurry settling performance is 
poor. Both Ca2+ and Mg2+ adsorb on clays and have outstanding effects on the settling per-
formance of coal slurry water. When the concentrations of Ca2+ and Mg2+ are higher, the coal 
slurry water settles much more quickly (Zhang et al. 2008).

We performed a systematic study on the effect of solution chemistry and the natural set-
tling performance of coal slurry for hundreds of coal preparation plants in China. “Easy” 
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natural setting performance expresses that it can naturally clarify without adding any reagent. 
“Middle” settling performance shows that the time of natural clarification is longer and some 
flocculants need to be added to ensure steady operation. “Difficult” settling means that the 
slurry cannot be clarified without the introduction of high flocculent dosages. Results for 18 
coal preparation plants are shown in Table 2. The data in Table 2 basically verify the above 
classification.

It can be seen from Table 1 that the water hardness is the determining factor for natural 
settling performance of coal slurry water.

In the design and selection of classification equipment, the solid content and particle size 
distribution are the most important factors. In the design of thickener, the area of thickener F 
is calculated from the following formula (Hao and Li 1993):

F = Gf (1)

where G is the dry slurry content in the feed and f is the area of thickener needed in unit pro-
ductivity of dry slurry. f is determined by particle size of separation and density of coal slurry 
water. For the same particle size of separation and density of coal slurry water, f is the same.

The settling performance of coal slurry water not only has the relation with particle size 
of separation and density, but also water hardness and the particle content in water. When the 
water hardness is high and clay mineral content is low, f is small. For the opposite case, f is 
big. It is obvious that the factors considered in the above analysis are incomplete. Therefore, it 
is necessary to accurately predict the influences of natural settling performance of coal slurry 
water on the design and selection of clarifying equipment, the choice of classification reagent, 
and systematic management.

Concept of Primary Hardness

The primary hardness of coal slurry water is a new concept, which analyzes the correlation 
between water hardness and settling performance of a coal slurry. The hardness is determined 
by the various physical and chemical processes that occur in the coal slurry, as discussed earlier. 
The specific definition is: the hardness of recycled coal slurry water, without adding floccu-
lants, which is formed by a series of dissolution events and adsorption/absorption of organic 
matter and inorganic minerals in the slurry.

Determining Factors of Primary Hardness

The primary hardness is determined by the mineral composition of coal and the condition 
of filling water. Under the conditions that the pH of the filling water and its ionic composition 
remain stable, it represents inherent characteristics of coal. Therefore, according to our con-
cept, the determining factor of primary hardness is, indirectly, the mineralogical composition 
of coal.

The main minerals of coal include various soluble/semi-soluble minerals and clays. The 
dissolution of carbonate (such as gypsum and calcite), chloride and sulphate make the hard-
ness increase. The oxidation-reduction reactions between elemental sulphur and pyrite form a 
weakly acidic environment, prompting minerals dissolution further and adding more ions to 
recycled water. The ion exchange and adsorption of K+, Na+ and Ca2+ and Mg2+ occur in clay 
minerals, which make the water hardness decrease. The balance of these three reactions finally 
determines the primary hardness of coal slurry water. Thus, the final primary hardness of coal 
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slurry water is the result of clay mineral content and the presence of calcium-magnesium min-
erals in coal.

The types of minerals and content of coal maceral are closely related with the conditions 
of coal formation. Therefore, the coal can be classified as follows (Table 2).

Settling Performance Classification of Coal Slurry Water Based on Primary Hardness

Coupling the practical production experience with our proposed model, we put forward 
the method of natural settling performance classification of coal slurry water based on primary 
hardness, which is shown in Table 3. The natural settling performance of coal slurry water can 
be divided into three categories, including easy settling, middle settling and difficult settling. 
The easy settling slurries represent suspended particles that are in cohesive state; coal slurry 

Table 1. Filling and circulating water quality and settling performance in some coal preparation 
plants

Plant Water
Na+/K+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Al3+

(mg/L)
Fe3+

(mg/L)

Water 
Hardness

(mg CaCO3/L)
Settling 
Performance

Dutun Circulating water 406.0 454.9 128.9 0.6 2.7 1664.9 Easy

Filling water 249.6 520.2 147.0 0.7 2.8 1912.5

Zazhuang Circulating water 268.4 594.8 320.6 — — 1398.9 Easy

Filling water 76.3 567.6 223.9 — — 1056.1

Konzhuang Circulating water 562.2 143.0 70.7 1.0 2.6 647.6 Middle

Filling water 324.9 178.7 82.6 0.3 2.6 786.1

Chaili Circulating water 337.3 594.8 201.3 — — 901.4 Easy

Filling water 355.8 73.8 17.7 — — 128.3

Taixi Circulating water 124.9 245.7 85.5 — — 836.9 Middle

Filling water 90.7 24.8 7.1 — — 92.0

Linhuan Circulating water 424.2 13.6 9.9 0.6 2.8 74.7 Difficult

Filling water 216.7 69.5 53.6 1.3 — 393.9

Jianzhuang Circulating water 336.4 118.5 17.6 — — 201.0 Middle

Filling water 137.3 229.2 33.0 — — 353.5

Xiaqiao Circulating water 21.7 246.4 76.9 0.1 0.5 936.4 Easy

Filling water 17.8 187.6 50.9 0.1 2.2 681.3

Jiahe Circulating water 328.7 36.9 4.2 1.3 2.5 109.6 Difficult

Filling water 233.2 21.4 31.1 1.8 2.3 181.3

Shitai Circulating water 311.5 21.0 9.3 0.1 3.5 91.1 Difficult

Filling water 50.0 107.6 31.3 0.4 — 397.3

Dawukou Circulating water 99.4 39.1 16.1 — — 489.7 Middle

Filling water 64.2 48.9 12.1 — — 172.5

Pingba Circulating water 186.2 47.8 22.1 1.3 2.3 210.9 Middle

Filling water 118.0 58.3 17.4 1.1 2.4 217.3

Bayi Circulating water 161.6 75.8 8.3 — — 111.6 Difficult

Filling water 96.6 73.8 11.8 — — 116.2

— shows that the content is low and cannot be tested.
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water can clarify naturally without adding any flocculants. The difficult settling slurries repre-
sents those with suspended particles remaining in the disperse state, and more particles accu-
mulate easy in water. This slurry circulates well but its density constantly increases. Suspended 
particles are resistant to full cohesive even after addition of flocculants. Adding too much floc-
culent typically enhances the stability of the slurry and the settling reagent regime of coal slurry 
water mainly consists of flocculants. It can make the coal slurry water clarify, but the cost of the 
reagent is high. Finally, the middle settling coal slurry water represents a suspension in between 
the above two types. The reagent regime and dosage are also between the above two types.

A Computing Model on Primary Hardness of Coal Slurry Water

As discussed earlier, various ions in water can be balanced by various microeffects. The 
change of hardness has three variation tendencies shown in Figure 1, including rising type, 
reducing type and basic stable type. No matter which tendency, the water hardness tends to 
plateau.

Taking the difficult to settle coal slurry water as an example, its changing tendency in hard-
ness is the reducing type. And during this process, the adsorption contents of Ca2+ and Mg2+ 
are more than dissolution capability. Therefore, the process of dissolution can be neglected in 
the model.

The basic equation of absorption dynamics is as follows:

q q t K
q t

t
e

e
2

$

$
= +  (2)

where qt is the density variation of Ca2+ and Mg2+ at t time during recirculation the coal slurry 
water, mmol/L; t is the time of absorption, h; K is the speed constant of absorption.

Then the equation of absorption dynamics at many recirculation cycles is as follows:

q q t K
q t

tn
en n

en
2

$

$
= +  (3)

where qt is the density variation of Ca2+ and Mg2+ at t time after n cycles of coal slurry water 
recycling, mmol/L; Kn is the speed constant of absorption after n cycles.

Table 2. Classification of coals

Classification Minerals in Coal Formation Conditions

Easy settling coal A lot of carbonate, sulfide ore 
and sulphate

Marine sedimentary coal

Middle settling coal The clay minerals are less. 
A certain amount of carbonate, 
sulfide ore and sulphate

Various sedimentation of coal

Difficult settling coal A lot of clay minerals Continental sedimentation of coal

Table 3. Settling performance classification of coal slurry water

Classification Primary Hardness (mg CaCO3/L)

Easy Settlement >900

Middle Settlement 200~900

Difficult Settlement <200
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Assuming that the time of each circulation is t0, the density of Ca2+ and Mg2+ at any 
moment in each cycle is obtained.

The density of Ca2+ and Mg2+ after the 1st cycle:

C C q t K
q t

e

e
1 0

1 0 1

1
2

0
$

$
= − +  (4)

where C0 is the density of Ca2+ and Mg2+ of filling water, mmol/L; t0 is the time of accom-
plishing a cycle, h is density of Ca2+ and Mg2+ after n cycles.
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When n approaches infinity, the Cn is primary hardness.
Besides the above methods of computing primary hardness, it also can be obtained by 

considering the mineralogical composition of raw coal, which is neglected in this analysis.

CONCLUSIONS

The high clay mineral content is the basic reason that coal slurry water is difficult to settle 
and the water hardness is the determining factor for natural settling performance of coal slurry 
water. When the water hardness is high, the settling performance of coal slurry water is good. 
When the water hardness is low, the rate of particle settling is low and settling performance is 
poor. The primary hardness is determined by various physical and chemical processes occur-
ring in slurries that affect solution chemistry. The natural settling performance of coal slurry 
water can be divided into three categories, including easy settling, middle settling and difficult 
settling slurries. The primary hardness of coal slurry water may be computed by the theoretical 
model presented in this paper.

Figure 1. Coal slurry hardness along flow path for three plants
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ABSTRACT

In the last decades membrane operations have gained great success in water treatment and 
reclamation because their efficiency has been proven from a technical, economical and envi-
ronmental point of view. Due to their unique advantages like high recovery factor, decreased 
footprint, low energy requirement and relatively high selectivity, membrane processes are being 
increasingly used in water treatment and their costs have decreased rapidly.

This manuscript gives an overview of the membrane operations used in water treatment, 
some details regarding their theoretical background and various examples of applications. 
Then, the advantages in the use of integrated membrane systems and the future development 
of membrane technology are presented.

INTRODUCTION

Nowadays membrane processes are essential operations for a wide range of applications, 
including energy generation, tissue repair, pharmaceutical production, food packaging, and 
the separations needed for the manufacture of chemicals, electronics and a range of other 
products (Rios et al. 2007). However, water treatment is the field that epitomizes the success of 
membrane technology, both for overcoming water scarcity and for preventing water pollution.

The modular design of membrane operations, the operational simplicity and flexibility, the 
compactness and small carbon footprint of these plants (Drioli and Curcio 2007; Peters 2010), 
the short construction time, the relatively high selectivity and permeability for the transport of 
specific components, the good stability under a wide spectrum of operating conditions justify 
the success of membrane science and membrane engineering. The low energy requirement as 
well as the economic and long term operational reliability are further advantageous aspects. 
These features result from the intrinsic properties of the membranes, from their combination 
with an appropriate module configuration and plant design, and from the work of researchers 
able to face the basic problems related to the understanding the final morphology of dense and 
porous membranes, their transport mechanisms, and to develop new membrane operations for 
molecular separation, mass and energy transfer between different phases.

Membrane operations have been able to show their potentialities in the rationalization 
of water treatment systems and the use of membrane systems has increased significantly: in 
1997 the membrane sales were only US$ 900 million (Peter-Varbantes et al. 2009). Between 
2006 and 2010, the global market in membrane systems for water and wastewater applica-
tions grew from US$ 6.7 billion to US$ 10 billion (Peter-Varbantes et al. 2009). 60% of the 
total worldwide desalination installed capacity is based on reverse osmosis (RO) technology. 
Conventional wisdom in the desalination industry says that thermal technology is in terminal 
decline because of the higher energy consumption and lower recovery factor with respect to 
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membrane based operations. Moreover, water price with RO is 23% cheaper than thermal 
processes (IDA Desalination Yearbook 2010–2011).

In the next sections, first an overview of the existing membrane-based water treatment 
processes will be given. Then, the future development of membrane technologies will be 
illustrated.

MEMBRANE PROCESSES FOR WATER TREATMENT

In many regions of the world, due to large population, tourist infrastructure and indus-
trial development increase, it is no longer possible to satisfy the growing water demand by 
conventional methods of water supply and processing. Therefore, keeping in mind that water 
has a value and not only a price, in addition to a more conscientious use of natural resources, 
an increased utilization of advanced separation techniques such as membrane operations was 
witnessing.

Membranes are used to produce potable water from the sea, to clean industrial effluents, 
and to recover and reuse municipal wastewaters. The production of potable water from saline 
and polluted waters is essential for increasing the amount of available good quality water. The 
purification and reuse of wastewaters is crucial for rising the exploitation of potable water and 
reducing its consumption. The treatment and recycling of process waters (e.g., the purification 
of the effluent from sewage treatment plants) is indispensable for preventing further contami-
nation of water resources.

In general, membrane processes are characterized by the use of a semi-permeable thin 
barrier (i.e., the membrane) that controls the exchange between two phases on the basis of 
the applied driving forces, the fluid properties and through the intrinsic characteristics of 
the membrane material itself. The driving force can be a difference in pressure, concentra-
tion, temperature or electric potential. Most membrane processes are pressure-driven (micro-
filtration, ultrafiltration, nanofiltration, reverse osmosis and membrane bioreactor), where the 
driving force is an hydrostatic pressure difference across the membrane. In water treatment, 
however, electrically driven (e.g., electrodialysis) and thermally driven processes (e.g., mem-
brane distillation) are also used.

In a membrane process the water to be treated is separated into a stream of filtrate (or per-
meate) and one of retentate (or concentrate or brine, containing the components of the feed 
water rejected by the membrane). The quality of the produced filtrate depends on the charac-
teristics of the membrane technologies in relation to the water-borne contaminants:

•	 Microfiltration (MF) is used, e.g., for suspended solids and large bacteria removal 
from waters. MF membranes are usually symmetric microporous structures, with pore 
size in the range of 10–0.05 µm (Mulder 1996). The membrane thickness can extend 
from 10 to more than 150 µm. Separation is accomplished by MF membranes via 
mechanical sieving and particles are separated solely according to their dimensions 
with respect to those of membrane pores. The hydrostatic pressure difference used as 
driving force is low (usually less than 2 bar).

•	 The membranes used in ultrafiltration (UF) have an asymmetric structure with pore 
size (1–50 nm) small enough to ensure high removal of all kinds of microbiological 
hazards such as Cryptosporidia, Giardia and total bacterial counts (Hagen 1998); sus-
pended solids, large bacteria, dissolved macromolecules, colloids and smaller bacteria 
are retained; turbidity and suspended solids are completely removed. Substantial virus 
removal can be also attained with UF membranes since the size of viruses is in the 
range of 30–300 nm (Peters 2010). The operating pressure is up to 10 bar.
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•	 Nanofiltration (NF) and reverse osmosis (RO) can be used to remove low molecu-
lar weight solutes (such as inorganic contaminants, inorganic salts or small organic 
molecules) from waters. Both processes are considered as one process since the basic 
principles are the same. RO is operated with tighter type of membrane than NF. Most 
NF membranes are effective for color, sugar and dye removal or for removing hard-
ness, sulfate, bivalent ions (typical retention > 90%). RO membranes are required for 
monovalent ions removal (e.g., desalination of seawater or brackish water is currently 
performed with RO membranes), and for the separation of dissolved salts and ions 
with a molecular weight of less than 200 g/mol (Peters 2010). Compared to MF and 
UF, in NF and RO the organic and inorganic molecules are separated from a feed 
solution by a solution diffusion process. The operating pressure is up to 25 bar for NF 
and up to 80 bar for RO.

•	 Membrane bioreactor (MBR) is a separation process combining membrane filtration 
with biological treatment which is finding increasing applications for industrial and 
municipal water treatment.

Conventional MBR uses low-pressure membrane filtration, either MF or UF, to 
retain the mixed liquor of the bioreactor, and delivers particle-free treated effluent 
(Lay et al. 2010). Because the membrane is an absolute barrier for bacteria and in the 
case of UF also for viruses, the MBR process provides a considerable level of physical 
disinfection. The resulting high quality and disinfected effluent implies that MBR 
processes can be especially suitable for reuse and recycling of wastewater.

Advantages in the use of MBR are as follows: (i) the technology permits bio-
reactor operation with considerably higher mixed liquor suspended solids (MLSS) 
concentration than conventional activated sludge (CAS) systems, which are limited 
by sludge settling; (ii) compactness (up to 5 times more compact than a CAS plant).

With respect to costs, MBR is considered a high tech process, with higher ini-
tial investment costs than conventional wastewater treatment. Moreover, the energy 
demand to cope with membrane fouling is the main contribution to the overall oper-
ating costs (Kraume and Drews 2010).

Membrane bioreactors are by now almost exclusively used in wastewater treat-
ment. However, the great potential of MBRs to produce high quality effluent could 
also be of great interest in the removal of a variety of anthropogenic organic pollutants 
and fouling agents that are increasingly present in sea/brackish-water.

•	 In electrodialysis (ED) charged membranes are used to remove ions from aqueous 
solution. A number of cation- and anion-exchange membranes are placed in an alter-
nating pattern between a cathode and an anode. When a direct current is applied, 
the positively charged ions migrate to the cathode and the negatively charged ions to 
the anode. Therefore the cation-/anion-exchange membranes are ion-selective mem-
branes which control the movement of ions. Thus, the concentration of ionic species 
is reduced in the so-called diluted compartments and increased in the concentrated 
compartments.

In commercial applications several hundreds of cell pairs are assembled in a stack 
and in this way the applied driving force is very effective.

ED has been in commercial use for desalination of brackish water for the past 
three decades, particularly for small- and medium-scale processes (AlMadani 2003; 
Charcosset 2009).
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ED process is non-economical for waters with high salts concentrations (Van der 
Bruggen and Vandecasteele 2002; Fritzmann 2007), but is competitive for brackish 
waters with up to 3000 ppm salt.

•	 Membrane distillation (MD) is a thermally driven membrane process which oper-
ates on the principle of vapour-liquid equilibrium. In this process, two solutions at 
different partial pressure are separated by a hydrophobic porous membrane and the 
solutions must not wet the membrane. When a vapour pressure difference exists across 
the membrane, the vapour molecules are transported through the membrane pores, 
from the high vapour pressure side to the low vapour pressure side. Only volatile 
components are transferred through the membrane, therefore 100% (theoretical) of 
non-volatile components are rejected and a high quality permeate can be obtained.

MD is a membrane process in which the membrane does not distinguish between 
solution components on a chemical basis, does not act as a sieve and does not react 
electrochemically with the solution. Membrane in MD acts merely as a support for 
the vapour-liquid interface and the selectivity is determined by the vapour-liquid 
equilibrium involved.

MD applications are essentially determined by the wettability of the membrane. 
To avoid wetting, the surface energy of the polymer must be low (polypropylene, 
polytetrafluoroethylene and poly(vinylidene fluoride) are usually used), the maximum 
pore size small (pore size in the range of 0.2–1.0 µm is desiderable), the surface ten-
sion of the liquid high (e.g., water). The latter implies that mainly aqueous solutions 
containing inorganic solutes can be treated. MD can be used for (Table 1): (i) water 
desalination, (ii) the treatment of water for the semiconductor industry or power 
plants, (iii) the treatment of wastewaters, (iv) the removal of volatile bioproducts.

POTENTIAL FOR INTEGRATION

Water treatment processes were revolutionized by the introduction of membrane opera-
tions. In particular seawater desalination was transformed by RO technology. In comparison 
to conventional water treatment, the main advantages of membrane processes are that, in prin-
ciple, water can be treated in one stage without chemicals or utilities, the footprint is relatively 
small, the membrane system can be built in a modular form which enables easy adaptation 
of process scale. However, the main limitation of membrane systems is fouling. Components 

Table 1. Membrane distillation applications

Desalination and pure water production from seawater and/or brackish water

Nuclear industry (concentration of radioactive solutions and wastewater treatments; pure water 
production)

Textile industry (removal of dyes and wastewater treatment)

Industrial and municipal used waters (removal of small size and persistent contaminants)

Chemical industry (concentration of acids, removal of VOCs from water, separation of azeotropic 
aqueous mixtures such as alcohol/water mixtures and crystallization)

Pharmaceutical and biomedical industries (removal of water from blood and protein solutions, 
wastewater treatment)

Food industry (concentration of juices and milk processing) and in areas where high temperature 
applications lead to degradation of process fluids

WaterMineralsProcessing.indb   108 11/22/11   1:49 PM



 MeMBrane oPerations in Water treatMent and reuse 109

present in the feed water can be deposited and/or absorbed on the membrane surface. This 
inevitable phenomenon, called membrane fouling, makes necessary to perform proper pre-
treatment of the feed and periodic membrane cleanings in order to maintain the economic 
feasibility of membrane operations.

Also the handling of the produced retentate is not an easy task. The solution chosen for 
the brine rejection depends on several parameters, such as chemical composition, flow and 
dilution- rates of the concentrate, etc.

In the case of seawater desalination, the brine can be discharged directly in the natural 
environment (e.g., for desalination plants located near coastal areas the concentrate stream is 
discharged to the sea). In this case particular attention should be given to the possibility of 
dangerous ecosystem modifications. When the concentrate cannot be directly discharged (such 
as in some brackish water desalination plants), it is frequently discharged into solar evaporation 
ponds.

While well known technical solutions are usually available for the design and the manu-
facture of a membrane based unit, the pretreatment of the water to be processed as well as the 
handling of the retentate (here referred as post-treatment) represent crucial aspects of each 
water treatment process, those determining the success or the failure of a plant. Pre-treatment 
and post-treatment have to be adapted to the specific conditions at the construction site of a 
plant. These can differ over a wide range, depending also on the raw water characteristics. They 
include the systems for dosage and the handling of chemical agents for pretreatment and for 
the cleaning of membranes.

In addition, the wastewater generated in the pretreatment and the wastewater generated 
during membrane cleaning are polluted effluents whose final destination must be controlled. 
It is advisable to treat them separately and not to mix them for discharge (as it has been usual 
practice in the past). On one hand, the separate handling allows for recycling possibilities for 
certain partial streams and, on the other hand, an environmentally sustainable operation that 
avoids the contamination of the receiving water body is achieved (Peters 2010).

A significant possibility for improving further current water treatment systems is offered 
by the mutual compatibility of different membrane operations for integration. Integrating 
diverse membrane operations means coupling various membrane processes for (i) overcoming 
the limits of the single units and (ii) using their synergic effects in terms of better performance 
of the overall system. Integrated membrane systems offer new opportunities in the design, 
rationalization and optimization of industrial processes.

Seawater desalination is probably the clearest example of what can be achieved through 
integrated membrane systems: cheaper, better quality and more abundant water, with less 
brine production. Figure 1 shows a schematic integrated membrane based desalination system.

As earlier illustrated, RO pre-treatment and post-treatment steps are required to condition 
water before and after the membrane process.

The implementation of MF and/or UF technologies for the RO pre-treatment in place of 
the conventional pre-treatment is now expanding worldwide. Membrane pre-treatment can 
provide (i) high levels of contaminants removal (including particulates, colloids and pathogens) 
with lower chemicals addition and, therefore, with a lower environmental impact, (ii) reduced 
cost and foot-print, (iii) better capability to handle wide fluctuations in raw water quality, (iv) 
operation with a high and stable permeate flux during long term operation, (v) low energy 
consumption.

Moreover, it can be necessary to add a coagulation and settling/flotation for the treat-
ment of very bad water quality. This coagulation and settling is considered “the pre-treatment 
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of the pre-treatment” to face bad seawater quality, high turbidity, algae counts (red tide and 
blooms), hydrocarbon pollutions. It must be noted that the association pre-clarification plus 
UF/MF is more expensive than conventional pre-treatment. UF/MF and pre-coagulation is 
justified when associated with better control of membrane fouling and biofouling issue, reduc-
tion of RO cost, higher RO flux and/or higher recovery. The latter typically ranges between 
40–50% because of the limitations imposed by scaling problems. Appropriate antiscalant dos-
ages coupled to NF remove the large part of multivalent ions present in the feed water, thus 
decreasing the potential for salts precipitation even if the RO unit operates at higher recovery 
factors (Drioli et al. 1999).

To accomplish the ambitious objective of reaching recovery factor higher than 85–90%, 
conventional membrane operations (such as MF, UF, NF and RO) need to be combined with 
other innovative membrane processes (such as MD). With respect to pressure-driven membrane 
processes, MD does not suffer limitations arising from concentration polarization and can 
therefore be employed whenever high permeate recovery factors are requested. Actual experi-
mental data and design studies in literature suggest that, if MD is operated on the RO reten-
tate, the total amount of desalinated water represents almost 88% of the feed water (Drioli et 
al. 2006; Macedonio et al. 2007). Additionally, the use of a Membrane Crystallization (MCr, 
an interesting extension of MD concentration up to supersaturation) allows to exploit brine 
added value, not only increasing plant recovery factor, but also extracting the salts naturally 
present in the brine streams of the desalination plants thus decreasing brine disposal problem 
and its negative environmental impact (Macedonio et al. 2009; Macedonio and Drioli 2010).

The overall water recovery factor of an integrated desalination system constituted by 
MF-NF-RO and MCr working on both NF and RO brine can increase up to about 93%.

Figure 1. Scheme of an integrated membrane desalination system
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The drawback of the processes with MD/MCr units is their higher operating temperature 
with respect to RO. On the other hand, the MD/MCr required operating temperatures (typi-
cally below 70°C) are much lower than those of conventional thermal desalination processes, 
therefore low-grade waste and/or alternative energy sources can be coupled with MD/MCr for 
a cost and energy efficient water treatment system.

The benefits of MD, however, are not limited to the treatment of brine solutions of desali-
nation plants. More recently membrane distillation has been also used in membrane bioreac-
tor configuration (MDBR) for the treatment of industrial and municipal used waters (Fane et 
al. 2005; Phattaranawik et al. 2008). The development of MDBR system was due to the fact 
that, in a conventional MBR, the molecular weight cut-off of the utilized MF/UF membranes 
delivers a portion of the organic species of the feed. Lay at al. (Lay et al. 2010) reports that 
the effect of this is that recalcitrant organics may not be well degraded, and the direct reuse 
potential of the permeate may be limited. For overcoming this, the development of a number 
of innovative high retention membrane bioreactors (HRMBRs) have been developed such as 
membrane distillation MBR, where the MD membrane is used in place of MF/UF. Other 
examples are nanofiltration MBR (NFMBR) (Choi et al. 2002; Choi et al. 2007] and the 
osmotic MBR (OMBR) (Cornelissen et al. 2008; Oo et al. 2008]. The HRMBR systems are 
able, in principle, to retain effectively small size and persistent contaminants, which facilitates 
their biodegradation in the bioreactor, thereby producing higher quality product water (Lay et 
al. 2010). Moreover HRMBR systems potentially possess comparative economical advantage 
in removing pollutants from the used water more effectively. However, as these high rejection 
systems retain dissolved solids, they need to be operated under elevated salt condition (Lay et 
al. 2010).

FUTURE DEVELOPMENT OF MEMBRANE TECHNOLOGY

At present, important developments are taking place in industrial membrane applications 
focused on the integration of different membrane processes. Integrated systems offer new 
opportunities for reaching better quality products, more compact production plants, more 
sustainable and efficient processes with reduced energy consumption.

The future development of membrane technology are influenced by factors such as:
1. The development of membranes particularly adapt to specific applications, able to 

achieve the most increasingly stringent degree of purification of the raw feed waters as 
expected from the customer or imposed by law;

2. The handling and control of concentrate discharge;
3. The development of water treatment systems coupled with renewable energy sources 

for a significant reduction in energy consumption;
4. The realization of advanced integrated water management systems, at closed- 

circuit, that follow all the lines, from the water intake to water distribution and reuse 
(Macedonio et al. accepted), and based on graduated quality requirements (Peters 2010; 
Macedonio et al. accepted), i.e., on supplying water of diverse quality to the final 
users depending from their requirements (drinking, washing, agriculture, irrigation 
and industrial use);

5. The necessity to further reduce water treatment costs.
Among the technological developments, carbon nanotubes, fullerene, aquaporin channels, 

new protein-based membranes and graphene membranes are emerging in the recent years as 
innovative water technologies, as developed membranes with superior permeability, durability 
and selectivity for water purification (Macedonio et al. accepted).
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CONCLUSIONS

Membrane Engineering is playing a dominant role in water treatment and reuse. This is 
mainly due to the operational simplicity and flexibility of membrane systems, their modu-
lar design, compactness, long term operation, high separation capacity and energy efficiency. 
Moreover, the experience gained in the last decades (in particular during the operation of 
reverse osmosis desalination systems), the improvements in material selection for membranes 
manufacturing as well as the mutual compatibility of different membrane operations for inte-
gration justify the success of membrane technology for a wide range of applications within the 
area of water treatment and purification, from desalination for potable water production, to 
industrial wastewater treatment, and to the recovery and reuse of municipal wastewaters.
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Application of Membrane Separation Technologies 
to Wastewater Reclamation and Reuse

Peter S. Cartwright
Cartwright Consulting Co., Minneapolis, MN, USA

ABSTRACT

As population growth and industrial and agricultural activities continue to stress the qual-
ity of the relatively fixed quantity of available fresh water on this planet, industry is challenged 
to investigate and develop unique and economical technologies to reclaim and reuse processing 
wastewater.

The four crossflow pressure-driven membrane technologies of microfiltration, ultrafiltra-
tion, nanofiltration and reverse osmosis possess unique properties which favor their use in 
these applications. Two of these are the facts that they are low energy (the driving force is pres-
sure) and use no chemicals to effect separation.

This paper will define these technologies, explain their operational characteristics and 
detail the testing requirements for utilization of them in wastewater reclamation and reuse.  

InTRoduCTIon

Although the total quantity of water on this planet is more or less fixed, its quality is dete-
riorating, because we have been contaminating it for thousands of years, with little concern for 
the consequences. The issue that confronts us is the availability of water of sufficient quality.
Table 1 is a summary of the world’s water resources.

An analogy that may be a bit easier to understand is that if all the world’s water were to 
completely fill a one gallon jug, the fresh water available for use would amount to only about 
one tablespoon.

Population growth and increased agricultural and industrial activities are contaminating 
our water supplies, while more stringent regulations and requirements for higher quality water 
for processing and drinking applications have exacerbated the problems.

The U.N. estimates that over ten million people a year die from drinking polluted water, 
mostly children.

Today, about 20% of the world’s population is without clean water, and it is expected that, 
without drastic measures, half of the people on this planet will suffer from severe water short-
ages by 2050.

Across the United States, 39% of water use goes to energy production. Farms use another 
40%, and manufacturing an additional 11%. Together, these three sectors use about 300 bil-
lion gallons of fresh water every day.

Contamination Issues

The contaminants in water supplies which compromise its quality can be organized into 
the classes shown in Table 2.

There are not many absolutes in the water treatment industry, but here is one: it is impos-
sible to make water completely free of all contaminants. This fact has been recently underscored 
by the Associated Press article about PCPPs or Endocrine Disruptors found in drinking water 
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supplies throughout the U.S. Undoubtedly, these contaminants have been present for many 
years, but their concentrations are so low (parts per trillion), that we have only recently been 
able to measure them.

WATeR ReuSe

Although still in its infancy, water reuse is growing at an estimated 11% per year in the 
U.S. Most of the recovered water is from municipal wastewater treatment plants (“reclaimed 
water”) and is used for landscape and agricultural irrigation; however, industrial wastewater 
reuse is beginning to grow at an even higher rate—over 14%/year, by one estimate.

There are proven technologies available to treat any and all polluted water supplies; it’s 
really a matter of committing financial and engineering resources. For almost all wastewater 
streams, a comprehensive test is required in order to select the optimum technologies and 
design the most cost effective water recovery system.

Due to the extreme variation in the specific kind and concentration of contaminants, 
industrial wastewater reuse requires the most testing and design expertise; however, with the 
rapidly increasing discharge regulations on both water quality as well as quantity, the incentive 
to recover and reuse is in place.

The process of treating wastewater and discharging it into a lake, river or aquifer from 
which drinking water is collected is known as “indirect reuse.”

As the paradigm of water reclamation takes hold throughout the world, the concept of 
“direct reuse,” treating wastewater at the source and reusing it directly, will become increasingly 

Table 1. distribution of world water supply (cubic miles)

Fresh Saline Total

Rivers and streams 300

Freshwater lakes 30,000

Salt lakes and inland seas 25,000

Total surface water 30,300 25,000 55,300

Soil moisture and seepage 16,000

Underground water to ½ mile depth 1,000,000

Underground water to below ½ mile 1,000,000

Total ground water 2,016,000 2,016,000

Glaciers and ice caps 7,000,000

Oceans 317,000,000

Total world water supply 9,046,300 317,000,000 326,071,300

Table 2. Water contaminants

Class Examples

Suspended solids Dirt, clay, colloidal materials, silt, dust, insoluble metal oxides and hydroxides

Dissolved organics Trihalomethanes, synthetic organic chemicals, humic acids, fulvic acids

Dissolved ionics (salts) Heavy metals, silica, arsenic, nitrate, chlorides, sulfates

Microorganisms Bacteria, viruses, protozoan cysts, fungi, algae, molds, yeast cells

Gases Hydrogen sulfide, methane, radon, carbon dioxide
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common, particularly in residential applications (“graywater reuse”). In many industrial appli-
cations, the incoming water has undergone extensive treatment for a particular process, and, 
overall, it is often more economical to treat this water for reuse than to simply discharge it, 
particularly as the cost of municipal water continues to increase.

TReATMenT TeChnologIeS

The arsenal of treatment technologies available today for industrial and municipal waste-
water treatment is extensive. The traditional technologies are listed in Table 3.

A summary of major industrial treatment technologies follows.
As is evident from the previous table, a plethora of treatment technologies is available from 

removing contaminants from water supplies. For water reuse in most industrial and munici-
pal applications, the most versatile and economical technology platform consists of the four 
crossflow pressure-driven processes of:microfiltration (MF),ultrafiltration (UF),nanofiltration 
(NF), andreverse osmosis (RO).

BACKgRound on MeMBRAne TeChnologIeS

Membrane technologies are based on a process known as “pressure-driven crossflow” filtra-
tion, which allows for continuous treatment of liquid streams. In this process, the bulk solu-
tion flows over and parallel to the membrane surface, and because the system is pressurized, 
water is forced through the membrane and becomes “permeate.” The turbulent flow of the 
bulk solution over the surface minimizes the accumulation of particulate matter.

These technologies behave differently than filters in that (with some exceptions) the feed 
stream is pumped at a high flow rate across the surface of the filter media (membrane), with a 
portion of this stream forced through the membrane to effect separation of the contaminants, 
producing the permeate, and the concentrated contaminant remaining in the other stream 
(concentrate) exits the membrane element on a continuous basis. Figure 1 compares conven-
tional with crossflow filtration.

Crossflow filtration offers the following advantages over traditional filtration technologies:
•	 Continuous and automatic operation
•	 Capable of removing contaminants down into the submicron size range
•	 Usually requires no chemical addition
•	 Backwashing capabilities
•	 Generally can operate in turbulent flow conditions
•	 Systems have a very small footprint
It is important to note that whereas with the media, cartridge and bag filtration tech-

nologies, the filtration process must be halted to backwash or replace the medium, crossflow 
filtration is designed to operate continuously, with the concentrate stream carrying away the 
contaminants. On the other hand, crossflow filters do become fouled and usually require back-
washing operation.

By utilizing surface filters of specific membrane construction, very small pore sizes can be 
obtained, resulting in two submicron technologies: microfiltration and ultrafiltration.

Microfiltration (MF) is typically used to remove particulate material in the submicron 
range, most microfiltration devices in use today are designed as cartridge filters in that the 
entire solution passes through the filter leaving the particulate material behind, either on the 
filter surface or down inside the filter medium. The microfiltration devices addressed here use 
the “crossflow” design, which produces two exiting streams: one which has passed through the 
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Table 3. Traditional treatment technologies

Treatment Technologies

Suspended 
Solids

Removal

Dissolved 
Organic 
Removal

Dissolved Salts 
Removal

Microorganism
Removal

Biological processes

 MBR (membrane bioreactor) X — — X

 Activated sludge X X — X

 Anaerobic digestion X X — —

 Bio-filters — X — —

Extended aeration

 Bio-denitrification — L — —

 Bio-nitrification X X — —

 Pasveer oxidation ditch X X — X

Chemical processes

Chemical oxidation

 Catalytic oxidation X X — X

 Chlorination X X — X

 Ozonation — L — X

 Wet air oxidation X X — X

Chemical precipitation — — X —

Chemical reduction — — X —

 Ion exchange — — X —

 Liquid-liquid (solvent) — — X —

Coagulation

 Inorganic chemicals X X — X

 Polyelectrolytes X X — X

electolytic processes

 Electrodialysis — — X L

 Electrodeionization — — X —

 Electrolysis — — X —

 Ultraviolet irradiation — — — X

Extractions

Incineration

 Fluidized-bed X X — X

Physical processes

Carbon adsorption

 Granular activated X X — —

 Powdered X X — X

 (table continues)
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Table 3. Traditional treatment technologies (continued)

Treatment Technologies

Suspended 
Solids

Removal

Dissolved 
Organic 
Removal

Dissolved Salts 
Removal

Microorganism
Removal

Physical processes (continued)

Specialty resins — L L —

Filtration

 Diatomaceous-earth filtration X — — X

 Multi-media filtration X — — X

 Micro-screening X — — X

 Sand filtration X — — X

 Flocculation-sedimentation X — — X

 DAF (dissolved air flotation) X X — —

 Foam separation X — X —

Membrane processes

 Microfiltration X — — X

 Ultrafiltration X X — X

 Nanofiltation X X L X

 Reverse osmosis X X X X

 Stripping (air or steam) X X — —

Thermal processes

 Distillation X X X X

 Freezing — X X —

L = Under certain conditions, there will be limited effectiveness.

 

Figure 1. Conventional versus crossflow filtration
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membrane media and is purified (permeate), and the other which flows across and parallel to 
the media surface, continuously removing the contaminants (concentrate).

Generally, microfiltration involves the removal of particulate, or suspended materials rang-
ing in size from approximately 0.10 to 1.0 microns (1,000 to 10,000 angstroms). MF typically 
operates within a pressure range of 10 to 30 psi (0.68 to 2.0 bar).

Ultrafiltration (UF) is used to separate dissolved, non-ionic materials (macro molecules) 
typically smaller than 0.10 micron (1,000 angstroms). The removal characteristics of UF 
membranes can be described in terms of “molecular weight cutoff ” (MWCO), the maximum 
molecular weight of dissolved compounds that will pass through the membrane pores. MWCO 
terminology is expressed in Daltons. Basically, ultrafiltration is used to remove dissolved organic 
contaminants, while suspended solids are removed by microfiltration. UF normally operates in 
a pressure range of 10 to 100 psi (0.68 to 6.8 bar). UF membranes are available over a wide 
range of MWCO removal properties, from about 1,000 to over 100,000 Daltons.

MF and UF processes separate contaminants based on a “sieving” process; that is, any 
contaminant too large to pass through the pore is rejected and exits in the concentrate stream.

Nanofiltration can be considered “loose” reverse osmosis. It rejects dissolved ionic contami-
nants but to a lesser degree than RO. NF membranes reject a higher percentage of multivalent 
salts than monovalent salts (for example, 99% vs. 20%). These membranes have molecular 
weight cut-offs for non-ionic solids below 1000 Daltons.

Reverse osmosis produces the highest quality permeate of any pressure driven membrane 
technology. Certain polymers will reject over 99% of all ionic solids, and have molecular 
weight cut-offs in the range of 50 to 100 Daltons.

Both NF and RO membranes reject salts utilizing a mechanism that is not fully under-
stood. Some experts endorse the theory of pure water preferentially passing through the mem-
brane; others attribute it to the effect of surface charges of the membrane polymer on the 
polarity of the water. Monovalent salts are not as highly rejected from the membrane surface as 
multivalent salts; however, the high rejection properties of the newer thin film composite RO 
membranes exhibit very little differences in salt rejection characteristics as a function of ionic 
valance. As indicated earlier, this difference is significant with NF membranes.

In all cases, the greater the degree of contaminant removal, the higher the pressure require-
ment to effect this separation. In other words, reverse osmosis, which separates the widest 
range of contaminants, requires an operating pressure typically an order of magnitude higher 
than microfiltration, which removes only suspended solids.

Table 4 summarizes the various properties and other features of these technologies.

device Configurations

To be effective, membrane polymers must be packaged into a configuration commonly 
called a “device” or “element.” The most common element configurations are: Tubular, Hollow 
(capillary) Fiber, Spiral Wound, and Plate and Frame.

The element configurations are described as follows.
Tubular. Manufactured from ceramics, carbon, stainless steel, or a number of thermoplas-

tics, these tubes have inside diameters ranging from ¼ inch up to approximately 1 inch (6 to 
25 mm). The membrane is typically coated on the inside of the tube and the feed solution 
flows under pressure through the interior (lumen) from one end to the other, with the perme-
ate passing through the wall and collected outside of the tube.
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Hollow (Capillary) Fiber. These elements are similar to the tubular element in design, but 
are smaller in diameter, and are usually unsupported membrane polymers or ceramics. In the 
case of polymeric capillary fibers, they require rigid support on each end provided by an epoxy 
“potting” of a bundle of the fibers inside a cylinder. Feed flow is either down the interior of the 
fiber (“lumen feed”) or around the outside of the fiber (“outside-in”).

Spiral Wound. This element is constructed from an envelope of sheet membrane wound 
around a permeate tube that is perforated to allow collection of the permeate. Water is puri-
fied by passing through one layer of the membrane and, following a spiral path, flows into the 
permeate tube. It is by far the most common configuration in water purification applications, 
but generally requires extensive pretreatment in wastewater applications.

Plate and Frame. Sheet membranes are stretched over a frame to separate the layers and 
facilitate collection of the permeate, which is directed to a collection tube.

Table 4. Membrane technologies compared

Feature Microfiltration Ultrafiltration Nanofiltration
Reverse 
Osmosis

Materials of 
construction

Ceramics,
Sintered metals,
Polypropylene,
Polysulfone,
Polyethersulfone,
Polyvinylidene fluoride, 
Polytetrafluoroethyliene

Ceramics,
Sintered metals,
Polypropylene,
Polysulfone,
Polyethersulfone,
Polyvinylidene fluoride

Thin film 
composites, 
Cellulosics

Thin film 
composites, 
Cellulosics

Pore size range 
(micrometers)

0.1–1.0 0.001–0.1 0.0001–0.001 <0.0001

Molecular weight 
cutoff range (Daltons)

>100,000 1,000–100,000 300–1,000 50–300

Operating pressure 
range

<30 20–100 50–300 225–1,000

Suspended solids 
removal

Yes Yes Yes Yes

Dissolved organics 
removal

None Yes Yes Yes

Dissolved inorganics 
removal

None None 20–95% 95–99+%

Microorganism 
removal

Protozoan cysts,
algae, bacteria*

Protozoan cysts, algae, 
bacteria*, viruses

All* All*

Osmotic pressure 
effects

None Slight Moderate High

Concentration 
capabilities

High High Moderate Moderate

Permeate purity 
(overall)

Low Moderate Moderate-high High

Energy usage Low Low Low-moderate Moderate

Membrane stability High High Moderate Moderate

*Under certain conditions, bacteria may grow through the membrane.

WaterMineralsProcessing.indb   121 11/22/11   1:49 PM



122 Water treatMent and Biological Methods

From the perspective of cost and convenience, it is beneficial to pack as much membrane 
area into as small a volume as possible. This is known as “packing density.” The greater the 
packing density, the greater the membrane area enclosed in a certain sized device, and gener-
ally the lower its cost. The downside of the high packing density membrane elements is their 
greater propensity for fouling. Table 5 compares the element configurations with regard to 
their packing densities.

To clarify the membrane materials used for the various element configurations, Tables 6 
and 7 are provided.

Table 5. Membrane element configuration comparison

Element Configuration Packing Density* Fouling Resistance†

Plate & frame Low High

Hollow (capillary) fiber High High

Tubular Low Very high

Spiral wound Medium Low

*Membrane area per unit volume.
†Tolerance to suspended solids.

Table 6. Microfiltration and ultrafiltration

Materials of 
Construction

Device Configuration

Hollow Fiber Tubular Plate & Frame Spiral Wound

Polymeric

 PS X X X X

 PES X X X X

 PAN X X X X

 PE — X — —

 PP X X X —

 PVC — X — —

 PVDF X X — —

 PTFE X — X —

 PVP X X — —

 CA X — — —

Non-polymeric

 Coated 316LSS — X — None

 a-Alumina — X X None

 Titanium dioxide — X — None

 Silicon dioxide — X — None

PS = Polysulfone  PVDF = Polyvinylidene Fluoride
PES = Polyethersulfone  PTFE = Polytetrafluoroethylene
PE = Polyethylene  CA = Cellulose Acetate
PP = Polypropylene  PVP = Polyvinylpyrrolidone
PAN = Polyacrylonitrile  TF = Thin Film Composite
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Because of the extreme value of backwashing/backpulsing to minimize the effects of foul-
ing on membrane surfaces, Table 8 categorizes membrane devices with this capability.

SySTeM deSIgn

Figure 2 is a schematic of a complete membrane processing system (or a single membrane 
element).

The feed stream enters the system (or membrane element), and as the stream passes along 
and parallel to the surface of the membrane under pressure, a percentage of the water is forced 
through the membrane polymer producing the permeate stream. Contaminants are prevented 
from passing through the membrane based on the polymer characteristics. This contaminant-
laden stream exits the membrane system (or element) as the “concentrate” stream, also known 
as “brine” or “reject.”

The permeate rate of a given membrane element cannot be changed without varying 
the applied pressure or temperature. Recovery, however, can be easily changed by varying the 
feed flow rate to the element, and this is one of the variables that is controlled by the system 
designer.

For wastewater treatment and water reuse applications, the minimum recovery is usually 
no less than 90%.

The relationship between recovery and concentration of solute in the concentrate stream 
is illustrated by the data in the table and plotted in Figure 3. The concentration effect resulting 

Table 8. Membrane element cleaning capability

Element Configuration

Membrane Technology

Backwashable?MF UF NF RO

Plate & frame Yes Yes Yes Yes No (except for inorganic membrane)

Tubular Yes Yes Yes Yes Yes

Hollow fiber Yes Yes Yes No Yes

Spiral wound Yes Yes Yes Yes No (NF, RO) Yes (MF, UF)

Table 7. nanofiltration and reverse osmosis

Materials of  
Construction 

Device Configuration

Hollow Fiber Tubular Plate & Frame Spiral Wound

Polymeric

 PS* — X X X 

 PES* — X X X 

 CA — X X X 

 TF — X X X 

Non-Polymeric

 None 

*Base polymer below TF polymer. 
PS = Polysulfone  CA = Cellulose Acetate 
PES = Polyethersulfone  TF = Thin Film Composite
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from pumping a certain percentage of the solvent through the membrane is represented math-
ematically by the term:

1 recovery
1

− , also known as “concentration factor” (X).

The advantage of operating systems at high recoveries is that the volume of concentrate is 
small and the flow rate of the feed pump is smaller; the potential disadvantages are numerous:

•	 The higher concentration of contaminants is likely to result in fouling. In nanofiltra-
tion and reverse osmosis applications, the concentrated salts solution results in high 
osmotic pressure, requiring a higher-pressure pump and a more pressure tolerant 
system.

•	 As higher recoveries reduce the quantity of concentrate to be discharged, the higher 
concentration of the concentrate stream may present regulatory discharge problems.

MBR TeChnology

As the newest membrane technology application, and one with huge potential, MBR 
(membrane bioreactor) technology justifies special mention.

For wastewaters containing biodegradable contaminants, the traditional treatment method 
is to encourage the use of bacteria to break down the contaminant (bioremediation).

This encouragement can take the form of adding oxygen (in the case of aerobic treat-
ment), providing a mechanical matrix (for bacterial attachment), mixing, and other approaches 
intended to maximize the metabolic activity of these microorganisms.

MBR offers significant advantages over traditional bioremediation processes, as listed 
below:

•	 High-quality effluent, almost free of suspended solids
•	 The ability to partially disinfect without the need for chemicals

Figure 2. Membrane system schematic
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•	 Complete independent control of HRT (Hydraulic Retention Time) and SRT (Sludge 
Retention Time)

•	 Reduced sludge production
•	 Process intensification through high biomass concentrations with MLSS (Mixed 

Liquor Suspended Solids) concentrations above 15,000 mg/L
•	 Treatment of recalcitrant organic fractions and improved stability of processes such as 

nitrification
•	 Ability to treat high strength wastes
The membrane device configurations most commonly used today are hollow (capillary) 

fiber and plate and frame, although tubular and spiral wound devices are becoming more 
widely used.

The most common biological treatment is aerobic and, typically, air is bubbled into the 
treatment tank. A very popular approach is to immerse the membrane element in the treat-
ment tank and either allow the hydrostatic head of the solution to provide the driving force or 
to use a pump to pull the permeate through the membrane (or both). In this case, air bubbles 
are also directed up over the surface of the membrane, from below (air scouring), in an effort 
to reduce fouling.

Another design involves pumping water through the membrane system external to the 
treatment tank, and yet another uses a separate tank for membrane processing downstream 
of the biological treatment tank. Additional designs and configurations are sure to appear as 
MBR technology becomes more widely used.

Figure 4 illustrates aerobic MBR applications for both “immersed” and “external” designs.

TeSTIng

In general, every stream must be tested to develop the following design factors:
•	 Optimum membrane element configuration
•	 Total membrane area
•	 Specific membrane polymer
•	 Optimum pressure
•	 Maximum system recovery

 

Figure 3. (a) effect of recovery on concentration and (b) effect of recovery on concentration factor
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•	 Flow conditions
•	 Membrane element array
•	 Pretreatment requirements
To generate the necessary design data, several testing options are available.

Cell Testing

A typical cell testing device is illustrated in Figure 5. Cell test devices are available for pur-
chase (or through a consulting engineering firm skilled in the art), which evaluate small sheets 
of membranes on the stream to be processed. Typically, the sheet is placed between two stain-
less steel plates, and the test stream pumped across the membrane surface at a selected pressure 
and flow rate. The permeate is collected and analyzed for degree of separation, possible effect 
of the stream on the test membrane, and other properties.

Figure 5. Cell test unit

Figure 4. Aerobic MBR applications
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The cell test offers a number of advantages:
•	 Only small areas of membranes are needed; excellent for screening membrane poly-

mer candidates.
•	 Can be run on small volumes of test stream.
•	 Takes very little time.
•	 Unit is simple to operate.
The disadvantages of this testing approach are:
•	 Cannot obtain engineering design data.
•	 Cannot be used for long-term fouling study.
•	 Is only useful with membranes available as flat sheet.
The cell test approach is useful as an initial step, primarily to select one or more membrane 

candidates for further evaluation.

Applications Testing

Figure 6 illustrates an applications test schematic. Applications testing utilizes a membrane 
element in a test unit capable of operating similar to a production unit. Since the data from 
this testing will be used to scale up the design to full size, it is essential that the membrane ele-
ment manufacturer supplies an element capable of this scale up.

The applications test equipment should be designed so that very high recoveries can be 
achieved without compromising the flow rates required to produce turbulent flow, for exam-
ple. This requires that the pump be capable of not only producing the desired pressure, but 
also the flow rate to accomplish the minimum crossflow velocity across the membrane surface.

Because the system must be capable of testing at very high recoveries, the concentrate valv-
ing must be adjustable to accurately produce extremely low flow rates. This typically involves 
the assembly of a “valve nest” using micrometer valves. Additionally, the recycle line should be 
equipped with a diaphragm valve for adjustment of flow and pressure.

Figure 6. Applications test schematic
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The most important feature for application testing equipment is versatility. Different 
membrane elements have very specific operating parameters, and the equipment must accom-
modate these. To cover the entire gamut of membrane technologies, two different pieces of 
application testing equipment are generally required: one for MF and UF, and the other for 
NF and RO.

The latter must be capable of pressures up to 1,000 psi (68 bar), and it is virtually impos-
sible to find a single pump capable of supplying the flows and pressures required for all four 
technologies. For MF and UF applications, a variable speed drive centrifugal pump works fine, 
although the variable speed feature makes it expensive.

Materials of construction are an important consideration in testing considerations: 316L 
stainless steel is essential for applications requiring pressures in excess of 60 psi (4 bar); below 
that, schedule 80 PVC is sufficient.

Applications testing is capable of generating complete design data for the full sized system. 
An applications test can be run on as little as 50 gallons (200L) of test stream, and after setup, 
can be completed in one hour or less, for each membrane element tested.

A typical applications test is run as follows:
1. To establish “control conditions,” high quality water (tap water or water treated with 

RO or DI) is run into the system at low recovery to minimize any possible contami-
nant concentration effects. Take data (see Membrane Application Test Data Sheet).

2. Feedwater is then run into the unit set at low recovery, and after stabilization (usually 
less than 5 minutes), the following data are taken:
•	 Pressures

 – Prefilter
 – Primary (feed)
 – Final (concentrate line)

•	 Flow
 – Recycle
 – Permeate
 – Concentrate

•	 Temperature (recycle)
•	 Quality (conductivity)

 – Feed
 – Permeate
 – Concentrate

The system recovery is then increased incrementally while adjusting the recycle valve 
to ensure that the correct crossflow velocity is maintained.

3. At the conclusion of the testing, high quality water is again run through the system to 
determine if the permeate rate or other operating characteristics have been affected.

At each recovery, in addition to the collection of flow and pressure data, analytical samples 
should be taken for performance evaluation. Of course, the choice of parameters to be mea-
sured depends upon the separation goals of the test. It is unusual for system recoveries to 
exceed 95%; however, that also depends upon the goals of the testing, and it is possible to run 
a well designed test unit up to 99% recovery.

Once the optimum conditions have been established, such as operating pressure and maxi-
mum system recovery, the normalized performance data will enable the test engineer to deter-
mine the total membrane area required for the full sized system.
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Application testing provides the following advantages and disadvantages:

Advantages

•	 Fast.
•	 Provides scale-up data (flow, osmotic pressure as a function of recovery, pressure 

requirements, etc.).
•	 Can provide an indication of membrane stability.

Disadvantages

•	 Does not reveal long term chemical effects.
•	 Does not provide data on long term fouling effects.

Pilot Testing

Usually this involves placing a test machine (such as that used for the applications test) in 
the process, operating continuously on a “side-stream” for a minimum of 30 days.

Advantages. Accomplishes all of the functions of the applications test plus provides long 
term membrane fouling and stability data.

Disadvantages. Expensive in terms of monitoring and time requirements.

ConCluSIonS

With the exception of the oxygen we breathe, there is no substance more critical to life 
than water, and no substitute for it.

Many experts feel that there is no other product whose real value so far exceeds its price, 
and whose price is so often unrelated to its actual cost of production and delivery.

As the world’s population continues to grow, as this expanding population tends to relo-
cate to water-short regions, and as climate changes create areas of drought, stress on the quality 
of our fixed water quantity will become very, very critical. This problem can only be addressed 
by aggressively and constructively employing such innovative conservation and water reuse.

Solutions are there, but the entire world must give water quality issues high priority and 
be willing to commit the investments of money, education and commitment to make these 
solutions a reality.

WaterMineralsProcessing.indb   129 11/22/11   1:49 PM



 131

Removal of Heavy Elements from Aqueous Processes

Lucas Moore, Amir Mahmoudkhani, and Jean Robert Durand
Kemira Oil and Mining, Atlanta, GA, USA

ABSTRACT

Mining is essential to our standard way of life. Whether it is mining for energy (oil, ura-
nium, and coal) or mining for construction and development (metals and minerals), mining 
affects us all. Mining is also potentially a source of devastation to life because during the min-
ing processes, contamination of the most important and vital fluid, water, is a high probability. 
Such contamination has become an increasing concern as governmental restrictions begin to 
tighten, which has made the treatment of such water critical and mandatory. There are meth-
ods in practice today for treatment of contaminants such as toxic oxyanions and heavy metals. 
These methods can often involve many expensive processing steps that may also be limited by 
variables such as the total dissolved solids, presence of other ions, or the ability to maintain 
microbial growth. A technology has been developed to successfully reduce cadmium and sele-
nium to a level below the EPA recommendations without the above mentioned limitations on 
a lab scale.

INTRODUCTION

Oxyanions are negatively charged inorganic compounds with various degrees of oxida-
tion. Examples of oxyanions are COx, SOx, NOx, POx, ClO2, AsOx, SeOx, etc. Heavy metals 
such as mercury, cadmium, lead, and chromium are toxic metals that can form water-soluble 
poisonous compounds and deprive a positive biological role. In some cases, the toxicity of 
these metals can be explained by their ability to imitate the action of essential metals, thus 
interfering with the function of the body and metabolic processes. The level of toxicity of the 
heavy metal is generally considered to be dependent on the level of solubility, thus dependent 
on the ligands associated with the metal. Both oxyanions and heavy metals occur in various 
concentrations throughout the ecosystem and can be observed in elevated levels, following 
various mine processes. Such contamination must be treated prior to discharge, but it is also 
feasible that the contaminant become mobile while in a tailing pond/pit or the initial mine site 
due to environmental conditions that the contaminants were not exposed to prior to unearth-
ing (Figure 1).

Selenium

Selenium is among the major contaminants in mining aqueous waste streams. It is most 
commonly observed as selenate, selenite, or selenide in nature (Figure 2). Though selenide 
(Se2–) has a low toxicity, selenate (SeVI) and selenite (SeIV) are very toxic. Selenate and selenite 
are generally the forms of selenium found in water. The presence of selenates and selenites in 
waste water is an immediate problem. If left untreated, selenium will bioaccumulate and pose 
a threat to all aquatic life downstream. The US National Primary Drinking Water Standard is 
50 ppb for selenium and the US National Fresh Water Quality Standard is 5 ppb for selenium. 
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(EPA 2001 and EPA 2011) The EPA listed selenium in at least 508 of the 1,636 sites listed on 
the National Priorities List (ATSDR 2011).

Due to the similar chemical nature of selenium and sulfur, selenium is commonly asso-
ciated with sulfur containing ores such as coal, pyrite, sphalerite, and chalcopyrite. (Adam 
2005) Sulfur containing ores are often associated with the mining of copper, nickel, silver, 
lead, uranium, etc., thus selenium has become a major contamination in processing the above 
ores. Selenium issues have been reported through the various mining processes throughout the 
world, from metal smelting processes, coal mining/combustion, to the mining of silver, gold, 
nickel and phosphate ores (Figure 3). Coal has been reported to have 0.4–24 ppm selenium 
prior to processing or usage (Lemly 2004).

Figure 1. Example of a mine site and possible routes for contamination

Figure 2. Most common oxidation states of selenium
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Cadmium

Cadmium is a heavy metal that is in the same chemical family as zinc and mercury (group 
12) and prefers an oxidation state of +2 and is chemically similar to zinc. Cadmium is typically 
not found in an elemental pure state; but rather in zinc, lead, and copper ores as an oxide, 
chloride, or sulfide. The national recommended water quality criteria state that 0.25 ppb is the 
limit for freshwater. (EPA 2009) The lethal dose of cadmium for a human is ~400 mg. The 
EPA lists cadmium in at least 1,014 of the 1,669 sites on the National Priorities List (ATSDR 
2011). Cadmium’s toxicity and the fact that cadmium is a bioaccumulant make it a pollutant 
of major concern.

The major commercial source of cadmium is as a by-product from zinc production. Some 
common uses are in plating on steel (anticorrosion), pigments in stabilizers for PVC, electrode 
material in nickel-cadmium batteries, and in various alloys (Toxic Substance Profile 2011).

Cadmium’s major pathway for entering the environment is through volcanic activities, 
mining and industrial processes, as well as burning of coal. Smelting of non-ferrous metals 
has been listed as the largest source of cadmium contamination in aquatic environments by 
human activities (IPCS 2011) (Table 1). Other sources are from the mine drainage water, 
mine process water, leaching from tailings ponds and the mine sites of these non-ferrous metal 
mines (Figure 2). Though cadmium only exists at 0.1 ppm in the earth’s crust, levels as high 
as 15 ppm is observed in some cases in sedimentary rocks and marine phosphates. Soils that 
have elevated levels of cadmium are generally in areas that are also rich in zinc, lead, and cop-
per. Cadmium’s high vapour pressure contributes to it toxicity and mobility throughout the 
environment. During processes such as smelting, cadmium is vaporized, and if not contained, 
cadmium will oxidize in the environment with either oxygen or other environmental contami-
nants such as SOx, NOx, COx, chloride, etc.

Cadmium’s similarity to zinc is what leads to its toxicity. Zinc is an essential trace element 
for life in plants, animals, and many microorganisms. Zinc has many tasks in the function-
ing of the human body. It has a role in RNA and DNA metabolism, and has been discovered 
in over 10% of the human proteins. Zinc is also stored in the synaptic vesicles in the brain. 
Cadmium’s chemical similarity to zinc is how cadmium is transported throughout the human 
body. The kidneys, as well as the human skeletal and respiratory systems are all potential sites 

Figure 3. Various sites reported with high levels of selenium contamination, as of 2004 (coal 
mining/combustion, oil refining, phosphate mining, gold mining, silver mining, nickel mining, 
metal smelting, and landfill leachate)
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for serious damage during cadmium exposure. Inhalation exposure to cadmium may lead to 
pulmonary oedema, fibrosis, emphysema, and death, while ingestion may lead to renal tubu-
lar dysfunction or tubular cell damage. The major source of human exposure is through the 
consumption of food or water contaminated with cadmium. The average human consumes 
10–40 micrograms of cadmium per day, but consumption can be several hundred micrograms 
per day in polluted areas.

EXISTING TREATMENT TECHNOLOGIES

Historically, neutralization/precipitation was the method of choice for removing heavy 
inorganic contaminants. Such methods involve the precipitation of the metal hydroxide by 
adjusting the pH values with either caustic or lime. For cadmium, the optimal pH needed was 
higher than 10.5. As the regulation become tighter, i.e., <200 ppb, this method became insuf-
ficient. To date, the most common treatment methods are adsorption, coagulation, and media 
filtration. Examples of media filtration are ion exchange and reverse osmosis (Gaballah 1993; 
Zhang 2002; Rybock 2009; Mihaylov 1992; Harris 1992).

Adsorption/Media Filtration

These can be as simple as filtering through sand, clay, titanium dioxide, etc. or can be 
as exotic as filtering through ion exchange resins, activated carbon, or a membrane (reverse 
osmosis and nanofiltration). Many of these media are commonly used in the water treatment 
industry. Common problems associated with filtration media include an increased amount of 
waste, and a potential for fouling or scaling of the membrane. Nitrates, sulfates, and chlorides 
may also lead to a reduction in the efficiency of oxyanion removal in such a treatment system.

Table 1. Estimates of global cadmium emissions

Source of Cadmium Emissions Worldwide (tonnes/year)

Natural sources 800

Non-ferrous metal processes

Mining 0.6–3

Zinc and cadmium 920–4,600

Copper 1,700–3,400

Lead 39–195

Iron and steel production 28–284

Fuel combustion

Coal 176–882

Oil 41–246

Wood 60–180

Cement manufacturing 8.9–534

Phosphate fertilizer manufacture 68–274

Sewage sludge incineration 3–36
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Chemical Treatment

Precipitation and coagulation are the most common forms of chemical treatment associ-
ated with heavy metals treatment in process water. A major disadvantage of most chemical 
treatment possibilities is in the high quantity of chemicals being consumed, thus leading to the 
need to treat the hazardous solid waste being produced. As with the filtration method, there 
may also be limitations based on the other contaminants and ions in the process water.

Biotreatment

To date the most cost effective method to remove selenite and selenate contamination 
from aqueous systems is by using a biological system to reduce selenates to elemental selenium 
(Cohen 2006; Harrison 2010). As with the previously mentioned methods, there are problems 
associated with the biomediated reduction. Often the presence of other ions can decrease the 
effectiveness of the biological systems in reducing the selenates and selenites. Nitrates have been 
reported as a major problem. If such a problem occurs, a pretreatment step will be needed prior 
to introduction into the biological treatment area, which will add to the initially high capital 
expense. The total suspended solids may also limit the efficiency of the selenium treatment.

In-Situ Solidification–Chemisorption Treatment Method

In this work, we are introducing an innovative approach using in-situ solidification– 
chemisorption method for treatment of contaminated mining process water. A chemically 
modified inorganic polymeric silica based material is cross-linked in the water stream with the 
addition of the promoter. The cross-linking produces an insoluble amorphous sorbent with 
active sites for chemisorption of contaminated oxy- and hydroxyl anionic species, such as sel-
enate or cadmium hydroxides in water, as shown in Figure 4.

In situ cross-linking of inorganic polymer maximizes the number of active sites available 
for interaction with contaminant, resulting in better use of sorbent material. Due to the irregu-
lar nature of cross-linking process, chemisorbed species become encapsulated and immobilized 
in the resulting amorphous solid mass. The suspended solids precipitate out from solution, and 
can be separated by gravity settling, filtration or other conventional solid removal methods.

Contaminant

Sorbent

Promoter  (Pr-1)

Figure 4. In-situ solidification–chemisorption method
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EXPERIMENTAL

Materials

Cadmium chloride (CdCl2) and sodium selenate (Na2SeO4) were purchased from Aldrich 
and used as received with no further purification. Lab-made aqueous solutions containing 
selenium or cadmium were prepared by dissolution of the above chemicals in city of Atlanta 
tap water. Caution! Cadmium chloride and sodium selenite are extremely toxic and should be 
handled and disposed according to regulations for toxic substances.

Instruments

In this study, a Thermo Scientific ICP-AES system model iCAP 6200 equipped with a 
charge injection device (CID) detector and a CETAC ASX-520 autosampler was used for 
determination of cadmium and selenium species in water samples. Low detection limits (1 ppb 
for selenium and 0.2 ppb for cadmium) were achieved by pre-concentration of 100 mL aque-
ous samples. Quantitative elemental analysis of trace elements was conducted on a Bruker 
S4 Explorer wavelength-dispersive X-ray fluorescence spectrometer. Element distributions of 
cadmium or selenium before and after treatments were used for qualitative and quantitative 
analysis of chemisorption of the contaminant species on inorganic polymeric solid sorbent.

RESULTS AND DISCUSSION

Adsorption is the process where the substance is transferred from the liquid phase (solu-
tion) to the solid surface. Adsorption involves the inter-phase accumulation/concentration of 
substances at the surface/interface, and this process occurs at an interface between any two 
phases such as liquid-solid interface. Chemical adsorption or chemisorption takes place as a 
result of chemical bond being formed between the solute (dissolved species) and the adsor-
bent; these bonds are comparable with those leading to the formation of chemical compounds 
(Figure 5). There are many factors affecting adsorption such as nature of the adsorbent, nature 
of adsorbate, nature of the solvent, and others. Adsorption processes are capable of removing 
contaminants if the adsorbent (solid surface) is selected carefully and the solution chemistry 
is controlled.

Figure 5. Chemisorption of cadmium or selenium species on inorganic polymeric sorbent
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The new water treatment technology developed here is based on in-situ solidification of 
a sorbent and chemisorption of contaminant species onto the resulting sorbent. An amor-
phous solid is formed by in-situ cross-linking of a modified silicate-based inorganic polymer. 
The process, as schematically shown in Figure 6, involves the formation of the sorbent and 
chemisorption of the contaminated species on active sites of the sorbent, all in a single stage 
treatment in a continuously stirred (400–500 rpm) mixing tank. Inorganic polymeric system 
is dosed at 20–1000 ppm to the contaminated water depending on the level of contaminants. 
After 1–3 hours mixing, the aliquot is transferred into a gravity settling tank to allow for 
suspended solid precipitation. The clear supernatant is a decontaminated process water, and 
may be discharged or undergo further treatment if necessary. Faster solid separation may be 
achieved by filtration and/or use of common organic flocculants such as anionic polyacryl-
amides. The separated solids may then be safely land-filled.

Treatment of Cadmium Containing Water Samples

Two inorganic polymer systems were evaluated for treatment of cadmium contami-
nated water samples. Samples were first treated using the sorbent under mixing for 2–3 
hours. Resulting suspensions were then left for gravity settling. Filtration of supernatant on 
a Whatman qualitative filter paper No. 5 (pore size of 2.5 µm) gave a clear, visible solid free 
water sample for ICP analysis. When this treatment was applied to the removal of cadmium in 
lab generated water sample, the sorbent alone reduced the cadmium to 17 ppb (for IP-1) and 
5.6 ppb (for IP-2) without the need for a promoter (Figure 7). By adding the promoter, the 
cadmium was further reduced to 1.7 ppb in the case of IP-1 polymer. IP-2 was prepared by 
slight modification in the IP-1 formulation. The combination of promoter and the polymer 
systems are labelled as IP-1* and IP-2*, respectively. When flocculation was used for fast set-
tling of suspended solids instead of gravity settling, cadmium level was reduced to 0.8 ppb (for 
IP-1*) and 0.5 ppb (for IP-2*), indicating the presence of fine solids which may pass through 
the filter paper at the first trails.

Figure 6. Water treatment in this work
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Comparison of Removal Efficiency of Inorganic Polymer with Aluminate  
and Ferric Coagulants

The traditional ferrous and aluminate coagulants were also evaluated using lab-generated 
cadmium water. The ferric treatment did not lead to any reduction in cadmium, but the alu-
minate coagulation showed a reduction of cadmium levels in contaminated water. As shown 

Figure 7. Decontamination of a solution containing 30000 ppb of cadmium using inorganic 
polymer sorbents

Figure 8. Decontamination of a solution containing 11000 ppb of cadmium using various dosage 
of sodium aluminate
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in Figure 8, cadmium levels were reduced from 11000 ppb to 380 ppb when 520 ppm of 
aluminate coagulant was used.

Inorganic polymer systems, however, represent a higher efficiency as cadmium levels 
reduced from 11000 ppb to 11.80 ppb by using only 24 ppm of the sorbent. Further reduc-
tion can be achieved using 240 ppm of the sorbent, resulting in below 1 ppb residual cadmium 
in the treated water (Figure 9).

Treatment of Selenium Containing Water Samples

During the optimization of this method for treatment of selenate-containing water, a 
series of inorganic polymeric materials were developed that ranged in their chemical com-
positions and affinities toward cross-linking in aqueous media (Figure 10). It was found that 
by using inorganic polymer type 1 (IP-1*), selenium removal efficiency under lab process 
conditions was more than 99% for treating water samples containing ppm levels of sodium 
selenate. A reduction in efficiency was observed as the initial selenium-contamination levels 
were decreased to the lower ppb range (less than 10 ppb); however, some treatments success-
fully reduced sodium selenate to 3.7 ppb when beginning the treatment with such low levels 
of selenium.

This treatment method was further optimized by exploring the proper ratio of the best per-
forming sorbent (IP-1) and the sorption promoting chemical (promoter, Pr-1). An improve-
ment in the selenium removal was not observed when the IP-1 was doubled, but the efficiency 
was increased to >99% when the amount of Pr-1 was doubled, yielding levels of <1 ppb total 
selenium remaining in the water. The efficiency of the treatment process was monitored via 
ICP analyses of decontaminated water samples, as well as XRF analyses to evaluate the quan-
tity of absorbed contaminant.

Figure 9. Decontamination of a solution containing 11000 ppb of cadmium using various dosage 
of inorganic polymer sorbent
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CONCLUSIONS

A new chemisorption technology was developed and evaluated for removing cadmium 
and selenium from aqueous systems. The contaminant species chemically adsorbed on the 
active sites within the cavities of the sorbent material, thus efficiently removing the contami-
nant from the aqueous system. The technology was found to be effective in removing both 
cadmium and selenate from water samples containing a few ppm of contaminants to levels 
below 1 ppb. The chemistry of inorganic polymers is diverse, and can be tailored towards total 
reduction of the contaminants from aqueous media, by the addition of a promoter. Inorganic 
polymers based on silicates provide an economical and versatile solution for treatment of con-
taminated mining process waters, within an operational and environment-friendly process.

The chemisorption on inorganic polymers was compared to the traditional coagulant/
precipitant methods for removing cadmium from water samples. No cadmium reduction was 
observed using a ferric system, and an incomplete reduction was achieved via the aluminate 
treatment. In contrast, the treatment using inorganic polymers offered a significant reduc-
tion of cadmium, even at low treatment dosages (24 ppm). Cadmium levels of <1 ppb were 
achieved at 240 ppm dosage of the inorganic polymer system. Initial screenings revealed that 
the inorganic polymer systems are not sensitive to high concentration of common cationic 
and anionic interferences (e.g., Ca2+, Fe2+ and SO4

2–) in the process stream. Work is ongoing 
to evaluate this technology on actual contaminated mine process waters, and the initial data 
appears promising. We are also conducting leaching experiments to verify whether any con-
taminant can be released from the adsorbent post-treatment at pH levels below 7. This would 
allow us to better assess any risk associated with landfilling of the solid waste. Nevertheless, 
due to the nature of adsorption of toxic species on the inorganic adsorbent, leaching selenate 
or cadmium from the solid waste is very unlikely at neutral or alkaline conditions.
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New Electro-Biochemical Reactor  
for Treatment of Wastewaters
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ABSTRACT

A number of microorganisms, including undefined microbial consortia, are capable of 
directly accepting electrode provided electrons in a manner that enhances reduction of ter-
minal electron acceptors; i.e., metals such as arsenic and selenium and various inorganics like 
nitrates and sulfates. Electrons are provided directly to a system via an electrode and through 
an electron distribution matrix, using low DC voltage. Providing electrons directly to microbes 
and reactor environments has a number of advantages over indirect electron provision: adding 
organic electron donors or hydrogen to bioreactors.

A patented electro-biochemical reactor (EBR) directly provides electrons and an electron 
receptor environment to microbes and reactors, enhances contaminant transformations, and 
allows for more precise control of system Eh/pH environments. In conventional treatment 
systems, nutrients and chemicals provide electrons and electron acceptor environments, in 
a rather inconsistent manner. Due to the inconsistent availability of electrons and hydrogen 
within these systems, a large excess of nutrients and chemicals are often required for contami-
nant transformations and to generate the desired Eh/pH conditions within a portion of the 
treatment environment.

The EBR provides electrons to microbes and reactor environments using low DC voltage 
(1–3 volts) in configurations that provide an electron density gradient or a controlled elec-
tron density. The provided electrons result in increased microbial contaminant transformation 
kinetics, reduced retention times, and reductions in the amount of nutrients and chemicals 
required for contaminant removal. Preliminary tests indicate that EBR technology will remove 
target contaminants to low ppb levels using ≤½ conventional bioreactor retention times and 
nutrient concentrations. The applied voltage reduces the use of nutrients, supplies some of the 
energy (electrons) required for bacterial growth, and supplies energy potential for contami-
nant transformation, reducing contaminant transformation energies that must be provided for 
through microbial metabolic processes.

INTRODUCTION

Treatment of various wastewaters is becoming ever more critical due to diminishing water 
resources, increasing wastewater disposal costs, and stricter discharge regulations that have 
lowered permissible contaminant levels. The treatment of wastewater for reuse and disposal is 
particularly important in arid regions of the US and the world. Metal pollutants can be intro-
duced into waters through many activities including mining and mineral processing, aban-
doned petroleum processing, coal-fired power plants, and agricultural run-off. Over the past 
decades, appreciation for the role of microbes in the precipitation of minerals and the redox 
transformation of many elements has grown.
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Microbes are now known to be involved in the environmental transformations of many 
elements. Understanding of the tremendous metabolic diversity of the microbial world has 
expanded in recent years with the discoveries that microbes can use a variety of elements and 
compounds, including Fe, Mn, Se, U, As, NO3

–, CN–, SO4
2–, and others as terminal elec-

tron acceptors in anaerobic respiration. Metal and inorganic removal is highly dependent on 
the availability of electrons—redox, or Eh/pH, the available oxygen in the system, pH, etc. 
(Metcalf, 2002, Peoples and Adams 2010, Twidwell, et al. 2000). Microbes and chemicals alter 
or remove metal and inorganic contaminants by adding and/or removing electrons. It is based 
on this knowledge that an electrochemical bioreactor was developed to take further advantage 
of direct electron provision to aid in microbial and biochemical metal and inorganic transfor-
mation processes.

Research conducted at Utah Universities since 1995, drawing on related microbial fuel 
cell studies, has resulted in patented technology harnessing the ability of various microorgan-
isms and undefined microbial consortia to directly utilize electrode provided electrons in a 
manner that enhances reduction of terminal electron acceptors (Adams, et al., 2009, Adams 
and Peoples, 2010, Peoples and Adams 2010, Newton, et al., 2008). Electrons are provided 
directly to a system via an electrode and through an electron distribution matrix, using low DC 
voltage. Direct electron transfer to cells and reactor systems has a number of advantages over 
indirect electron provision via addition of organic electron donors or hydrogen to bioreactors. 
While the mechanisms for direct electron transfer from electrodes to microorganisms are still 
being investigated, including methods to optimize various patented applications, their benefit 
is often immediately apparent.

Background

The ability of microorganisms to transfer electrons to electrodes without electron shuttling 
compounds has been known for about a century (Potter, 1911). Much more recently, acetate 
was shown to be oxidized to carbon dioxide with direct electron transfer to an electrode as the 
sole electron acceptor (Bond and Lovley, 2003, Bond et al., 2002). The history of direct elec-
tron flow from electrodes to microorganisms is rather short with the first report appearing in 
2004 (Gregory et al., 2004). A recent review by Thrash and Coates (2008), indicates that there 
are a number of investigations on a wide diversity of redox-active molecules that can function 
as electron shuttles.

The current model for electron transfer to anodes is that of conductive pili (Lovley, 2008, 
Reguera et al., 2006, Strycharz et al., 2008) and is indicated to proceed through outer-surface 
c-type cytochromes (Holmes et al., 2004, Nevin et al., 2009) required to facilitate electron 
transfer between the biofilm and the anode surface (Inoue et al., 2010, Kennedy et al., 2007). 
Additionally, gene expression patterns in current-consuming cells appear to differ from those 
in current-producing cells (Strycharz et al., 2008). The ability of microorganisms to respire 
using electrons from an electrode or an electron distribution matrix as a sole or primary elec-
tron donor or acceptor makes it feasible for these populations to be more self-sustaining. This 
mechanism also allows for control of excess microbial growth, thus, reduction of microbial 
plugging in various treatment system environments resulting from conventional treatment 
practices using large excesses of nutrients/chemicals.
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Electro-Biochemical Remediation

As a historical perspective, microbial reduction of soluble U(VI) to insoluble U(IV) was 
proposed, but not demonstrated, for immobilizing uranium in subsurface environments 
(Anderson et al., 2003, Finneran et al., 2002, Gregory and Lovley, 2005) or to concentrate 
extracted uranium (Phillips et al., 1995). Geobacter sulfurreducens reduced U(VI) to U(IV) with 
an electrode serving as the electron donor (Gregory and Lovley, 2004). Additionally, Geobacter 
lovleyi has been shown to reduce tetrachloroethene (PCE) and trichloroethene (TCE) to cis-
dichloroethene (cis-DCE) with an electrode serving as a sole electron acceptor (Strycharz et al., 
2008). Additionally, degradation of complex mixtures of organic compounds has been shown 
to be enhanced using EBR technology, (Adams–unpublished results, Potter, 1911, Thrash and 
Coates, 2008).

Electron transfer from electrodes is beginning to receive increased attention; e.g., removal 
of nitrate in wastewater treatment. Arsenic and nitrate reduction has been examined by 
Waterland et al., 2010, Oremland and Stolz, 2005, and Virdis et al., 2008. EBR tests show two 
to ~nine-fold increases in denitrification kinetics in the laboratory (Adams et al., 2009, Adams 
and Peoples, 2010, Peoples and Adams, 2010, and Newton et al., 2008) and arsenic removal 
and denitrification in pilot field studies (Adams and Peoples, 2010, Peoples and Adams, 2010). 
Several studies have reported that mixed microbial cultures were able to denitrify nitrate with 
an electrode serving as the sole electron donor (Clauwaert et al., 2007, Jia et al., 2008, Park et 
al., 2005, Virdis et al. 2008). However, in all studies, the microorganisms responsible for this 
process, the mechanisms of interaction, and denitrification processes warrant further study.

Research conducted at the Utah Universities has shown that directly supplying electrons 
require less maintenance, monitoring and energy than conventional methods using only 
organic electron donors. Electrons can be supplied from solar panels, making the use of EBR 
technology for treatment of waters and contaminated soils an attractive sustainable practice, 
and pilot-scale tests have been completed and more are underway. Solar-powered and low 
voltage DC cathodes have been described and deployed at a pilot-scale field site for removal of 
arsenic and nitrate from contaminated mine waters and large-scale EBR applications are under 
development.

Though conventional bioreactors have proved successful in an operational sense, the issue 
of capital costs, treatment residence time, and nutrient costs has dictated their acceptance over 
other treatment approaches. In conventional systems, a large excess of nutrients/chemicals 
are required to provide the electrons and electron acceptor environments needed. Moreover, 
excess nutrients/chemicals are required in conventional systems to adjust reactor chemistry, 
for microbial growth and contaminant removal, and to compensate for system sensitivity and 
inefficient and fluctuating electron availability.

The electro-biochemical reactor (EBR) technology overcomes shortcomings in conven-
tional systems by combining electrochemical and biological treatments. It supplies electrons to 
the reactor and microbes using low DC voltage; one volt supplies about a trillion, trillion electrons. 
These electrons cost-effectively replace the electrons normally supplied by excess nutrients/ 
chemicals in a controlled manner, effecting a reduction in treatment residence times and nutri-
ent costs; therefore, capital costs. The electrons needed for a full-scale facility can easily be 
supplied by a small solar grid. The EBR addresses improvements in conventional systems by 
application of a charge potential that provides electrons to:
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1. Stabilize and control the conditions necessary to precipitate metals and reduce 
inorganics,

2. Reduce or eliminate the amount of nutrients and chemicals required for ORP 
adjustment,

3. Provide controllable ORP environments that occurs with distance from the electrode 
rather than the classical and variable ORP gradient produced with excess nutrients/
chemicals, and

4. Provide easy microbial access to electrons needed for life functions and transformation 
of contaminants in aerobic and anaerobic environments.

The EBR technology makes conventional reactors more controllable, efficient, economi-
cal, and robust, reducing the reactor size and nutrient/chemical amounts required for effective 
contaminant transformations. In short, EBR technology starts with the best aspects of proven 
microbial and chemical systems and takes them to the next level of performance and cost- 
effectiveness. Both bench and pilot-scale tests indicate that the EBR technology will allow 
more effective and economical biotreatment of large volume low-contaminant metal and inor-
ganic containing waters as well as provide economic benefits for treatment of high contami-
nant organic, metal and inorganic waters.

MATERIALS AND METHODS

Microbes

Microbes employed to reduce selenium, arsenic, and nitrate in these tests were site indige-
nous microbes, isolated, screened for their respective contaminant reductive abilities, grown to 
high densities, and established within the EBR systems. Nucleic acid based individual microbe 
and microbial population identification used denaturing gradient gel electrophoresis (DGGE) 
and terminal restriction fragment (TRF) analysis.

Site Test Waters

Bench scale EBR tests evaluated process waters with a two stage conventional bioreactor 
system and a single stage EBR. Selenium and nitrate were present in the site water at concen-
trations of ~4.5 mg/L, nitrate concentrations were adjusted to ~100 mg/L nitrate-N, and the 
pH was adjusted to ~6.5. Retention times of 12 hours in the EBR and 24 hours in the con-
ventional 2-stage CBR reactor were used. Nutrients were also required at ~1.5× amounts in 
the CBR system. All reactors were operated under up-flow conditions that approximated plug 
flow. The EBR system only, was operated at 3 volts DC potential, current was only measurable 
in the microamp levels. All other conditions in the CBR and EBR stages were identical. All 
analysis used ICP-MS.

Additional selenium removal tests were conducted at bench-scale using site contaminated 
waters and a two-stage, up-flow, EBR system; waters contained ~260 mg/L selenium. Because 
the waters received did not have significant nitrate present, site personnel advised that test 
waters be spiked with 100 mg/L nitrate-N. The retention time for each EBR stage was between 
15 and 24 hours. All analysis used ICP-MS.

Bench scale selenium removal tests were performed with single stage EBR under two dif-
ferent electrode configurations. Tested waters contained 550–1000 ppb selenium. Retention 
times varied between 17 and 24 hours. All analysis used ICP-MS.

Pilot-scale tests. A two-stage EBR system was operated under conditions that approxi-
mated plug flow (up flow); total retention times varied from 10 to 18 hours or flow rates from 
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~0.5 gpm to ~0.8 gpm. Influent arsenic concentrations were ~750 mg/L and nitrate concentra-
tions averaged about 24 mg/L nitrate-N. Pilot-scale tests were initiated in summer and finished 
in late fall with water temperatures ranging from ~23°C to ~9.5°C. Analysis was completed by 
a University certified laboratory and a third party lab.

Nutrients

In both the selenium and arsenic tests, a laboratory culture media, Trypticase Soy Broth 
at 15 to 30 g/L or a balanced molasses, urea (>0.25g/L to 2.5g/L), yeast extract (>0.25 g/L to 
1.0 g/L), and phosphate (0.025g/L to 1.0 g/L) mixture was used. Nutrient concentrations were 
varied to examine nutrient components of C:N:P:S, etc., for growth of new microbial cells 
and were balanced to microbial cellular levels. Higher nutrient levels were used to establish the 
biofims to their desired density. Lower nutrient levels were used once the EBR and microbial 
populations reached more stabilized operating conditions. Nutrients were added on a daily 
basis by mixing the nutrient into an appropriate amount of pH adjusted test water and pump-
ing them into each EBR separately over a five minute time period, then returning to normal 
flow rates.

RESULTS AND DISCUSSION

Microbes

Many species of microorganisms can affect the reactivity and mobility of metals and inor-
ganics, and can be used to remove these contaminants from waters. The microorganisms used 
are naturally-occurring INOTEC/University repository microbes and site microbial consortia; 
not genetically engineered or modified microbes. The resulting products of the processes are 
elemental selenium, elemental arsenic and arseinc sulfides; nitrates and nitrites are converted 
to nitrogen gas.

Microbes present in the arsenic EBR included Desulfobacterium sp., Desulfotomaculum sp., 
Shewanella sp., Bacillus sp., and several uncultured (unidentified) microbes. Bacteria present in 
the selenium EBR included Pseudomonas sp., Desulfobacterium sp., Shewanella sp., Bacillus sp., 
and several uncultured (unidentified) microbes. The unidentified microbes were shown 
through site population analysis to be site indigenous microbes (data not presented). Microbial 
populations were examined after biofilm establishment using site waters containing indig-
enous microbes. Microbial density on the EBR support materials estimated through assays at 
~2×1011/g.

Voltage, ORP, and Nutrients

The voltage required to increase contaminant transformation efficiencies varies with the 
bioreactor’s microbial support materials, water chemistry, and microbes. Supplied voltage 
provides electrons at the bacterial surface and a readily available supply of elections to the 
bacterial-contaminant-surface environment that lowers the microbial contaminant interaction 
and transformation energy requirements. Providing electrons at the microbial support surface 
interface allows a more controlled oxidation-reduction potential (ORP) environment or gradi-
ents for more effective removal of single or multiple contaminants in a single bioreactor.

Microbes in the EBR system interact with the electrode through direct contact, mediat-
ing the transfer of electrons via conductive pilli and microbial surface interactions. Interaction 
can also occur through energy shuttle compounds that move energy to both electrode and 
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non-electrode and conductive matrix bound microbes throughout the EBR system. The 
applied voltage potential assists in controlled system ORP in a manner that eliminates some 
of the need for excess nutrients to lower ORP; thus reducing nutrient costs. Readily available 
electrons supply some of the energy (electrons) required for bacterial growth and contami-
nant transformation, again reducing nutrient costs. Figure 1 shows typical ORP measurements 
made in a two-stage EBR and a relationship with voltage and nutrient (carbon) amount. Note 
the stability of ORP obtainable within the EBR system at 3 volts and the lower amounts of 
nutrient required to achieve the desired ORP.

Bench-Scale Selenium Removal Tests

Figure 2 shows the results of bench-scale tests using mining process water containing 
~4.5 mg/L selenium and spiked nitrate levels of ~100 mg/L. The figure shows comparisons 
with a two stage conventional bioreactor (CBR) system and a single stage EBR. Retention times 
were 12 hours in the EBR and 24 hours in the conventional 2-stage CBR reactor. Nutrient 
amounts were also ~1.5× in the CBR system. All reactors were operated under up-flow condi-
tions that approximated plug flow. The EBR only, was operated at 3 volts DC. All other con-
ditions in the CBR and EBR stages were identical. The EBR effluent was below 0.030 mg/L 
while the two state CBR produced selenium effluents averaging >0.060 mg/L. Monitoring 
points within the EBR indicated that nitrates were also completely removed in the first few 
inches of the system.

Figure 3 shows the results of a second bench-scale test using a two stage, up-flow, EBR 
system to treat waters containing ~260 mg/L selenium. Because the waters received did not 
have significant nitrate present, site personnel advised that test waters be spiked with 100 
mg/L nitrate-N. The retention time for each EBR stage was ~15 hr for a total retention time of 
30 hr. The EBR system produced final selenium effluents averaging ~13 µg/L. Effluents from 
EBR-2 ranged from a high of 55.4 µg/L to a low of 2.8 µg/L. If the high and low selenium 
effluent readings were discarded for the 3 volt test period, the average selenium effluent from 

Figure 1. Relationships between voltage, ORP, and carbon input measurements made in a two-
stage EBR at the end of the second stage
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EBR system drops to ~11µg/L. Nitrate in the EBR system was removed in the first few inches 
of the EBR 1st stage.

In mining solutions, for example those shown in Figures 2 and 3, spiked with 100 mg/L 
nitrate-N nitrate was at zero at the first monitoring point in the EBR. Once equilibrated, EBR 
denitrification rates reached >95 mg nitrate-N per hour.

Additionally, a mine process water containing 550–1,000 ppb selenium was tested using 
EBR with different electrode configurations. Multi, where eight electrodes evenly spaced 

Figure 2. Comparison of treatment of mining process water containing selenium using two 
bioreactor types. A two-stage conventional bioreactor (CBR), configured identically to a single-
stage EBR, but without applied potential, using twice the retention time, and ~1.5 times the 
nutrient amount as the single-stage EBR.

Figure 3. Two-stage EBR treating mining influenced wastewaters containing selenium. EBR stages 
were compared with applied voltage and selenium removal.
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over the length of the EBR and connected to a power supply providing a 3 V potential, and 
dual, where two electrodes, one at the top and one at the bottom of the EBR also providing 
3 V potential. Each EBR was operated as single-stage reactor with 24 hours retention time, 
Figure 4. Upon reaching steady state, >99.8% of selenium was being removed using both 
configurations; effluent selenium concentrations were <1 ppb. Initial results with a 17-hour 
HRT show similar results. Optimal EBR electrode configurations are dependent on selenium 
concentration and water chemistry.

Pilot-Scale Tests—Arsenic Removal

Pilot-scale tests were conducted on site using EBR components configured within a ship-
ping container. The two stage EBR pilot system was operated under conditions that approxi-
mated plug flow (up flow) using total retention times varying between 10 to 18 hours; flow 
rates from ~0.5 gpm to ~0.8 gpm. The light colored circles in Figure 5 indicate replicate analy-
sis splits, with the submitted samples shown in light diamonds being diluted ½. This analysis 
control check was completed because University laboratory analysis indicated between 10 and 
20 ppb arsenic concentrations; significantly lower than those reported by a third party lab. 
However, the third party lab analysis met site arsenic treatment goals. Influent NO3 was about 
24 mg/L and was removed in the first EBR stage.

Note that after about three days, the system arsenic effluent in EBR1 increases during flow 
rates of ~0.8 gpm. However, during the same test periods, the efficiency of EBR2 increased, 
maintaining the final average arsenic effluent at about 15 ppb (University analysis) or ~40 ppb 
(third party analysis). Third party analysis met target discharge goals.

Pilot-scale tests were conducted through summer and late fall covering a >15°C water 
temperature drop. EBR system maintained a consistent metal and nitrate removal throughout 
the testing period, Figure 6.

Thus far, nine fully successful bench scale tests on various waters have been completed for 
mining companies to treat both process and wastewaters from hard rock mines and coal mines 
containing selenium and nitrate, arsenic and nitrate, and mercury. A pilot-scale testing for 
selenium removal from mining waters has also been completed successfully.

Figure 4. Process mine water treated in two different EBR configurations and with two retention 
times
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CONCLUSIONS

The EBR has been shown to be effective in removal of selenium, arsenic, nitrate as well as 
other metals and inorganics.

•	 The EBR system provides a more precise system control; better controlled ORP, 
produces a more robust biofilm, and increases contaminant transformation/removal 
kinetics and efficiency.

•	 EBRs are capable of removing target contaminants to low ppb levels.
•	 From the results presented and for all tests conducted to date, EBRs show ≥40% 

lower capital costs and ≥40% less operational nutrient/reagent costs than conven-
tional bioreactors.

Figure 5. Arsenic removal in a pilot-scale EBR system operated on-site using 3 volts and a total 
retention time of 10 to 18 hours

Figure 6. Relationship between temperature (°C) and arsenic effluent levels during on-site pilot-
scale testing
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•	 The EBR system produces more controllable and stable bioreactor environments.
•	 Because of the low DC voltage potential used, power requirements for a full-scale 

facility can be supplied by a small solar grid.
•	 EBR technology starts with the best aspects of proven microbial and chemical systems 

and takes them to the next level of performance and cost-effectiveness.
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Kinetics and Thermodynamic Studies on Biosorption 
of Heavy Metals Using Ecklonia Maxima
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ABSTRACT

Biosorption is the property of certain microbial biomaterials to bind and concentrate 
heavy metals from very dilute aqueous solutions. It is a relatively new technology for the 
treatment of industrial wastewater, therefore information is not readily available regarding the 
mechanism of the process. Ecklonia Maxima is a brown seaweed found along the west coast 
of South Africa between Cape Agulhus and Cape Columbine. A previous study conducted by 
Aldrich et al. proved that Ecklonia Maxima was capable of removing divalent metals such as 
Cu, Pb and Cd from dilute synthetic solutions. Ecklonia Maxima was utilized in the removal 
of Mn2+ and Fe2+ from synthetic solutions. The optimum pH for Mn2+ removal was found to 
be 5.8 and the optimum pH for Fe2+ was 4.8. The biosorption process was best described by 
the pseudo-second-order kinetic equation for both metals, and the Freundlich isotherm was 
the best fit for the Mn2+ saturation data.

INTRODUCTION

Heavy metals, which are released from industrial, mining and agricultural activity, are not 
biodegradable. This can be detrimental to a variety of living species due to the accumulation 
of heavy metals throughout the food chain. The removal of these heavy metals is considered a 
high priority, particularly in light of more stringent environmental legislation (Volesky, 2003; 
Baysal et al., 2003).

The conventional techniques used to remove heavy metals from waste effluents include 
precipitation, coagulation, reduction and membrane processes, ion exchange and adsorption. 
However, the applicability of such processes is often limited by technical and/or economic 
constraints. For example, precipitation processes cannot meet the metal concentration limits 
required by regulatory standards and produce wastes that are difficult to treat. On the other 
hand, ion exchange and adsorption processes are comparatively effective but require expensive 
adsorbent materials and challenging plant management, especially when the heavy metal con-
centrations are in the range 10–100 mg/L (Goyal et al., 2003; Kapoor et al., 1995). There is a 
real need to find a cost-effective alternative for the removal of heavy metals from wastewater.

Water resources in South Africa are multi-functional. The same water source is used in 
industrial and agricultural applications. It is also used by the general population—in the case 
of informal settlements usually before the water is treated by the municipal treatment plants. 
It is therefore important that effluents from industrial and agricultural applications are treated 
before it is discharged into rivers and estuaries used by the general population. The quality of 
water resources in South Africa is also steadily declining due to the increase in urbanisation and 
industrialisation. Population increases in South Africa are also expected to lead to an increase 
in agricultural development, which will then lead to an increased demand for irrigation water 
(Jackson et al., 2009).
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Current methods for the removal of iron and manganese include precipitation which 
should always be followed by a secondary treatment, reverse osmosis which is very expensive 
and ion exchange. Rural communities in South Africa may not be able to afford these treat-
ment processes and also do not have the technological advances necessary to effectively imple-
ment these processes. An alternative method to treat contaminated water is required which is 
cost effective and easy to implement.

Passive biosorption is a property of certain types of inactive/dead microbial biomasses to 
bind and concentrate heavy metals from very dilute aqueous solutions.  The biomass acts as an 
ion exchanger of biological origin, where the biomass sequesters heavy metals from industrial 
effluents, or recovers precious metals from processing solutions.

Seaweed is abundantly available along the South African coastline. Preliminary tests show 
that seaweed is successful in removing divalent metals. However, very little is known about the 
mechanism of the biosorption process which makes it difficult to predict the performance of 
the biosorption process. An understanding of the mechanism of biosorption could facilitate 
the design of a water treatment process requiring very little technological knowledge which can 
be implemented in any rural area in South Africa where it is needed.

MATERIALS AND METHODOLOGY

Materials

The stock metal solutions for Iron(II) and Manganese(II) were made up of metal standards 
(atomic absorption standard solutions from Merck) diluted with distilled water to the required 
concentration of 1000ppm. Analytical grades of HCl and NaOH (Merck) were used to adjust 
the pH of the solution.

The biomaterial, Ecklonia Maxima, was dried and ground to the correct size of 1.0–1.2mm 
diameter. The biomaterial was activated at a pH of 5 using CaCl2, to encourage heavy metal 
sorption onto the biomaterial surface.

Kinetics

Batch kinetic experiments were performed at the ambient room temperature (between 
20–24°C) using a 1-liter baffled container at a range of temperatures using an overhead 
stirrer with a baffle attachment at a speed of 350–400rpm. The temperature was kept con-
stant by submerging the container in a water bath. The biomaterial load was approximately 
1g/1000mLmetal solution at an initial heavy metal concentration of 100ppm. Periodic 1 mL 
samples were taken over a period of 360 minutes (at least 12 samples), and diluted as required 
so that analysis could be completed on the Atomic Adsorption Spectrophotometer. Diluted 
samples were analyzed for heavy metal content of either Fe(II) or Mn(II) only. The metal 
uptake by the biomaterial was determined from the difference between the initial and final 
metal concentrations. Only single metal species experiments were performed.

Pseudo 1st-order and 2nd-order models were used to describe the biosorption curve. The 
linear pseudo-first-order equation (Ozacar & Sengil, 2003; Xie et al., 2008) is given by:

/ .log logq q q k t 2 303, ,e t e1 1 1− = −^ h  (1)

where qt and qe are the amounts of metal ions adsorbed at time t and at equilibrium (mg/g), 
respectively and k1 is the rate constant of the pseudo-first-order adsorption process (min–1).
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The linear pseudo-second-order equation (Ozacar & Sengil, 2003) is given by:

/ 1/ ( ) /t q k q t q2 ,2
2

,2t e e= +  (2)

where k2 is the equilibrium rate constant for the pseudo-second-order biosorption 
(g·mg–1·mm–1).

Saturation Capacity

Heavy metal solutions were prepared at various concentrations—starting at 2ppm and 
increasing until 256ppm. The biomaterial load was 1g/1000mL of heavy metal solution. 
Contact was allowed for 24 hours between the synthetic heavy metal solution and the bioma-
terial under gentle stirring. The final saturation capacity samples were measured for solution 
pH, filtered (Schleider & Schuell filter paper), and analyzed for ion content. The loading of the 
sorbents on the biomaterial was determined from the difference of metal ion concentrations in 
the initial and final solutions.

The Langmuir and Freundlich isotherms were used to simulate the adsorption of the 
Mn2+ and Fe2+ by the seaweed biomaterial.

The linearized form of the Langmuir isotherm used is given by (Xie et al. 2008):

/ / ( . ) /C q b q C q1e e e e= +  (3)

where Ce is the equilibrium concentration (mg/L), and b is related to the adsorption energy 
according to the Arrhenius equation.

The linearized form of the Freundlich isotherm is given by (Xie et al. 2007; Tewari et al., 
2005):

(1/ )ln ln lnq k n Cf e= +  (4)

where kf is a constant of adsorption capacity and n is the intensity of adsorption.

Thermodynamics

Thermodynamic properties of the biosorption process were estimated from the kinetics 
and saturation data obtained.

Free energy change was based on Gibbs equation, which was derived from the applicable 
sorption isotherm. If the adsorption was in accordance with the Freundlich isotherm, the 
equation would be (Xie et al. 2008):

G nRTc∆ =−  (5)

where n is the coefficient of the Freundlich isotherm, R is the universal gas constant  
(kJ/kg·K), and T is the absolute temperature (K).

Enthalpy change was estimated from a plot of ∆G° vs. T according to the following 
equation:

TG S H∆ ∆ ∆=− +c ^ h  (6)

The enthalpy change was estimated from the intercept and the entropy change from the 
slope of the straight line (Babarinde et al. 2007).
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RESULTS AND DISCUSSION

Effect of pH

Ecklonia Maxima was activated using CaCl2 at a pH of 5.0. The activation of biomaterials 
using Ca2+ was proposed by Kratochvil and Volesky (1998) because the Ca2+ keeps the alginate 
locked inside the biomass. The experiments were performed at pH values of 5.0 to 5.5 for 
Manganese (II) Sulphate. It was difficult to constitute the Iron (II) sulphate metal at the same 
pH level due to the solubility of the Iron(II). Micro-precipitation was observed at pH values 
of 2.8–3 using Iron (II) sulphate salts. An Ammonium Iron (II) Sulphate salt was used instead, 
allowing the pH to be increased to pH range 3.8 to 4.5 for the Fe2+ solution.

Figure 1 shows that the biosorption capacity increased with an increase in pH. Similar 
observations were made for Fe2+ (only Mn2+results shown). This agrees with reports that bio-
sorption is strongly pH sensitive (Yin et al., 1999; Matheickal & Yu, 1996; Fourest & Roux, 
1992). Sorption increased between the pH of 5.0 to 5.8, at which point a plateau was reached. 
Feng et al. reported in 2004 that an optimal pH of 5.5 was required for the biosorption of 
heavy metals such as Cd(II) and Co(II). It is also consistent with the findings of Omar (2008) 
who stated that the maximum capacity is reached at pH values around the 5.0 mark depending 
on the activation process used as well as the heavy metals removed by the biosorbent.

Generally, higher pH values result in higher metal cation uptakes due to the lowered metal 
solubility (Davis et al., 2000; Wang & Chen, 2006; Jha et al., 2009).

Kinetics Analysis

Manganese and iron biosorption are characterized by two distinct periods in the sorption 
process during kinetic experiments. The first is a period of rapid and continuous sorption 
leading to rapid decrease of metal ions in solution. This is followed by a period of slower sorp-
tion, leading to a dynamic equilibrium between the ions in solution and those absorbed by the 
biomaterial. This is clearly seen in Figures 2 and 3.

Figure 2 shows the capacity of biosorption for manganese as a function of time. During 
the first 50 minutes, there is a rapid increase in metal removal, with nearly 65% recovery of 
Mn2+. Sorption equilibria was reached within 150 minutes for all temperature profiles investi-
gated. Sorption uptake seems to be highest at 30°C.

Figure 3 shows the same initial rapid uptake of metal ions, but this is followed by a con-
tinued upward trend of the curves. It seems to indicate that metal uptake was still ongoing, 
even after 300min, and that sorption had not been reached. A fixed cell biomaterial such as the 
seaweed, offers a finite number of surface binding sites, therefore initial uptake of heavy metals 
would be expected to show saturation kinetics at high total metal ion concentrations (Sag & 
Kutsal, 2000). The fact that the biomaterial was still taking up metal ions would suggest that 
there were still available binding sites within the biomaterial structure.

Pseudo-first- and second-order equations were developed based on the sorption capacity of 
the solid phase. The results for the first order kinetics are detailed in Table 1. The correlation 
coefficients are very low, and biosorption probably does not follow first order kinetics.

Table 2 details the results obtained for the pseudo-second-order kinetics. The R2 values 
are all above 0.9, indicating a good fit of the data to the equation used. There is a good cor-
relation between the calculated and experimental capacity values. The Fe2+ capacity values are 
generally higher than those for the Mn2+, with the highest amount of Fe2+ removed at 45°C 
and 30°C for Mn2+.
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Adsorption

From Table 3 it is seen that the maximum removal of Mn2+ takes place at the elevated 
temperatures. A maximum capacity of 69.86mg/g is calculated at 45°C, which is approximately 
20mg/g lower than the calculated room temperature capacity. This value is still significantly lower 
than the maximum calculated value of 119.76mg/g for the Fe2+. The maximum value for Fe2+ is 
calculated at room temperature (22°C), and tends to decrease with an increase in temperature.

Figure 1. Individual graphs for Mn2+–pH vs. capacity
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Data was fit to both the Langmuir and Freundlich isotherms. Based on the correlation 
coefficients as well as the calculated n values, Mn2+ is described by the Freundlich isotherm. 
Fe2+ seems to be described by the Langmuir and the Freundlich isotherms, depending on the 
operating temperature. However, both isotherms tend not to describe the Fe2+ biosorption 
completely.

Figure 2. Capacity vs. time for Mn2+

Figure 3. Capacity vs. time for Fe2+
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Generally speaking:
•	 If 1/n = 0 the partition between two phases does not depend on concentration.
•	 If 1/n < 1 the isotherm follows normal a Langmuir type isotherm and is not described 

by the Freundlich isotherm.
•	 If 1/n > 1 it is an indication that co-operative sorption involving strong interactions 

between the molecules and adsorbate is taking place (Munir et al., 2010).
The values of 1/n for Mn2+ range between 1.106 and 1.484, clearly indicating a linear 

fit. The values of 1/n for Fe2+ range between 0.522 and 1.6155, with only room temperature 
and 35°C being described by the Freundlich isotherm. The Freundlich isotherm equation is 

Table 1. Pseudo-first-order kinetics

Temperature

Mn2+ Fe2+

k1
(min)–1 R2

k1
(min)–1 R2

Room temp. 0.1819 0.816 0.2464 0.826

30°C 0.1750 0.737 0.2279 0.831

35°C 0.1888 0.586 0.3039 0.846

40°C 0.3063 0.466 0.2164 0.825

45°C 0.2303 0.785 0.2372 0.907

50°C 0.1911 0.695 0.2026 0.846

Table 2. Pseudo-second-order kinetics

Temperature

Mn2+ Fe2+

k2 (×10–3)
g/mg·min

qe (cal)
mg/g

qe (exp)
mg/g R2

k2 (×10–3)
g/mg·min

qe (cal)
mg/g

qe (exp)
mg/g R2

Room temp.  2.6931 23.810 23.6 0.983 0.56201 35.714 30.20 0.924

30°C  1.9800 30.303 29.9 0.976 0.51487 33.333 29.55 0.921

35°C 11.9506 22.727 23.7 0.991 1.35406 35.714 33.38 0.985

40°C  2.0075 25.000 24.3 0.988 1.18785 34.483 33.18 0.984

45°C  4.6431 26.316 26.6 0.977 0.99705 38.462 37.01 0.984

50°C  3.9929 24.390 24.7 0.988 0.82277 32.258 32.04 0.933

Table 3. Simulated results of biosorption

Temperature

qmax (mg/g) Freundlich Constants Langmuir Constants

Mn2+ Fe2+
n 

Mn2+ R2
n

Fe2+ R2
b

Mn2+ R2
b

Fe2+ R2

Room temp. 49.90 119.76 0.904 0.990 0.619 0.927 1.918 0.939 4.146 0.891

30°C 59.88 59.88 0.835 0.983 1.140 0.795 2.319 0.869 5.264 0.488

35°C 39.92 49.90 0.724 0.991 0.745 0.821 2.370 0.982 6.098 0.983

40°C 49.90 39.92 0.674 0.978 1.510 0.536 2.586 0.843 4.848 0.686

45°C 69.86 52.84 0.705 0.992 1.245 0.823 2.527 0.924 2.820 0.886

50°C 69.86 99.80 0.759 0.996 1.915 0.796 2.487 0.925 3.255 0.378
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an empirical equation based on a heterogeneouos surface. This would suggest that the bind-
ing sites are not equivalent and/or independent (Tewari et al., 2005). A value of n larger than 
one means that the system is more heterogeneous, which usually results in a non-linearity of 
the adsorption isotherm (Lesmana et al., 2009). If n falls within the range 1–10, it indicates 
favourable biosorption of heavy metals (Jha et al., 2009) through multiple forms of adsorption.

Thermodynamics Analysis

Thermodynamic parameters were calculated based on the kinetics results analysis as well as 
the isotherm analysis. The values of Gibbs free energy was calculated based on the Freundlich 
isotherm for Mn2+, and on the Langmuir isotherm parameters for Fe2+. A negative value for 
∆G ° confirms the feasibility of the process and the spontaneous nature of metal ion adsorption 
with a high preference of metal ions for the biosorbent (Baysal et al., 2009). Values below 8 
would indicate a physical process rather than a chemical process (Sari et al. 2008). For Mn2+, 
the free energy values increase positively with an increase in temperature, which implies that 
the spontaneity of the biosorption process reduces with an increase in temperature. The oppo-
site it noted for the Fe2+. See Table 4.

∆H° was determined from the intercept of the plot of ∆G ° vs. T. The values were calcu-
lated as –12.9 J/mol for Fe2+ and –4.963 J/mol for Mn2+. The negative values indicate that 
the process is exothermic. ∆S° was determined as –0.029 J/mol for Fe2+ and –0.009 for Mn2+

CONCLUSION

The biosorption process is pH sensitive. The optimum pH for Mn2+ removal is 5.8 and 
4.8 for Fe2+. The maximum capacity of heavy metals removed was approximately 120mg/g for 
Fe2+ and 70mg/g for Mn2+. The pseudo-second-order kinetics system best described the data 
for both the Mn2+ and Fe2+. The Freundlich isotherm best described Mn2+ biosorption, but 
the biosorption of the Fe2+ was described to a certain extent by both the Langmuir and the 
Freundlich isotherms.

The negative values for ∆G ° indicate that the adsorption of both iron and manganese 
could take place spontaneously. The negative values for ∆H ° indicate that the sorption process 
is exothermic, and the negative values of ∆S ° indicates a high level of reversibility in the bio-
sorption process. As a result the process is better carried out at lower temperatures.

Table 4. Thermodynamic data

Temperature

∆G°

Mn2+ Fe2+ (Freundlich) Fe2+ (Langmuir)

Room temp. –2.22 –1.5196 –3.488

30t –2.105 –2.8725 –4.1839

35°C –1.854 –1.9081 –4.6297

40°C –1.755 –3.9309 –4.1077

45°C –1.866 –3.2925 –2.7414

50°C –2.041 –5.1445 –3.1694
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Flotation of Chalcopyrite in Water Containing Bacteria

Wenying Liu, Chris Moran, and Sue Vink
University of Queensland, Brisbane, Queensland, Australia

ABstrACt

The use of multiple sources of water supply and introducing water reuse in mineral pro-
cessing have been part of the operating philosophy for the minerals industry to save freshwater 
and reduce mine water discharge. A consequence of implementing these practices is that water 
quality can be compromised, which in turn can impact flotation performance. A number 
of studies have shown that dissolved abiotic water constituents can have different effects on 
flotation performance depending on the operating conditions and reagent regimes. However, 
far less is known about the impacts and processes associated with biotic water constituents, 
including microorganisms. In this study, we investigated the effect of bacteria (E. coli ) on min-
eral (chalcopyrite) flotation performance using both microflotation and scale-up batch flota-
tion tests. Microflotation results indicated that the presence of E. coli in water had an adverse 
effect on the flotation of chalcopyrite. The magnitude of the adverse effect increased with 
the increase of bacterial cell concentration. The adverse effect could be mitigated to different 
extents by increasing the collector concentration depending on the bacterial cell concentration. 
The adverse effect was also observed in batch flotation tests. Froth images taken showed that 
the bubble size and bubble load were affected by the presence of the bacteria.

INtrODUCtION

Water represents a key component across the minerals industry, including exploration, 
mining, mineral beneficiation and closure. The industry as a whole is running under a general 
context of global water challenges, such as limited freshwater availability (Peters and Meybeck 
2000; Ridoutt and Pfister 2010), environmental pollution from the mining industry (Gray 
1997; Johnson et al. 2002), and community concerns (Jenkins 2004; Kapelus 2002). These 
challenges are motivating the mining industry to save freshwater and minimise mine water 
discharge into local streams. Research and analysis of mine water management has led to the 
conclusion that the use of multiple sources of water supply and introducing water reuse into 
the site water system could be rational water management practices to realise these reductions 
(Cote et al. 2007). These practices are common in minerals extraction and concentration activ-
ities, e.g., utilization of saline water in coal mining (Turek et al. 2005), reusing water in gold 
cyanidation (Bahrami et al. 2007) and sulphide ore flotation (Rao and Finch 1989). However, 
as the efficiency of a water system improves on a site there is an increased tendency for water 
quality to vary in response to different physical and physico-chemical processes occurring in 
different parts of the site water system, which can in turn influence the efficiency of mineral 
separation processes, especially froth flotation (Broman 1980; Rao and Finch 1989). The main 
water constituents can be broadly grouped into two categories: abiotic, meaning not alive (e.g., 
inorganic metal ions), and biotic, meaning of or related to life (e.g., organics, microorganisms). 
The mechanism of how a particular water constituent influences flotation performance is dif-
ferent for each mineral and reagent combination.
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In some cases, abiotic water constituents can impact adversely on flotation performance by 
decreasing the recovery of the target mineral and/or causing poor selectivity between the target 
mineral and gangue minerals. For example, metal ions (e.g., Fe2+/Fe3+, Zn2+) can decrease flo-
tation by precipitation of hydrophilic metal hydroxides on the mineral surfaces at a particular 
pH and metal concentration forming a barrier for collector adsorption and subsequent bubble 
attachment (Celik and Somasundaran 1986; Hoover 1980). Metal ions (e.g., Pb2+, Fe2+, Cu+) 
can also dilute the concentrate or decrease the grade in varying degrees by inadvertent acti-
vation of the unwanted minerals (Chandra and Gerson 2009; Seke and Pistorius 2006). In 
other cases, positive impacts of abiotic water constituents on flotation performance have been 
observed. For example, investigation of oil agglomeration of coal in inorganic salt solutions 
showed that coal recovery increased markedly as salt concentration (NaCl) was raised due to 
the compression of electrical double layer in the presence of salts (Yang et al. 1988). In high 
salt concentrations gas bubbles are finer, which may result in reduction of reagent consump-
tion. Pugh et al. (1997) examined the influence of aqueous solutions of a number of inorganic 
electrolytes on the flotation performance of fine graphite particles. The increase in flotation 
performance in the presence of the electrolytes was attributed to the generation of higher con-
centrations of small non-coalescing bubbles and also a reduction in the electrostatic repulsion 
between particles and bubbles.

There is also some research on the impact of biotic water constituents on mineral flotation, 
e.g., organics, which can interfere with the flotation process by acting as surfactants, disper-
sants or flocculants. For example, residual reagents such as xanthate and their decomposition 
products retained by water reuse can adsorb unselectively on most sulphides and reduce flota-
tion selectivity (Seke and Pistorius 2006). However, in some cases retention of some reagent 
through water reuse is advantageous as it can lower reagent consumption. One example is that 
the dosage of amine collector in the reverse flotation of iron ores was reduced up to 50% by 
using water recovered from tailings pond without compromising the flotation performance 
(Stapelfeldt and Lima 2001).

The literature review shows that most of the current research has investigated how abi-
otic water constituents influence flotation performance. In terms of flotation with traditional 
chemical reagents, literature emphasises the potential importance of biotic water constituents, 
particularly bacteria, in mineral separation processes because flotation plants can provide ideal 
conditions for microbial growth (Levay et al. 2001). Bacteria can also be introduced into the 
water system from multiple water sources, especially under the context that treated sewage 
effluent with a diversity of bacteria is now being considered as an alternative source of water 
supply for mine sites (Slatter et al. 2009). The presence of bacteria in water could cause prob-
lems to froth flotation. For example, a mine site located in Peru experienced flotation problem 
possibly caused by a high concentration of bacteria in river water. Flotation with water contain-
ing bacteria involves complex interactions among biological (biotic water constituent), chemi-
cal (flotation reagent) and geological materials (mineral), but there is a lack of understanding 
regarding how the flotation process is affected by the presence of bacteria. Motivated by the 
existing work, in this study, we investigated the effect of bacteria (E. coli) on the flotation of 
pure mineral (chalcopyrite) and tested the conventional scenario of increasing the collector 
concentration to mitigate the adverse effect caused by the bacteria using microflotation. Batch 
tests were carried out to investigate whether the effect of E. coli still exists with frother addition. 
Froth images of batch tests were taken to study the effect of bacteria on the appearance of froth. 
The chalcopyrite mineral was selected for its high purity so that the floatability characteristics 
of an essentially pure material in the presence of the bacteria could be determined without the 

WaterMineralsProcessing.indb   166 11/22/11   1:49 PM



 flotation of chalcoPyrite in Water containing Bacteria 167

interference of various mineral impurities. E. coli is used in this study because it is one kind of 
the main bacteria in sewage effluent and the river water used on the mine site in Peru, and it is 
relatively safe to work within laboratories.

EXPErIMENtAL

Materials

Mineral Samples

Chalcopyrite sample was purchased from GEO Discoveries, Australia. The sample was 
crushed using a rolls crusher. The product from the crusher was manually screened to collect 
–2.8+0.6 mm size fractions. The collected sample was sealed in polyethylene bags and kept in a 
cold room. Just prior to use, the sample was ground with a pulveriser and screened to produce 
–150+53 μm particles for microflotation experiments. The same pulveriser was used to grind 
100 g of chalcopyrite to achieve a D80 of 150 μm for batch tests. Flotation was started imme-
diately after grinding and screening to minimise oxidation and other contamination effects in 
the sample.

Bacterial Strain

A pure culture of E. coli strain K12 was cultured in LB medium consisting of tryptone 
(10 g/L), yeast extract (5 g/L) and sodium chloride (10 g/L). The culture was grown in flasks 
shaken at 37°C for 16 hours. The cells were harvested by centrifugation (eppendorf centri-
fuge 5810R) at 4000 × g for 15 min. The cell pellets were washed three times with 1× PBS 
buffer solution, suspended in the same solution and then stored at 4°C until use in flotation 
experiments. The bacterial cell concentration was measured by optical density (OD) using nano-
drop ND-1000 spectrophotometer (Thermo Scientific), where 1 OD equals 1 × 109 cell/mL.

Apparatus and Procedures

Microflotation Experiments

Microflotation experiments were conducted with University of Cape Town microflota-
tion unit (Bradshaw and Connor 1996). Despite repeated screening, the particle size fraction 
used still contained a significant amount of very fine poorly floating particles which had to 
be removed before flotation. For each microflotation experiment, 3 g of the –150+53 μm 
size fraction was placed in a 250 mL beaker and mixed with 150 mL of distilled water. The 
beaker was placed in the ultrasonic bath for exactly 1 min. Fine poorly floating particles were 
removed by decanting the suspension. The desliming procedure was repeated for an additional 
two times. The deslimed chalcopyrite was transferred to the microflotation unit. E. coli were 
added into the flotation unit to different target concentrations. The slurry was conditioned for 
2 min to allow the bacteria to interact with the mineral. Then sodium ethyl xanthate collector 
was added to render the mineral surface hydrophobic. The slurry was conditioned for another 
2 min. The total volume of the pulp at the conditioning stage was 150 mL. The pulp pH 
was kept at 6–7. The pulp was stirred continuously with a peristaltic pump at a speed of 75 
rpm. After conditioning, distilled water was added into the flotation unit to a final volume of 
350 mL. Air bubble produced through a syringe at the bottom of the microflotation unit was 
immediately provided to the unit. Air flow rate was maintained at 18 mL/min for 90 s of flota-
tion time. The flotation concentrate and tail were collected on top and at the bottom of the 
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unit and filtered. The products were dried at room temperature and weighed for the analysis. 
All tests were carried out in triplicates to ensure reproducibility. The standard errors were cal-
culated and used as error bars. The chalcopyrite flotation yield was calculated as: yield=weight 
of concentrate/(weight of concentrate + weight of tail).

Batch Tests

For each batch test, 100 g of the D80 of 150 μm size fraction was placed in an 800 mL 
beaker and mixed with 500 mL of distilled water to form slurry. The slurry was transferred to 
1.5 L batch flotation cell. E. coli were added into the flotation cell to different target concentra-
tions. Distilled water was added into the flotation unit to a final volume of 1.5 L. The slurry 
was conditioned for 2 min to allow the bacteria to interact with the mineral. Then sodium 
ethyl xanthate collector was added to a final concentration of 200 g/t. The slurry was condi-
tioned for 2 min, followed by the addition of frother methyl isobutyl carbinol (MIBC) to a 
final concentration of 200 g/t. The slurry was conditioned for another 1 min. The pulp pH 
was kept at 6–7. The pulp was stirred continuously with an impeller installed at the bottom 
of the flotation cell at a speed of 750 rpm. Air produced at the bottom of the cell was imme-
diately provided at a flow rate of 5 L/min. The concentrate was scraped at 1, 2, 4, 8 min. The 
concentrate and tail were dried in the oven at 70°C overnight and weighed for the analysis. All 
tests were carried out in triplicates to ensure reproducibility. The standard errors were calcu-
lated and used as error bars. The chalcopyrite flotation yield was calculated the same way as in 
the microflotation. Images were taken by the digital camera installed over the flotation cell to 
monitor froth colour and bubble size.

rEsULts AND DIsCUssION

Microflotation

Effect of  E. coli Concentration

Prior to investigation of the effect of E. coli, baseline tests in the absence of E. coli were 
carried out for microflotation. Figure 1 shows the chalcopyrite flotation yield as a function of 
the collector concentration. As expected, the flotation yield increased with the increase of the 
collector concentration up to the saturation point of 0.6 mg/L after which further increase of 
the collector concentration did not increase the flotation yield. Therefore, the collector con-
centration of 0.6 mg/L was used in the experiment investigating the effect of E. coli.

Four different concentrations of E. coli used in the microflotation were chosen by reference 
to the bacterial cell concentration in typical sewage effluent and the river water used at the 
mine site in Peru. Figure 2 shows that the flotation yield of chalcopyrite decreased when E. coli 
cell concentration was higher than 105 cell/mL. The magnitude of the adverse effect of E. coli 
on chalcopyrite flotation was dependent on the E. coli cell concentration. Increasing E. coli cell 
concentration resulted in a greater reduction in chalcopyrite flotation yield.

The observed adverse effect of E. coli on the flotation of chalcopyrite seems to be due to the 
direct microbial attachment and/or indirect interactions of bacteria and mineral, with organic 
carbon compound secreted by the bacteria acting as surface active agents. Before adhering to 
the particle surface, the bacteria must first establish contact with them. Because the slurry in 
the flotation unit is under a turbulent state, transporting of the bacteria from bulk liquid to the 
vicinity of the solid-water surface in a turbulent flow should be driven by fluid dynamic forces 
(Characklis 1981). After that, the bacteria and/or the organic carbon compounds secreted 
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by the bacteria have the possibility to attach to the mineral surface. Both types of interaction 
can bring out surface modifications leading to poor flotation performance. However, that the 
bacteria cell or the substances excreting by the bacteria or both are responsible for the poor 
flotation performance is not clear. There is a need to carry out further experiments to study the 
mechanisms of attachment of microbes and microbial products to mineral surface.

Mitigation of the Negative Effect by Increasing Collector Concentration

The adverse effect of E. coli on chalcopyrite flotation has been observed in laboratory 
experiments. A question of interest would be whether adjusting the collector concentration 
can mitigate the negative effect as mine sites would normally do to deal with water quality 
problems in flotation. Figure 3 shows the chalcopyrite flotation yield at different E. coli and the 
collector concentrations. In general the flotation yield increased as the collector concentration 
was increased. The effect of increasing collector concentration on the flotation yield was more 
pronounced at lower bacterial cell concentrations. At lower cell concentrations, a higher flota-
tion yield was achieved as the collector concentration was increased. At higher cell concentra-
tions, the flotation yield did not increase as the collector concentration was raised. Under the 
condition of a high bacteria concentration, an extremely high concentration of the collector 
would possibly be able to improve the flotation performance to some extent. This would result 
in increased costs associated with reagents for mine sites.

Batch tests

Effect of  E. coli Concentration

Microflotation is a fairly well accepted method of testing mineral floatability despite some 
shortcomings particularly in view of no addition of frother. As a result, batch tests were con-
ducted to see whether the adverse effect of E. coli still exists at a scale-up level with frother addi-
tion and whether the presence of bacteria can affect the froth layer properties. Figure 4 shows 
the chalcopyrite flotation yield as a function of time at different E. coli concentration in batch 
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Figure 1. Chalcopyrite flotation yield as a function of the collector concentration in the absence 
of E. coli
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tests. For all concentrates collected at the same time interval, increase of E. coli concentration 
resulted in reduction of the chalcopyrite flotation yield.

Change of Froth Appearance

To explore the effect of E. coli on froth structural features, froth images were taken at dif-
ferent E. coli concentrations. Froth images collected (Figure 5) showed that the appearance of 
froth layer, such as bubble size and froth colour, was different depending on E. coli concentra-
tions. Further image processing could provide more information on the bubble size distribu-
tion and bubble load.
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Figure 2. Effect of E. coli cell concentration on the flotation of chalcopyrite
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Figure 3. Effect of E. coli cell concentration on the flotation of chalcopyrite at different collector 
concentrations
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Comparison of Microflotation with Batch test

Comparison of microflotation and batch test results is presented in Figure 6. At the same 
bacterial cell concentration, the reduction of chalcopyrite flotation yield was found to be much 
higher in microflotation compared with batch tests, which could be attributed to the differ-
ences of microflotation and batch tests in a number of aspects, such as pulp density, frother 
addition and fluid dynamic conditions. Although the magnitude of the adverse effect of the 

Figure 5. Froth images taken at different E. coli concentrations
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bacteria was different under these two conditions, the trends were similar. Therefore, microflo-
tation results are valid and can be used to represent the adverse effect of E. coli on chalcopyrite 
flotation.

CONCLUsIONs

The adverse effect E. coli in water on chalcopyrite flotation has been observed in both 
microflotation and batch flotation tests. The magnitude of the adverse effect was greater when 
the E. coli cell concentration was raised. The adverse effect can be partly mitigated by increas-
ing the collector concentration depending on the bacteria concentration. The presence of bac-
teria in water also affected the froth properties in batch tests.

The interactions among mineral, reagent and bacteria are compounded by an already-
very-complex surface chemistry in a flotation system even in the absence of bacteria. Therefore, 
the questions of interest in the further research are what the substances adhering to the mineral 
surface are, bacteria cell, the chemicals excreting by the bacteria or both, and what the conse-
quences of the adhesion are. Following the existing experimental results obtained, we will do 
further work to better understand the interaction mechanisms of bacteria and mineral.
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Relationships Observed in Rock Pile Microbial Populations

D.J. Adams
Department of Metallurgical Engineering, University of Utah, Salt Lake City, UT, USA

ABSTRACT

Rock pile samples were collected for microbial analysis and evaluation from the same zones 
as samples undergoing geochemical and geophysical characterization. In general, the samples 
were collected based on visual and geophysical variations observed within the geochemical 
and geophysical sample boundaries. Microbial analysis indicated that Acidithiobacillus and 
Leptospirillum sp. were common across the mine site environment, but that specific species 
often dominated different geological zones and specific geochemical locals within these zones. 
Acidithiobacillus and Leptospirillum species were usually accompanied by heterotrophic, acido-
philic, and Archaea species.

The microbial populations present in the rock pile were potentially capable of numerous 
reactions including a number of dissolution and/or cementation type reactions as well as pyrite 
oxidation when conditions favor these reactions. Some of the more important processes caused 
or influenced by microorganisms include break-up of particles, growth of microorganisms in 
micro-cracks or fractures, various chemical processes, production of organic acids and chela-
tors, pyrite oxidation, oxidization of nitrogen-containing organic materials and formation of 
nitric and other inorganic acids. Microbes influence the moisture, pH, and redox regimes in 
microcosms. As microorganisms and microbial products participate in and accelerate many 
geochemical reactions within the rock pile, they use various minerals present as electron 
donors or terminal electron acceptors. Microbes can accelerate rock pile chemistry changes, 
and respond to rock pile chemistry. Various relationships between geochemical parameters and 
microbial populations will be presented.

INTRODUCTION

The rock pile for this study ranged in elevation from 6,800 ft to 10,000 ft. It is located 
near the margin of a caldera in a highly mineralized region. The mine rock piles extend to 
heights approaching 1,600 ft with slope angles in the range of 36°. Natural failures within 
alteration scars have produced debris flows in the vicinity of the mine rock piles and shallow 
failures have been noted in the rock piles.

Site rock pile materials contain trace amounts of sulfides other than pyrite, such as chal-
copyrite, galena, and sphalerite. Other than pyrite and the iron fraction of the chalcopyrite, 
oxidation of these sulfides will not produce significant acid. However, it has been noted that 
considerable heat is being generated in one or more site wells, rock piles, and vent areas. 
Additional minerals present at the site, such as a large amount of gypsum and carbonate min-
erals (calcite and dolomite) may also contribute to weathered rock pile stability or instability. 
Samples collected for microbial analysis examine populations present within the rock piles 
(using trenches), surrounding rock outcrops, soils, and surface crust materials.

This document presents the general microbial analysis of the mine site and the rock pile 
coded “GHN.” During re-grading of the GHN rock pile, trenching was completed to examine 
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rock pile geophysical and geochemical make-up; at the same time, paired samples were selected, 
under direction of the site geologist, and collected for microbial analysis. The objectives of the 
microbial data collection and analysis include: (1) Analysis of collected GHN trench materials 
and other broad mine site samples to gather site and rock pile microbial population profile 
data. Examination of microbial population characteristics and possible correlations with vari-
ous sample geochemical parameters. (2) Quantification of microbes in terms of heterotrophs, 
sulfate reducers, Acidithiobacillus/Leptospirillum sp., and acidophilic microbes to speculate on 
the microbial potential for weathering and/or mineralization.

Background

Pyrite is oxidized by oxygen and/or ferric iron and microbial activity can accelerate this oxi-
dation rate. This document covers macro-environments like geological units and mine surface 
areas to micro-environments making up geological units and interfaces and the cracks within 
rocks. A rate law derived by Williamson, et al., 1994, indicates the abiotic rate of pyrite oxida-
tion increases with increasing oxygen concentration and increases slightly as pH decreases. The 
rate of sulfide mineral oxidation increases as pH decreases into a range conducive to bacte-
rial mediation of ferrous iron oxidation (Nordstrom, 1982, Kleinmann, etal,1981,Singer and 
Stumm, 1970). Microbial pyrite oxidation rates begin to exceed chemical oxidation rates at 
around pH 3.5–4 and at pH 2 can be several orders of magnitude greater (Kelley and Tuovinen, 
1988). Both abiotic and biotic rates tend to increase with increasing temperature. The various 
lithologies piled at the mine site also contain carbonate minerals (e.g., calcite and dolmite) and 
silicate minerals (e.g., plagioclase, K-feldspar, hornblende, biotite, augite, chlorite, epidote).

Microbiology

Acid is typically formed by the oxidation of pyrite (FeS2), containing reduced iron and 
sulfur species. When solid-phase pyrite in rock is exposed to oxygenated water (Johnson, et al. 
1993), the following chemical reaction occurs:

FeS2 + 3.5O2 + H2O → Fe2+ + 2SO4 
2– + 2H+

As a result of this oxidation, the concentration of both reduced iron and acid in drain-
age waters increases significantly. In addition, the simultaneous presence of reduced iron and 
oxygen promotes the growth of acidophilic, autotrophic iron- and sulfur-oxidizing bacteria. 
These include Acidithiobacillus species, Acidiphilium sp., Leptospirillum sp., and others such as 
Sulfolobus acidocaldarius, and the colorless sulfur-oxidizing bacteria (Evangelou and Zhang, 
1995).

Although these and other bacterial species, including acid tolerant heterotrophs, may play 
an important role in mineral leaching, Thiobacillus ferrooxidans (now known as Acidithiobacillus, 
and is referenced in this document as such, except where the material is referenced from a 
source that refers to this microbe as T. ferrooxidans.) has often been used as a model bacterium 
for studying iron oxidation (Wichlacz and Unz, 1981). It is widely believed that T. ferrooxidans 
and other iron oxidizers act as a catalyst for acid production by constantly oxidizing reduced 
iron (Fe2+) to ferric iron (Fe3+) which then acts as a chemical oxidant of pyrite, thereby liber-
ating more reduced iron, sulfate, and large amounts of acidity as shown in the following two 
reactions (Harrison, 1984).

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O
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FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2– + 16H+

Oxidation of Fe2+ serves as the rate-limiting step in biologically mediated acid production 
(Singer and Stumm, 1970). Because bioavailable organic carbon tends to be relatively scarce in 
most mine rock piles, especially those with acid drainage, T. ferrooxidans and other iron oxidiz-
ers often compete quite well with other bacterial species for oxygen and nutrients. From analy-
sis of various other acid producing rock piles and their associated waters, it is expected that the 
site microbes involved in the oxidation of sulfide to elemental sulfur belong principally to the 
genera Thiobacillus, Leptospirillum, Sulfolobus, and the colorless sulfur-oxidizing bacteria, with 
Thiobacillus sp. most likely being the dominant genus (Evangelou et al., 1995, Lapakko and 
Antonson, 2002, Berner, 1981).

Sulfur bio-oxidation takes place from a pH of 8.5 to 1.9; however, the species involved 
will vary and is somewhat dependent on rock pile geochemistry, moisture, etc., oxidizing the 
sulfur to sulfate. Although A. ferrooxidans is often considered to be the most important mem-
ber of a rock pile population in terms of acid generation, mixed bacterial cultures can be more 
efficient at mineral decomposition than is A. ferrooxidans alone. Additionally, A. ferrooxidans 
seldom if ever grows as a pure culture. Most environments at a pH ≥3.0 contain a consortium 
of heterotrophic bacteria, and a variety of other acidophilic, chemolithotrophic, sometimes 
sulfate reducing bacteria. Various groups of bacteria are able to rapidly attack a variety of min-
erals under the right environmental conditions. A “succession” or change in species population 
domination takes place as the pH of the rock pile environment is lowered by the production of 
sulfate. Similar types of microbial succession can be observed with relationship to site and/or 
rock pile temperatures, moisture, geochemistry, and other environmental parameters.

All microbial species require nutrient components, carbon, nitrogen, phosphate, sulfur, 
and a number of other elements and vitamins, in certain ratios. Since nutrient components are 
required in specific ratios for microbial growth, energy, and contaminant transformation, any 
nutrient component can be limiting. A limiting nutrient component will affect the utilization 
of the other nutrient components and the transformation, sequestration, or mobilization of 
the minerals present. Acid generated by microbial actions of growth or pyrite oxidation will 
increase dissolution of other minerals present.

Site Microbial/Geochemical Environments

Oxic environments:
•	 Dissolved oxygen > 30 µM
•	 Mn2+ below detection
Suboxic environments:
•	 Dissolved oxygen > 1 µM, < 30 µM
•	 Fe2+ below detection
•	 Mn2+ detectable
Anoxic environments:
•	 Dissolved oxygen < 1 µM)
•	 Anoxic – Sulfidic
•	 H2S > 1 µM
•	 Anoxic – Non-sulfidic
•	 H2S < 1 µM
These environments are based on measured dissolved oxygen and H2S and strongly tied to 

redox reactions (Ehrlich, 1990, Schrenk et al., 1998, Baker and Banfield, 2006). Concentrations 
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of ions, Eh, and pH have major effects on both chemical reactions and microbial formation of 
authigenic minerals.

Iron oxyhydroxides generated by pyrite oxidation, as well as other reaction products, can 
aid in the cementation of soil and sand materials. Formation of these types of aggregates would 
tend to increase rock pile stability. Ferricretes represent iron transported by reducing acid 
waters and precipitated as hematite and goethite at higher Eh (above 0.4) and/or pH (above 
6) more oxidizing, less acidic conditions. These conditions represent major shifts in redox 
chemistry and possibly in the site microbiology. Both weathering and microbial actions can 
influences slope stability both positively and negatively.

Microbiology and Reduction Reactions

In many rock pile environments, particularly hard rock mines because there is a shortage 
of carbon, there is often not a well defined sequence of reduction or redox reactions affect-
ing the inorganic species present in the system. For each of the major redox elements there is 
a specific range of pE for the initiation of the reduction of the element. Microorganisms use 
oxidized forms of Fe, S, Mn, and some metal oxyanions as terminal electron acceptors. Nitrate 
respiration below pE 8 produces products that include NO2

–, N2, N2O, NH4
+. Solid phase 

manganese reductions can occur in the presence of NO3
–. However, solid phase iron reduc-

tion, does not occur in the presence of NO3
– or O2 and the Mn:Fe ratio is an indication of 

whether a denitrifying environment is present. Anaerobic microbes produce products that 
include H2S, HS–, S2O3

–. Changes in pE induce both chemical reduction sequences as well as 
sequences in microbial ecology.

MATERIALS AND METHODS

General and specific standard operational procedures (SOPs) were developed for collec-
tion and microbial analysis of rock pile samples. These SOPs were adjusted as on-site condi-
tions and laboratory culturing and characterization of diverse microbial populations required. 
Microbes were examined via classical and nucleic acid methods at the University of Utah. 
Enrichment and isolations were completed to characterize the Bacteria and Archaea at the 
mine site. Samples were collected from a number of different mine site and rock pile environ-
ments for correlation analysis, including:

•	 General site and pit locations
•	 Roads and road cuts
•	 Pits, and trenches (GHN site)—surface and rock pile samples with depth
•	 Vents, wells, and streams
In general, samples were used as inoculum in a variety of different media, which were 

incubated under aerobic and microaerophillic, and limited anaerobic conditions. Metabolic 
and biochemical characterizations were carried out, including assessment of growth rates, and 
their range of metabolic capability. Some new and unknown bacteria were isolated.

Microbial Sampling and Analysis Approach

Many factors affect the microbial community biomass, structure and diversity, and activity 
as shown in the first level boxes in Figure 1. Level two and three boxes show the techniques 
being utilized to provide information on the community culturable and non-culturable micro-
bial numbers and general characteristics, bacterial population or community structure, and to 
provide data needed to establish biogeochemical relationships. These methods of microbial 
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data collection also provide the capability for quality control between samples, sample repli-
cates, and samples analyzed over time.

Sampling and Sample Storage

Defining the site microbiology entails collecting, isolating, and characterizing microbes 
from samples collected at specific sites, with specific lithologies and geochemistry. In order to 
evaluate the microbial influence on the rock pile stability, microbiological samples from site 
rock pile trenches, drill cuttings, hot spots, associated soils and rock outcrops, crust materials 
and rock pile vent areas were collected.

The site microbial analysis and subsequent speculation on microbial roles is based on a 
total of 148 paired samples that included 15 duplicate samples, and sample sets across two 
geological units. Site materials were aseptically collected into sterile propylene screw-capped, 
plug-sealed tubes. Microbiological and geochemistry analysis were not from the same sample, 
but from the same sample zone.

GHN trench samples were collected within described geologic units indicating different 
zones encountered in the rock pile with depth. Freshly cut ~3' benches were used to describe 
the different zones through the depth of the rock pile during re-contouring (McLemore, 
2007). Samples were collected from freshly trenched and newly exposed surfaces using gloved 
hands and an alcohol cleaned stainless steel trowel or spoon, filling the tubes so as to eliminate 
as much air space as possible and to preserve the sample moisture content. Filled tubes were 
stored in a cooled ice chest and transferred to a refrigerator at ~4°C as soon as possible after 
sampling. Once at the laboratory, one sample from each set was frozen at –80°C; the other 
paired sample remained at 4°C for various analyses. Frozen samples were used for checks to 
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Figure 1. Overview of factors affecting microbial community structure, methods of analysis to 
assess the microbial population that incorporate quality control between samples and over time, 
and methods to assess the culturable and non-culturable microbial populations
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ascertain any decrease in viability and for random reproducibility checks of samples stored at 
4°C and as a repository of samples for additional analysis.

Media Development and Analysis

Media was developed and optimized specifically for culture of general site rock pile 
microbes falling into general microbial categories. This was completed by screening composite 
samples representing visually, physically, and chemically different mine site environments for 
microbial growth and diversity. This nutrient/media screening was used to reduce the number 
of different culture media combinations used for study of the culturable microbes at the mine 
site. Briefly, media was developed that yielded optimal microbial diversity and numbers for all 
initial samples and microbes examined. Screening included replicate samples and the following 
procedures:

•	 Metabolic profile analyses on environmental, gram positive, and gram negative 
BIOLOG™ plates and select formulated media combinations

•	 Samples at pH values of 3.5 to 7.0
•	 Testing in media and saline solutions with various trace elements and screening in 

various standard, classical, and specially formulated media
 – Comparing site results on specific media with cultivation of stock control samples 

from American Type Culture Collection, laboratory stock cultures, and various 
control samples
 - Acidithiobacillus ferrooxidans, A. thiooxidans, Leptospirillium sp., a general aci-

dophilic microbial mix, several sulfate reducing bacteria, and a general het-
erotrophic microbial mix

•	 Replicate plating on solid media and comparative triplicate MPN analysis in liquid 
samples of all media types

•	 Nucleic acid profiling Denaturing Gradient Gel Electrophoresis (DGGE) of site 
and control microbes (The sequence amplification of DGGE bands was completed 
by University of Utah DNA analysis services and included primers for Bacteria and 
Archaea.)

RESULTS AND DISCUSSION

Microbial Culturing and Characterization

The media and analysis of bacteria in the rock pile system was designed around bacterial 
metabolism rather than specific bacteria; however, specific types of bacteria were also identi-
fied. Analysis is looking at bacteria that perform specific biochemical functions or transforma-
tions rather than just focusing on specific bacteria of a particular genus and species. Bacteria 
can be thought of as small chemical factories; under the right conditions, many different genus 
and species of bacteria can perform similar geochemical transformations. This is stated because 
the methods of analysis determine the types and relationships of the information obtained.

Microbial enumeration and characterizations have defined the site microbiology in both 
general and specific characteristics. Variations of stock media were tested over a broad pH 
range and numerous minor adjustments in component levels to determine the optimal pH 
and component concentration for use of the media types selected with site samples. This was 
assisted by evaluation of 10 visually different site wide sample combinations to determine how 
effective the different media would be to maximize the successful culture of site microbes.
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Five main metabolic groupings, from a total of 56 nutrient media screened, Figure 2, were 
used to adjust culture media content in an attempt to cultivate as many different microbes 
from site samples as possible. This data was useful in reducing the number of different culture 
media combinations required for this effort and was confirmed through culture of known envi-
ronmental sample controls. Control samples included Acidithiobacillus ferrooxidans, A. thiooxi-
dans, A. denitrificans, Leptospirillum, a general acidophilic microbial mix, several known sulfate 
reducing bacteria, and various laboratory repository rock pile cultures, including heterotrophs.

In the microbial population analysis, based on metabolism profiles, it should be noted that 
statistical analysis of the populations indicates that the acidophilic microbes may be a subset of 
the heterotrophic microbes that grow well at lower pH ~3.5. However, this was contradicted 
with observances that acidophilic microbes are definitely the predominant microbes in some 
samples and heterotrophs in others rather than both being high in many of the same samples.

Acidophilic and heterotrophic populations were shown to be associated with different 
microbial population profiles and therefore could indicate geologic zones where a succession of 
microbial populations is taking place. In these areas, higher concentrations of Acidithiobacillus/ 
Leptospirillum sp. are associated with the higher concentrations of acidophilic microbes than 
with higher concentrations of heterotrophic microbes. All other microbial metabolic types, 
Acidithiobacillus/Leptospirillum sp., Archaea sp., and SRB were all shown to be distinctly differ-
ent metabolic types and significantly different at the 99% or higher confidence level.

General Site Microbial Analysis

A. ferrooxidans has often been used as the type bacterium for modeling iron and pyrite 
oxidation and acid generation. In this rock pile, it was common to find combinations of dif-
ferent microbial types (with different metabolic characteristics), present even at lower pH 
ranges. Both the rock pile trench samples and the general site microbial profiles were similar 

Figure 2. Metabolic profiles of 10 site sample combinations collected across zones shown in Figure 3, 
indicating the five metabolic profiles of the 56 nutrient combinations tested that were targeted for 
cultivation of site rock pile microbes
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and have similar population profile ratios; Acidithiobacillus/Leptospirillum sp. > heterotrophs ≥ 
Acidophilic microbes ≥ Archaea > SRB populations.

Out of a total of 133 different samples examined, 81 samples had dominant popula-
tions. In about ~36% of the dominant population samples, Acidithiobacillus/Leptospirillum sp. 
were the predominant microbes present; 50% or more of the total microbial number present. 
In about 32% of the samples, either heterotrophs or acidophilic microbes were dominant. 
Acidophiles are organisms that can withstand and even thrive in acidic environments where 
the pH values range from 1 to 5 and include types of Bacteria and Archaea that are found in 
a variety of acidic environments. It has only been recently that the importance of acidophiles 
and their role in acid mine drainage has been recognized.

From the results obtained, it is thought that the acidophilic and heterotrophic bacterial 
species may play an important role in both mineral leaching, dissolutions and transforma-
tions that provide opportunities for re-precipitation and crust formation. They probably play 
important roles on both sides of the mineral leaching and re-precipitation event zones within 
a rock pile environment.

Archaea microbes were dominant in about 9% of the samples and were noticeably present 
in populations where Acidithiobacillus/Leptospirillum sp. dominated, but not the other way 
around. Sulfate reducers were dominant in ~4% of the samples and were all found in GHN 
trench samples, rather than in general site samples.

Figure 3. Example GHN trench pH and sample profiles with geologic units described to indicate 
the different zones encountered in the rock pile as it was trenched in ~3' benches during 
re-contouring (McLemore, 2007). Locations with dominant, ≥50% of a single metabolic type, 
populations.

WaterMineralsProcessing.indb   182 11/22/11   1:49 PM



 relationshiPs oBserved in rocK Pile MicroBial PoPulations 183

Specific environments within the GHN rock pile were more favorable for particular 
microbial types; note that the predominant metabolic types occur mainly in the GHN site. 
This may be explained through the observation of the different geologic zones and the zones 
of increasing oxidation as samples ranged from inside the rock pile to the rock pile surface, or 
traffic zone. GHN microbial analysis and speculation as to microbial roles in different geologi-
cal units is supported by a total of 45 samples. However, some zones have as few as one sample. 
GHN defined geological units are based on trench samples and the pH profile of the GHN 
geological units is shown in Figure 3.

In general, the proportions of microbial types appear to vary depending on the site geol-
ogy, geochemistry, and the specific site conditions. Samples were analyzed in most geologic 
zones that ranged from a pH of ~3.5 to pH ~8.1. While many samples have Acidithiobacillus/ 
Leptospirillum sp., they were not the dominant microbes in all samples. A number of samples 
contained dominant populations of heterotrophs, acidophiles, sulphur-reducing and other 
sulphur-oxidizing bacteria.

Gram-positive iron and sulfur-oxidizing bacteria related to Sulfobacillus sp. were also 
indicated in some of the samples, but were not positively identified. Acidophilic heterotro-
phic microbes, such as Acidiphilium sp. were also indicated in a number of samples. From 
the data gathered, heterotrophic microbes, acidophilic microbes, and Archaea sp. are believed 
to assist the establishment and growth of iron-oxidizing bacteria like A. ferrooxidans and the 
Leptospirillum sp. This is thought to be due to their ability to mobilize essential nutrients or 
to remove inhibitory substances. How much these interactions contribute to overall mineral 
mobilizations or sequestrations in practice is still unclear.

In combined samples examined for microbial population profiles it was shown that deni-
trifyers were present. Denitrification is a fairly common trait in many microbial genera and 
with the past presence of blasting compounds; the presence of denitrifyers was expected. Molds 
were observed in a number of site surface and near surface samples, which was expected, and 
can contribute to microenvironment changes.

Low level correlations within the site samples and the geochemical analysis conducted on 
similar site samples were present, but due to small sample sizes ranging from ≤35 per factor, 
are not discussed. With larger sample sets, correlations may have been interesting as the low 
level correlations hinted at microbial succession in locations at the site. Interesting low level 
correlations include the association of Archaea sp. with Acidithiobacillus/ Leptospirillum sp. The 
occurrence of sulfate reducers with heterotrophs, and the occurrence of Archaea type sp. with 
acidophilic microbes. A correlation of heterotrophs and SRB with the finer materials was also 
hinted at, while the gravel appeared to have a more diverse population.

Nucleic Acid Profiling

It is now accepted that the vast majority of microbes have not yet been isolated, identified 
or characterized. This is largely due to a lack of knowledge of how these organisms survive and 
grow in natural habitats. When one also considers that a bacterium is often part of a larger 
more complex community or ecosystem with possible co-dependence on other members, it is 
understandable why traditional culturing techniques fail to accurately reflect the large micro-
bial diversity in an environmental sample.

A microbial study based on only the culturable microbes can be constrained with respect 
to viewing the microbial diversity. This is because most microbes defy cultivation by standard 
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methods; it is difficult to obtain a representative picture of total microbial diversity. However, 
molecular tools and perspectives based on gene sequences were found to be problematic out-
side a clean room environment due to low numbers of microbes, and small amounts of extract-
able nucleic acid in the drier mine site environments. In this setting and for these purposes, the 
culturable microbial types may provide a better basis for evaluation of microbial involvement 
and their contribution to potential reactions involved in rock pile weathering and stabilization.

Extraction of genomic DNA was attempted from both cultured and uncultured soil 
microorganisms; isolation directly from the soil sample. Although all commercially available 
extraction methods were tried, only DNA preps from cultured microbes were mostly success-
ful. Cell lysis using high salt (NaCl), lysozyme, proteinase K, and SDS at high temperature on 
some soil samples yielded substantial amounts of DNA. However, impurities were sufficient 
to inhibit PCR amplification of the 16S rDNA, even in the presence of the PCR inhibitors 
PVP40 and PTB.

Some of the general site microbial species identified included various species within the 
following genera: Acidithiobacillus, Leptospirillum, Pseudomonas, Bacillus, Desulfobaterium, 
Desulfotomaculum, and Desulfobacter. A number of site microbes selected for sequence analy-
sis were unable to be identified and were sometimes quite unique. For example, SRB in both 
GHN-KMD-0096 and GHN-KMD-0082 sample materials reduced sulfate at extreme rates, 
>100 times faster than reported in the literature, and grew well at pH’s ranging from <3.5 to 7.5.

CONCLUSIONS

•	 In general, the proportions of microbial types appear to vary depending on the site 
geology, geochemistry, and the specific site conditions.

•	 While many samples have Acidithiobacillus sp., Acidithiobacillus sp. was not dominant 
in all samples. At this site, it was common to find combinations of different microbial 
types (different metabolic types), present even at lower pH ranges.
 – Acidithiobacillus/Leptospirillum sp. were the dominant microbes present; 50% or 

more of the microbial number present, in about ~36% of the samples.
 – Heterotrophs or acidophilic microbes were dominant in about 32% of the 

samples.
 – Possible Archaea type microbes are dominant in about 9% of the samples.
 – Sulfate reducers are dominant in ~4% of the samples.
 – Several new and unknown microbes were found.
 – No microbial growth was obtained in samples cultured at higher temperatures, 

i.e., 60°C; only limited samples were collected from higher temperature zones.
•	 Both the GHN rock pile and the general site microbial profiles are similar, but not 

identical, and have similar population profile ratios; Acidithiobacillus/Leptospirillum 
sp. > heterotrophs ≥ Acidophilic microbes ≥ Archaea > SRB populations.

•	 The GHN site has had acid generating sites in the past, there were higher acid zones at 
the time the trenches were sampled, the microbial profiles indicate microbial involve-
ment in these events, and there appear to be acid generating zones within other site 
rock piles presently.
 – The GHN microbially-mediated acid producing zones noted in trench samples 

were toward the outside, the oxidized portion, of the rock pile.
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 – Because the general site microbial profiles are quite similar to the GHN rock pile, 
this indicates that the type of acid producing zones observed in GHN are prob-
ably occurring in other site rock piles.

•	 From the results obtained in these studies, it is thought that the acidophilic and aci-
dophilic heterotrophic bacterial species may play an important role in both mineral 
leaching, dissolutions and transformations that provide opportunities for re-precipita-
tion and crust formation, on the surface and within selected rock pile environments. 
They probably play important roles in the succession of different microbial types 
within the rock pile environments.
 – All microbes produce some form of acids during growth cycles and require the 

minerals present in the various samples for life functions.
 – Microbes present can produce organic chelators that can remove metallic ions 

from rocks and others can form accretion deposits.
 – Microbes can act as precipitation nuclei.
 – As microorganisms and microbial products participate in and accelerate many 

geochemical reactions within the rock pile, they use various minerals present as 
electron donors or terminal electron acceptors.

 – Microbes can accelerate rock pile chemistry changes, respond to rock pile chemis-
try, and be a main driving component of rock pile chemistry changes.

•	 In rock piles, microbial populations can often be at low levels due to lack of moisture, 
nutrients, or other appropriate environmental conditions.
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Mining Effluent Reutilization in Biomass Production
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ABSTRACT

The great environmental, economical, mediatic and social impact of mining effluents 
makes urgent new sustainable solutions. One of them is the reutilization in an agronomic 
controlled woody energy crops production.

This procedure permits to reuse acidic waters and other mining effluents to successfully 
develop plantations with potential energy use while to recover degraded soils near from the 
productive activity.

The authors of this work believe in synergy between energetic crops and mining industry 
provides a new source of energy and a solution for effluents minimization.

Based on a great knowledge of agronomic process and by application of advance tech-
niques for water and soils treatment, an environmental concern can be solved and also goods 
production achieve. It can be a biomass fuel production, or a landscaping or an environmental 
restoration.

INTRODUCTION

Mining is one of main primary industries in our days. The continuous demand of met-
als is compensated by a huge throughput on mineral processing facilities. Although its rel-
evance in world economy, meanly in development countries, it has a negative global image by 
the important impact that produces. New trends are trying to change social perception and 
great advances are reaching in environmental issues. Concerns about sustainability and social 
responsibility are changing the performance in 21st century mining (Jenkins and Yakovleva 
2006).

An innovative approach is presented in this paper to value mining effluents through its use 
in energy crop plantations. The objective is to change environmental negative effects of mining 
effluents, into a solution with high potential benefits: biomass fuel production.

After a prior chemical modification of mining effluents composition, it can be used as irri-
gation solutions in woody energy crops, with the objective of maximum consumption without 
negative effects in the environment.

By means of the foliar (leaf ) analysis, and knowing as well the chemical composition of 
the soil at different depth levels of the profile to root zone, and supposing that it is a result of 
the interaction that the roots activity and the soil have on the applied irrigation solution, we 
can estimate and evaluate the reaction and behavior of the inputs (water quality, fertilizers, 
additives, chelates, etc.).

In Spain and Europe the interest in bioenergy production, from forest residues and energy 
crops, has grown exponentially in the last years. Biomass plays an important role as a renewable 
energy because it can be considered as a carbon neutral energy source.

The proposed process will provide an exhaustive continuous monitoring, certifying 
the sustainability of the process; allowing to undertake corrective measures, key to avoid 
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contamination or alterations over the plant, as well as managing the plantation in the most 
optimal manner.

MINING EFFLUENTS

Great innovations in environmental management with new technologies are continuously 
reporting (Warhurst and Bridge 1996).

Although other effluents have been used to woody energy crops (Zalesny et al. 2009) this 
work has been focused in mining effluents.

Different effluents and acid mines drainage (AMD) can be employed in our process, 
meanly contaminated by heavy metals and low or high pH. Some demo facilities are running 
in different locations nowadays, confidential agreements not allow us to publishing.

At the moment, the most inconvenient and limiting constituents for its application are 
Boron and Chloride.

In present work we have studied the contaminates waters, by ancients and former mining 
operations, of Tinto River located in Huelva, a province in the south of Spain near the border 
with Portugal. Table 1 shows a typical AMD characterization from the river.

The pH values are low and quite stable along the river due to hydrolysis equilibrium pro-
duced by ferric iron in water solution. Heavy metals are in high concentrations, and only few 
species of microorganism (bacteria and algae) can be found in those waters.

River waters are not suitable for its use with agriculture purposes, moreover in some cases 
have produced deforestation and negative effects in agronomic lands when flooding (Nieto et 
al. 2007).

The quality of river water remains constant throughout the year, only few differences were 
found between winter, and summer period.

ENERGETIC CROPS AND BIOMASS PRODUCTION

Potential biomass species include some of over 700 Eucalyptus species. Eucalyptus is the 
most valuable and widely planted hardwood in the world (Rockwood et al. 2008).

Table 1. Tinto River quality characterization in the proximity of former mining operations

Concentration Units

pH 2.57 ud

C.E. 3208 microS/cm

As 0.295 mg/L

Cd 0.528 mg/L

Cu 19.12 mg/L

Fe 324.5 mg/L

Mn 16.17 mg/L

Ni 0.277 mg/L

Pb 0.078 mg/L

Zn 21.7 mg/L

SO4 2118 mg/L
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The present study employees the two main species: Eucalyptus globulus and Eucalyptus 
camaldulensis, often used in Huelva (SW Spain) in the cellulose, wood and energy production 
industries. Normal values for gross calorific value (MJ/kg) are close to 20, and ash content less 
than 2 wt.%. Both species have short rotation coppice and offer high output per hectare.

ACID MINE DRAINAGE TREATMENT

As was mentioned before, those acidic waters are not possible to use for irrigating, so a 
previous chemical treatment was necessary for crops applications.

After a laboratory development the chemical and physical requirements were fixed and the 
variables optimized, the process shown in Figure 1 was applied (see also Table 2).

Table 2. Treated AMD

Concentration Units

pH 6.50 ud

C.E. 3,150 microS/cm

SO4 1,440 mg/L

Cl– 130 mg/L

NO3
– 30 mg/L

PO4H2
– 70 mg/L

Ca2+ 440 mg/L

Mg2+ 122 mg/L

Na+ 40 mg/L

K+ 0.3 mg/L

Cu2+ 0.5 mg/L

Zn2+ 0.8 mg/L

B 0.2 mg/L

Figure 1. Flowsheet of the treatment
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The equipment for water treatment is as easy as follows:
•	 A stirred tank for alkaly addition in a previous neutralization stage.
•	 A filtration continuous system to eliminate solid residues. Mainly metallic hydroxides.
•	 Another stirred tank for acidification to pH=6,5 with HNO3 and H3PO4.
•	 One automatic feed system for fertilizers, and other nutrients for the plants.
During all tests, an automatic control system, including close loops for pH adjustments, 

was used to fix the demands of water and nutrients by the plant along the phenological cycle. 
Another aim was to enhance the plants production and quality of final product in the specific 
crop, overcoming any adversities: salinity, (SO4

=), (B), avoiding any environmental risks.

EXPERIMENTAL PLANTATION

A research plot area of 1 hectare was located close to our main technological center, in 
Burguillos (Sevilla, SW Spain), 37°35'41"N 5°58'55"W (see Figures 2–6). Each line of plants 
was equipped with a series of irrigation emitters with a designed flow of 1.6 L/h and spaced 1 
m apart.

Soils are very calcareous, alkalines (pH: 8–8.4), with low organic matter content (<1.5%).
Suction probes at different depths were installed, constituting a tool to know what hap-

pens in the raticular zone of trees, in order to estimate the availability of the nutrients in the 
soil at any time (amounts and balances), as well as the rate of absorption of the fertilizers and 
the conditions of absorption (pH, humidity and salinity), being so the result due to interac-
tions produced in the fertilizer-soil-plant dissolution process.

Suction probes will also keep great control over any possible leaching, providing means to 
reduce/avoid/overcome/identify any environmental risks.

Chemical composition of the soil solutions at different depth of root-zone profile, together 
with foliar (leaves) analytical results, and permits optimize irrigation by zones of the AMD 
treated and fertilizer (fertilizer solution).

With those samples (8 samples every 5 months) we are able to monitor:
•	 Real Fertilizer Solution Analysis and its evolutions along the test.

Figure 2. Nutritional monitoring system
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•	 Soil Solutions Analysis at three different depths, and availability of each nutrient. Also 
is a global view of synergies, antagonisms, and hydraulic gradient.

•	 Foliar composition evolution, monitoring carential levels in advance, always sampling 
around 20 trees—always the same—close to the suction probes.

A physiological plant answer to the applied fertilizer solution, with a dynamic and real 
balance of ions and water through root-zone can help us optimize the plants development of 
the agronomic project (yield and quality), and minimize environmental and economic impact.

Figure 3. Crops area beside AGQ Technological Center

Figure 4. Early plantation stages
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Figure 5. Crops development

Figure 6. Plants evolution, and suction probes details
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RESULTS

Treated water was used as Real Fertilizer Solution with an irrigation flow average of 
10.6  m3/h/Ha. Weather conditions and plants behavior make the different in flows along the 
test duration. After consolidated plants growth and when fertilizers began to be added (ammo-
nium nitrate and potassium nitrate), three sampling program was conducted.

Tables 3–5 show the results obtained in May and September 2010, and in May 2011. 
In all cases, the fertilizer solutions and de aqueous solutions at three different depths were 
sampled an analyzed.

High consumption of nitrogen forms, phosphorus as phosphate and potassium is observed. 
A concentration of chloride and sodium is produced and this can be affect plants growth, 
although a rate of 0.7 mm of diameter per day was obtained.

In order to prevent limitation effects the irrigation flow rate was increased.
In this sampling no high salinity concentration is found, chloride and sodium levels at 

60 cm depths are lower than in the previous sampling. Phosphorus and nitrogen were taken 
by plants till total consumption, and a growth rate of 1 mm of plants diameter per day was 
reported.

After 2010–2011 winter another sampling program was conducted, during that period 
the principal differences were about the rains and low temperature, but at the beginning of 
spring season the amount of nitrogen was increased in real solution fertilizer.

Table 3. Sampling program results in May 2010

May-10 pH
CE

mS/cm2
H2PO4

=

(mg/L)
Cl–

(meq/L)
SO4

=

(meq/L)
NO3

–

(meq/L)
NH4

+

(meq/L)
Ca2+

(meq/L)
Mg2+

(meq/L)
Na+

(meq/L)
K+

(meq/L)
B

(meq/L)

Real fertilizer solution 6,70 3050 68,1  3,86 28,86 4,86  2,27 21,87 10,45 1,80 1,83 0,18

S. Probe at 20 cm 7,65 3332 28,9  4,98 24,52 3,43  0,66 24,33 11,50 2,21 1,08 0,21

S. Probe at 40 cm 7,80 3550 17,9  7,20 24,91 2,21 <0,14 25,43 11,25 3,96 0,71 0,25

S. Probe at 60 cm 8,20 3890  8,2 10,81 24,98 0,53 <0,14 28,30 11,30 6,28 0,22 0,23

Table 4. Sampling program results in September 2010

September-10 pH
CE

mS/cm2
H2PO4

=

(mg/L)
Cl–

(meq/L)
SO4

=

(meq/L)
NO3

–

(meq/L)
NH4

+

(meq/L)
Ca2+

(meq/L)
Mg2+

(meq/L)
Na+

(meq/L)
K+

(meq/L)
B

(meq/L)

Real fertilizer solution 6,40 3250 70,1 3,86 31,22 6,54 3,67 20,45 11,21 1,80 2,25 0,28

S. Probe at 20 cm 7,45 3112 38,9 4,78 30,12 4,53 0,45 23,42 10,30 2,11 1,12 0,21

S. Probe at 40 cm 7,50 3093 27,9 5,20 29,91 1,75 <0,14 24,56 10,98 2,87 0,54 0,22

S. Probe at 60 cm 7,52 2920 0,2 6,82 28,15 0,76 <0,14 28,15 11,30 3,54 0,10 0,20

Table 5. Sampling program results in May 2011

May-11 pH
CE

mS/cm2
H2PO4

=

(mg/L)
Cl–

(meq/L)
SO4

=

(meq/L)
NO3

–

(meq/L)
NH4

+

(meq/L)
Ca2+

(meq/L)
Mg2+

(meq/L)
Na+

(meq/L)
K+

(meq/L)
B

(meq/L)

Real fertilizer solution 6,20 3120 72,1 4,20 32,25 8,02 5,11 21,35 11,05 1,72 2,00 0,29

S. Probe at 20 cm 7,22 3200 41,3 4,61 31,05 6,11 2,11 24,33 10,30 2,11 1,58 0,22

S. Probe at 40 cm 7,40 3505 25,5 5,20 30,08 2,50 <0,14 25,01 11,12 2,28 0,82 0,24

S. Probe at 60 cm 7,75 3795 0,4 5,58 36,12 2,27 <0,14 27,65 11,87 2,94 0,31 0,21
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A continuous growth was observed with rates of 1.6 mm of diameter per day. The con-
sumption of nitrogen, phosphorus and potassium, was almost total, and no effects of salinity 
was found.

At the same time a continuous and detailed program of foliar analysis was completed; in 
Figure 7 the elements concentrations in leaves are represented.

From all the previous data some comments are pointed out:
•	 High plants absorption, by means of consumption, of main nutrients ions (N, P, K). 

As results a great growth rate was achieved.
•	 A relevant water limitation was found in the first sampling, with no absorption effect 

of ions, especially Cl– and Na+. An increase of salinity due to the low irrigation flow, 
and as a consequence, a minor metabolic activity, was found.

•	 In the second sampling, salinity problem is minimized after increasing the flow coef-
ficient. It is also observed less concentration of toxic elements, Cl and Na, in foliar 
analysis.

•	 In all cases the chemical composition of solution at high depths is not pollutant and 
has no environmental restriction.

CONCLUSIONS

Acidic chemical water treatment is suitable as initial stage for preparing a fertilizer solution 
to use in woody energy crops. By means of an agronomic sophisticated process this fertilizer 
solutions can be used as nutrient for eucalyptus species.

Eucalyptus plants growth without problems and productivity are closely tied to water (real 
solution fertilizer) use.

The knowledge of what happens in the soil-plant-water system, allows us to know physi-
ological and plant answer to the applied fertilizer solution, and availability and real balance of 
ions and water through root-zone. With a result of optimization of agronomic results (yield 
and quality), and minimize environmental impact
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Figure 7. Foliar analysis, elements concentrations in leaves
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This control also contributes for optimization in the use of fertilizers, and efficiency in 
production cost.

A new viable processes to convert mining effluents to woody energy crops can be applied.

REFERENCES

1. Jenkins, H., and Yakovleva, N. 2006. Corporate social responsibility in the mining industry: Exploring 
trends in social and environmental disclosure. Journal of Cleaner Production 14(3-4):271–284.

2. Nieto, J.M., Sarmiento, A.M., Olías, M., Canovas, C.R., Riba, I., Kalman, J., and Delvalls, T.A. 
2007. Acid mine drainage pollution in the Tinto and Odiel rivers (Iberian Pyrite Belt, SW Spain) 
and bioavailability of the transported metals to the Huelva Estuary. Environment Internacional 
33(4):445–455.

3. Rockwood, D., Rudie, A., Ralph, S., Zhu, J., and Winandy, J. 2008. Energy product options for 
Eucalyptus species grown as short rotation woody crops. International Journal of Molecular Sciences 
ISSN 1422-0067. 

4. Warhurst, A., and Bridge, G. 1996. Improving environmental performance through innovation: 
Recent trends in the mining industry. Minerals Engineering 9(9):907–921.

5. Zalesny, R.S., Jr., Wiese, A.H., Bauer, E.O., and Riemenschneider, D.E. 2009. Ex situ growth and 
biomass of Populus bioenergy crops irrigated and fertilized with landfill leachate. Biomass Bioenergy 
33:62–69.

WaterMineralsProcessing.indb   195 11/22/11   1:49 PM



 197
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ABSTRACT

This study examines the surface alteration and flotation behaviour of synthetic pentlandite 
in mixture with pyroxene, in the presence of process water containing various ionic concen-
trations. Ionic strength was also investigated using sodium chloride to modify the water ion 
concentration. It is proposed that ions found in process waters passivate the mineral surfaces 
and inhibit collector adsorption which affects the floatability of pentlandite.

ToF-SIMS and XPS analyses were used to characterise the mineral surface as well as the 
extent of surface alteration. Microflotation was used to determine the hydrophobicity of the 
synthetic minerals.

The results have shown that there seems to be a synergistic effect between an ionic strength 
of ≥0.1 and ion concentration in process water. However, the ions in the process water play 
a more significant role compared to ionic strength in terms of mineral surface alteration and 
floatability of the mineral mixtures evaluated.

INTRODUCTION

It is well established that the quality of process water has a significant influence on flota-
tion recovery and selectivity, especially when the water is recycled, and the concentration of the 
ions increases (Levay et al., 2001). Many in-house studies have been carried out to determine 
which ions play a detrimental role during Platinum Group Element (PGE) mineral flotation 
and to possibly determine threshold values. The results obtained do not specifically identify 
detrimental ions but show that waters with varying cation and anion concentrations result in 
varying flotation responses. Currently only nitrate and ammonium have been identified as 
problem ions which negatively affect the flotation response of the PGE minerals. The fun-
damental studies that have been conducted have shown that certain ions, viz. calcium, play a 
detrimental role in the flotation of pentlandite and pyroxene mixtures when compared to the 
results obtained using a simple electrolyte (Malysiak, 2003).

During the study described in this paper, synthetic water, containing key ions typically 
found in process water, was prepared in order to determine the effect of varying the con-
centration of cations and anions on the floatability and selectivity of pentlandite–pyroxene 
mixtures in the presence and absence of SIBX at pH 9. Ionic strength was also varied using 
ions which have a minimal effect on flotation to de-couple ionic strength from the cations and 
anions present in solution. Microflotation and ToF-SIMS (Time of Flight Secondary Ion Mass 
Spectrometry) were used as tools in determining the effect of surface alteration on the flotation 
response.
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The objective of the study is to obtain a fundamental understanding of the floatability 
of pentlandite and pyroxene mixtures by measuring the effect of parameters such as collector 
adsorption, ionic activation, and the distribution of ions on the mineral surfaces and relating 
these to the microflotation behaviour of the samples.

EXPERIMENTAL METHODS

Minerals

Natural pyroxene and synthetic pentlandite [(Fe,Ni)9S8] was used during the study. 
Pentlandite was synthesised at Anglo Research (AR) using a method developed by Johnson 
Matthey. After hydrogen de-sorption, reduced iron (11g) and reduced nickel (11.86g) were 
mixed with sulphur flake (11.41g) and transferred to a quartz ampoule. The evacuated, sealed 
ampoule was stage heated in a furnace to 1150°C for 2 hours then cooled to ambient tem-
perature. The final product was sent for mineralogical analysis to verify the homogeneity of 
the sample.

Natural pyroxene from Amandelbult Section was crushed to 2mm and selected by hand 
picking.

Mineral samples were stored under argon in a freezer and freshly ground in an agate mor-
tar just prior to each experiment. The products were screened to obtain size fractions of +25µm 
–53µm for pentlandite and +53–106µm for pyroxene; these fractions were combined in a 1:1 
ratio of pentlandite to pyroxene for both the microflotation and surface analysis testwork.

Reagents

Purified sodium isobutyl xanthate (SIBX) powder was obtained from SENMIN and used 
as the collector at a dosage of 5.00E–05M. Other chemicals were of analytical grade quality. 
Sodium carbonate (0.1M) and hydrochloric acid (0.1M) were used for pH adjustment.

Synthetic Water Composition

During the study, deionised water (DI) and synthetic process water, which contains simi-
lar amounts of key ions typically found in process water used on PGM concentrators, was used 
for the microflotation tests, XPS and ToF-SIMS analyses. Variations in the concentration of 
the cations and anions (synthetic water, 5× synthetic water and 10× synthetic water) were also 
evaluated (Table 1). Table 2 shows the ionic strength trials where ionic strength was varied 
using sodium chloride solutions with a concentration of 2.5g/L and 25g/L.

Time of Flight Secondary Ion Mass Spectrometry

Surface analysis of the minerals was carried out using a PHI TRIFT IV ToF-SIMS instru-
ment operating in the static SIMS regime. A pulsed primary ion beam bombards the sample 
surface, causing the emission of atomic and molecular secondary ions. A small percentage of 
the secondary ions are charged and can therefore be extracted by an electric field into a mass 
spectrometer. The mass spectra are recorded by measuring the time difference between pulsing 
the primary ion gun and the arrival of secondary ions on a fast dual microchannelplate detector 
at the spectrometer, by means of a multistop time-to-digital converter. ToF-SIMS analysis was 
carried out on stirred trial products (samples were conditioned in the desired solution at pH 
9 for 1 minute prior to reagent addition; a 2 minute conditioning period was used for SIBX). 
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The samples were filtered and washed with deionised water (conductivity 0.7µmScm–1), 
adjusted to pH 9, to remove any physically attached ions. All samples were dried in an argon 
atmosphere at ambient temperature, screened and stored under argon in a freezer.

Throughout the study a 30kV, 100µm-Au1 bunched cluster beam with charge compensa-
tion was used. Five areas (300×300µm) of each sample were imaged and analysed for K, Si, 
Na, Ca, Mg, Al, Ni, Fe, and Cu during positive ion analysis and S, O, OH, and xanthate 
during negative ion analysis. The data obtained were evaluated using Statistica. The intensities 
obtained are normalised for the elements of interest and presented as a percent normalised 
yield.

Microflotation Testwork

A microflotation cell (volume 250cm3) was used to determine the flotation response of 
pyroxene and pentlandite–pyroxene mixtures. The cell consists of a conical tapered cylindri-
cal tube with air introduced through a needle at the base of the cell (Wesseldijk et al., 1999). 
Mineral loaded bubbles rise through the cell and are deflected off the cone at the top of the 
cell, after which they burst, resulting in the minerals dropping into the concentrate launder. 
The testwork involved taking a 2g sample (1g of pentlandite (+25–53µm) and 1g of pyroxene 
(+53–106µm)) which was added to 250mL of the required solution, which had been adjusted 
to pH 9. The desired pH was maintained throughout the flotation by adjusting with either 
sodium carbonate or hydrochloric acid. Concentrates were collected at time intervals of 2, 5, 
and 10 minutes. The floated and non-floated fractions were allowed to dry in air, screened and 
weighed. The conditioning period for SIBX was 2 minutes.

Table 1. Synthetic water—cation and anion concentrations

Cation/Anion

Deionised Water Synthetic Water 5× Synthetic Water 10× Synthetic Water

ppm

Ca2+ 29 80 400 800

Mg2+ 33 80 400 800

Na+ 87 135 675 1350

Cl– 143 270 1350 2700

SO4
2– 110 250 1250 2500

NO3
– 88 135 675 1350

CO3
2– 16 40 200 400

TDS 506 990 4950 9900

Ionic strength 0.012 0.025 0.13 0.25

Table 2. Synthetic water—variations in ionic strength

Cation/Anion 2.5 g/L NaCl, ppm 25 g/L NaCl, ppm

Na+ 984 9,835

Cl– 1,516 15,165

TDS 2,500 25,000

Ionic strength 0.043 0.43
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RESULTS

The figures and tables in this section show data for either pentlandite or pyroxene on their 
own but the interpretation should always consider that the testwork was carried out as pent-
landite–pyroxene mixtures and not as single minerals. Therefore dissolution products from 
either pentlandite or pyroxene may contribute to the surface alteration of both minerals and 
affect floatability.

Surface Analysis

ToF-SIMS analysis is a well-established technique in determining the occurrence of 
atomic/molecular species on the surface of mineral samples. It must be noted that the ToF-
SIMS values are relative and not absolute. Figures 1 to 4 show the calcium, silicon, aluminium 
and magnesium ions normalised yield obtained for pentlandite and Figure 5 shows the calcium 
ions normalised yield obtained for pyroxene.

It is clear that calcium, silicon, aluminium and magnesium ions adsorb onto the pentland-
ite mineral surface thereby masking the nickel-iron mineral surface. These passivation layers 
can hinder xanthate adsorption which would negatively influence the pentlandite recovery. 
It should be pointed out that as the concentration of calcium ions in solution increases an 
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Figure 1. Calcium ions normalised yield relative 
percent for pentlandite

Pentlandite
(95% Confidence Interval)

P
n,

 D
ry

, u
ns

cr
ee

ne
d

P
n,

 D
I, 

N
R

P
n,

 D
I, 

S
IB

X
P

n,
 S

yn
, N

R
P

n,
 S

yn
, S

IB
X

P
n,

 S
yn

 5
X

, N
R

P
n,

 S
yn

 5
X

, S
IB

X
P

n,
 S

yn
 1

0X
, N

R
P

n,
 S

yn
 1

0X
, S

IB
X

P
n,

 2
.5

g/
L 

N
aC

l, 
N

R
P

n,
 2

.5
g/

L 
N

aC
l, 

S
IB

X
P

n,
 2

5g
/L

 N
aC

l, 
N

R
P

n,
 2

5g
/L

 N
aC

l, 
S

IB
X

0

1

2

3

4

5

6

7

8

S
i I

on
s 

N
or

m
al

is
ed

 Y
ie

ld
 (R

el
at

iv
e 

%
)

 Mean  ±SE  ±1.96*SE 

Figure 2. Silicon ions normalised yield relative 
percent for pentlandite
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increase in calcium ion adsorption is observed on the pentlandite mineral surface. However, 
a maximum calcium adsorption is reached at a calcium solution concentration of around 
400 ppm (5× synthetic water trials).

The ionic strength testwork (circled) has shown a significant increase in calcium ion 
adsorption on pentlandite surfaces in the presence of sodium chloride (Figure 1). The alu-
minium and magnesium ion surface concentration is significantly lower on pentlandite sur-
faces compared to the DI and synthetic water trials (Figures 3 and 4). The aluminium surface 
concentration is also significantly lower than that observed on the dry untreated pentlandite 
mineral surface which is probably due to a masking effect from the resultant Ca adsorption. 
The higher calcium adsorption for the NaCl trials compared to the synthetic water trials is 
probably due to minimal competition from other ions in solution and a higher affinity of cal-
cium for both pentlandite and pyroxene surfaces (Figures 1 and 5).

Figures 6 and 7 show the xanthate (SIBX) and Figures 8 and 9 show the sulphur ions nor-
malised yield obtained for pentlandite and pyroxene, respectively.

The results show that for pentlandite there is xanthate adsorption when compared to the 
corresponding no reagent trials (Figure 6). The xanthate adsorption increases as the cation and 
anion concentrations increase in the synthetic water but does not increase further in the 10× 
synthetic water when compared to the 5× synthetic water trial; again suggesting that a thresh-
old value has been reached. The baseline for xanthate detection on pentlandite surfaces after 
treatment in solution increased when compared to the dry untreated sample. This may be due 
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Figure 3. Aluminium ions normalised yield 
relative percent for pentlandite
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Figure 4. Magnesium ions normalised yield 
relative percent for pentlandite
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202 effect of Water quality on Minerals Processing

to the interference of other elemental and molecular species in the solutions which absorb onto 
the mineral surface.

The ionic strength testwork (shown in the rectangles) has shown a significant increase in 
xanthate ion adsorption for pentlandite in the presence of sodium chloride especially at the 
25g/L NaCl concentration (Figure 6).

The results for xanthate adsorption onto pyroxene surfaces, although not significant, show 
a trend of increased adsorption as the cation and anion concentrations in solution increases 
with higher values obtained for the NaCl trials (Figure 7). The sulphur ions results, which 
may infer xanthate adsorption, show a significant difference in the surface coverage for the 
sodium chloride trials compared to the synthetic water trials for both pentlandite and pyroxene 
(Figures 8 and 9). This would most likely result in a higher flotation response for both miner-
als. The higher xanthate/sulphur adsorption on both pentlandite and pyroxene may be due to 
higher iron/nickel species and/or sodium adsorption on the mineral surface.

Microflotation

Microflotation testwork was performed with the aim of linking the trends observed from 
the surface analysis experiments to floatability. To evaluate the contribution of entrainment 
and natural floatability, flotation tests were conducted without any reagent addition.

Effect of Cation and Anion Concentrations

The objective of these trials is to determine the effect of varying the concentration of 
cations and anions on the floatability and selectivity of pentlandite–pyroxene mixtures in the 
presence and absence of SIBX at pH 9. Deionised water, synthetic water, 5× synthetic water 
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Figure 5. Calcium ions normalised yield relative percent for pyroxene

WaterMineralsProcessing.indb   202 11/22/11   1:49 PM



 effect of cations, anions, and ionic strength on flotation 203

and 10× synthetic water were evaluated during the testwork. The 5× synthetic water concen-
tration was chosen as it is similar to the amount of ions observed in the Rustenburg waters and 
the 10× synthetic water was chosen to possibly determine threshold values of the ions present 
with respect to flotation recovery. Figures 10 and 11 show the recovery–time curves obtained 
for pentlandite and pyroxene minerals, respectively.

The microflotation data has shown that in the absence of reagents the highest pentlandite 
recovery (~26%) was obtained in deionised water (Figure 10). All the synthetic water concen-
trations gave similar pentlandite recoveries (~14%). In the presence of xanthate the highest 
pentlandite recovery (~74%) was obtained in the 10× synthetic water concentration, while the 
synthetic and 5× synthetic water concentrations gave a pentlandite recovery of ~67%. DI water 
gave the lowest pentlandite recovery (~55%).

Pyroxene recovery in the absence of reagents was lowest (~2%) in the 10× synthetic water 
concentration, while the highest pyroxene recovery was achieved in deionised water (~4%). In 
the presence of xanthate the highest pyroxene recovery (~17%) was obtained using synthetic 
water, while the DI, 5× synthetic and 10× synthetic water concentrations gave similar pyroxene 
recoveries (~8%). This indicates that ions present in process water play a significant role in the 
floatability of pentlandite and pyroxene.
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Figure 6. Xanthate ions normalised yield 
relative percent for pentlandite
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Figure 7. Xanthate ions normalised yield 
relative percent for pyroxene
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Figure 8. Sulphur ions normalised yield relative 
percent for pentlandite
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Figure 9. Sulphur ions normalised yield relative 
percent for pyroxene
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Figure 10. Pentlandite recovery–time curves at pH 9 comparing no reagents and SIBX in DI water 
and various synthetic water concentrations
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Effect of Ionic Strength

Figures 12 and 13 show the recovery–time curves obtained for pentlandite and pyroxene 
minerals, respectively. These graphs compare the results obtained for pentlandite–pyroxene 
mixtures in the absence of reagents and with xanthate addition using waters with various ionic 
strengths at pH 9. Ionic strength was varied, using Na and Cl ions to de-couple ionic strength 
from the cations and anions present in solution.

The microflotation data shows similar pentlandite (~43%) and pyroxene (~12%) recov-
eries in the absence of reagents irrespective of the ionic strength. These recoveries are much 
higher than those obtained for the synthetic water concentration trials. In the presence of xan-
thate, pentlandite recoveries of ~74% were obtained, which is similar to the results obtained 
for the 10× synthetic water trial. However, the pyroxene recovery was significantly enhanced 
irrespective of the ionic strength when compared to the cation and anion concentration tri-
als. This indicates that ionic strength plays a role in the flotation recovery of pentlandite and 
pyroxene.

DISCUSSION

The key objectives of this study were to determine:
1. Whether the concentration of cations and anions in process water plays a role in sur-

face alteration and floatability of the value and gangue minerals.
2. Identify which ions affect surface alteration and floatability of both the value and 

gangue minerals.
3. Determine possible thresholds values of the ions which affects surface alteration and 

floatability of both the value and gangue minerals.
4. Whether the ionic strength plays a role in surface alteration and floatability of the 

value and gangue minerals.
5. Whether there is a synergistic effect between the ions present in process water and 

ionic strength.
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Figure 11. Pyroxene recovery–time curves at pH 9 comparing no reagents and SIBX in DI water 
and various synthetic water concentrations
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When comparing the results obtained from the deionised and synthetic water trials it is 
clear that the presence of key ions typically found in process water reduces the pentlandite 
recovery compared to those achieved in deionised water in the absence of xanthate (Figure 10). 
When xanthate is added to the system then the recovery of pentlandite increases as the ion 
concentration in the water increases. Hodgson and Agar (1989) concluded that xanthate che-
misorption onto the pentlandite surface takes place on the nickel sites. Based on this observa-
tion, one possible mechanism contributing to the higher pentlandite flotation response could 
be a higher number of nickel sites available for xanthate adsorption.

0

20

40

60

80

100

0 2 4 6 8 10 12

R
ec

ov
er

y 
(%

)

Time (minutes)

Pentlandite Microflotation
(In mixture with pyroxene at pH 9)

2.5 g/L NaCl 2.5 g/L NaCl, SIBX

25 g/L NaCl 25 g/L NaCl, SIBX

Figure 12. Pentlandite recovery–time curves at pH 9 comparing no reagents and SIBX in 2.5 g/L 
and 25 g/L NaCl solutions
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and 25 g/L NaCl solutions

WaterMineralsProcessing.indb   206 11/22/11   1:49 PM



 effect of cations, anions, and ionic strength on flotation 207

The ToF-SIMS results have shown the adsorption of calcium, silicon, aluminium and 
magnesium ions on the pentlandite surface (Figures 1 to 4). Calcium in particular is readily 
adsorbed onto the mineral surfaces and increases as the ion concentration increases; a maxi-
mum adsorption is reached at a calcium concentration of around 400 ppm in solution (5× 
synthetic water trials). The surface concentrations of calcium, silicon, aluminium and magne-
sium ions did not seem to hinder the pentlandite floatability at the concentrations evaluated.

In terms of pyroxene recovery; it has previously been shown (Shackleton, 2003) that the 
higher pyroxene recovery observed in a mixture with pentlandite is attributed to a higher 
degree of inadvertent activation by Ni2+ species and the same is true for this study (Figures 
not shown). Copper ions were also observed on the pyroxene mineral surfaces due to occlu-
sions of chalcopyrite in the natural pyroxene mineral. Xanthate anions would adsorb onto the 
positively charged nickel and copper sites due to electrostatic attraction. The lower floatability 
of pyroxene observed at the higher ion concentrations (5× and 10× synthetic water) could be 
associated with a lower concentration of pentlandite dissolution products in solution due to 
the formation of a calcium passivation layer on pentlandite surfaces. Smart (1991) has also 
shown that xanthate has a cleaning action on gangue mineral surfaces which may take the 
form of detachment of colloidal particles, which inadvertently activate the pyroxene surface, 
from these surfaces. Cleaning of the gangue mineral surfaces is expected to assist in selectivity.

Although suggestions have been made regarding the mechanisms for the flotation response 
of pentlandite and pyroxene in process waters with varying ion concentrations the comparison 
is less straightforward due to the difference in ionic strength especially for the 10× synthetic 
water trials. One of the factors that could also contribute to a higher recovery is an increase in 
ionic strength. It is well-documented by Blake and Ralston 1985, that at an ionic strength of 
0.1, the bubble size decreases and bubble density increases per unit volume. For a particle to 
adhere to a bubble the following events must occur; (1) thinning and rupture of the interven-
ing film of liquid between particle and bubble; and (2) expansion of the three-phase line of 
contact to form a wetting perimeter. The sum of these two events is the induction time and 
must be less than the contact time if flotation is to occur. An increase in ionic strength leads 
to a decrease in induction time and an increased flotation rate together with a decrease in the 
critical hydrophobicity required for initiating flotation. In addition, the influence of ionic 
strength affects the attachment efficiency by a more rapidly thinning thin liquid film at a 
higher salt concentration due to an increased rate of drainage at the boundary ring (Hewitt et 
al., 1974). An increased ionic strength is also advantageous in recovering weakly hydrophobic 
particles (Crawford and Ralston, 1988). However, for this study an increase in recovery is only 
observed for the synthetic water trial (IS of 0.025) compared to the DI water (IS of 0.012) trial 
in the absence of reagents without any further increase in recovery as ionic strength increases to 
0.13 for the 5× synthetic water and 0.25 for the 10× synthetic water. This suggests that ionic 
strength does not play a role or that the ions present in solution counteract the effect of ionic 
strength. In the presence of xanthate, an increase in pentlandite recovery is observed as the 
ionic strength increases which may purely be due to the induced hydrophobicity introduced by 
the collector as discussed earlier which overcomes the effect of the ions present in solution. It 
is also evident that the ions present in the synthetic water trials depress the pyroxene recoveries 
thereby introducing selectivity between the value and gangue minerals.

In order to de-couple ionic strength from the cations and anions present in solution the 
ionic strength was varied using ions, viz. NaCl. Two sodium chloride concentrations were 
evaluated, namely, 2.5g/L (IS of 0.043) and 25g/L (IS of 0.43). The microflotation results 
show that a much higher recovery of pentlandite and pyroxene was obtained using the NaCl 
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solutions compared to both the DI and synthetic water trials irrespective of cation and anion 
concentrations in the absence of xanthate (Figures 12 and 13). In the presence of xanthate the 
results show that selectivity is reduced as the pyroxene recovery increased significantly (~38%) 
compared to the recovery obtained using an equivalent ionic strength solution, viz. synthetic 
water trial. When comparing the 2.5 and 25g/L NaCl trials, the pyroxene recovery is reduced 
by ~20%. As observed for the higher ion concentration trial (10× synthetic water), the reduc-
tion in pyroxene recovery may be due to an increase in the concentration of ions present in 
solution which now begin to depress the pyroxene recovery as both the 25g/L NaCl and 10× 
synthetic water trial have similar ionic strength. Thus it can be concluded that ionic strength 
plays a role in pentlandite floatability but only when the ionic strength is in the order of 0.1 
or higher as seen for the 10× synthetic water ion concentration (IS of 0.25). However, there 
seems to be no effect of ionic strength for pyroxene when there are minimal concentrations of 
competing ions which would absorb on the mineral surfaces (Figure 13). The absence of these 
competing ions resulted in a significantly higher pyroxene recovery. This is consistent with data 
from a study carried out on a UG2 ore sample. The study involved the evaluation of synthetic 
water and NaCl solutions on the grade-recovery relationship (Figure 14). The results showed 
that the water source which contained ~25g/L NaCl, improved the flotation recovery of the 
valuable minerals but at a slightly lower concentrate grade showing that selectivity between the 
value and gangue minerals was reduced.

The ToF-SIMS data for pyroxene also shows a significantly higher calcium surface cover-
age in the sodium chloride electrolyte compared to the DI and synthetic water trials irrespec-
tive of whether the ionic strength is equivalent or not (Figure 5). This implies that sodium 
and chloride ions modify the mineral surfaces which allow better adsorption of the abovemen-
tioned ion even though the levels were equivalent to those found in the DI water trials. What 
effect the sodium and chloride ions have on flotation is unclear at this stage.

There seems to be a synergistic effect between an ionic strength of ≥0.1 and ion concen-
tration in process water. However, the ions in the process water play a more significant role 
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in mineral surface alteration and floatability of pentlandite and pyroxene compared to ionic 
strength.

CONCLUSIONS

The present study has compared the floatability and surface characteristics of synthetic 
pentlandite and natural pyroxene mineral samples using various concentrations of key ions 
typically found in process water.

•	 In the absence of reagents the additional cation and anion concentrations compared 
to those found in deionised water depressed the pentlandite and pyroxene recovery.

•	 Once xanthate is added to the system then the recovery of pentlandite increases as the 
ion concentration in the water increases. This may be either due to the higher nickel 
concentration on the surface and/or the removal of hydrophilic compounds such as 
metal oxides and hydroxides on the sulphide mineral surface.

•	 Xanthate seems to counteract both the effects of ionic strength and cation and anion 
concentrations in process water.

Ionic strength was evaluated using sodium chloride as the electrolyte in order to de-couple 
ionic strength from the cations and anions present in solution.

•	 The results show that selectivity between pentlandite and pyroxene is significantly 
reduced in the presence of sodium chloride.

•	 The data for pentlandite suggests that ionic strength plays a role but only at concen-
trations of ≥0.1.

•	 The recovery of pyroxene was significantly enhanced in the 2.5 and 25g/L NaCl trials 
compared to the 10× synthetic water test. This suggests that the ions present in the 
10× synthetic water test depress the pyroxene recovery.

•	 When comparing the 2.5 and 25g/L NaCl trials, the pyroxene recovery is reduced by 
~20% which may be due to an increase in the concentration of ions present in solu-
tion which now begin to depress the pyroxene recovery.

The results have shown that the cations and anions present in process water have a dual 
effect on the recovery of pentlandite and pyroxene. There seems to be a synergistic effect 
between an ionic strength of ≥0.1 and ion concentration in process water, however, the ions 
in the process water play a more significant role compared to ionic strength in mineral sur-
face alteration and floatability of pentlandite and pyroxene. Calcium in particular is readily 
adsorbed onto the pentlandite mineral surfaces and no further adsorption at calcium solution 
concentrations of >400 ppm indicating a possible threshold value.
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ABSTRACT

The selection of appropriate frothing agents for flotation of porphyry copper ores in sea 
water is becoming an important issue. In this paper a specially modified laboratory flotation cell 
was designed to study both, the two-phase and three-phase foam/froth layer growth kinetic under 
rougher flotation conditions. This method allows a direct comparison between the foaming and 
frothing properties for a given frother in the environment of fresh water and sea water. First, 
the two-phase foam layer thickness for mixtures of fresh water/sea water and different frothing 
agents, such as, pine oil, X-133/pine oil; DF-1012, DF-250, MIBC, and Matfroth-355, were 
investigated. Most of them show increased foamability in sea water, with exception of pine oil 
whose foamability in fresh water and sea water is nil. Then, the three-phase frothing kinetics as 
a function of pH for samples of three different porphyry copper ores was studied. It was found 
that pine oil is a very good frothing agent in both fresh water and sea water. The DF-1012 and 
DF-250 are strong frothing agents in fresh water, but not in sea water. The froth layer formed 
in sea water is usually smaller in thickness, with lower amount of water, and is little affected by 
pH, (as compared with that obtained in fresh water). The froth layer thickness in fresh water is 
strongly affected by pH, with a peak around pH 10.0–10.5.

INTRODUCTION

The evaluation of frothing agents in flotation systems in usually carried out in a rather arbi-
trary way (Laskowski, 2004; Tan et al., 2005). The most common method consists in assum-
ing that the two-phase foam height or volume produced by a given frother, is directly related 
to its three-phase frothing performance (Malysa et al., 1987; Xia and Peng, 2007). However, 
some compounds with a good foamability cannot be used as flotation frothers because their 
hydrodynamic, frothing or decay properties do not provide adequate operability (Cappuccitti 
and Finch, 2008). Hence, direct evaluation of froth stability in industrial flotation cells seems 
to be necessary (Tsatouhas et al., 2006; Zanin et al., 2009).

Fundamental properties of frothing agents have been extensively studied over the last 
years. These studies have led to the development of standardized procedures to characterize 
frothers in terms of their abilities to reduce bubble size and increase foam stability. The former 
is commonly characterized by the CCC values (critical coalescence concentration) (Cho and 
Laskowski, 2002a,b; Laskowski et al., 2003; Laskowski, 2004; Grau et al., 2005), while the 
latter by the DFI (dynamic foamability index) (Malysa et al., 1981; Czarnecki et al., 1982; 
Malysa et al., 1987; Castro et al., 2010).

The frothers are also assessed in terms of their ability to promote the transport of water 
towards the froth collection zone (Rahal et al., 2001; Schwarz and Grano, 2005; Finch et al., 
2006; Melo and Laskowski, 2006; Melo and Laskowski, 2007). While all this further improves 
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our understanding of the properties of flotation frothers, and the properties of foams gener-
ated in solutions of these frothers, the properties of flotation three-phase froths also depend 
on solid particles, their size, their surface properties and their concentration. Although Malysa 
suggested (1998) that the general relationship between the liquid content and frother concen-
tration measured in foams should not be altered by the presence of solid particles, some results 
suggest that such relationships may be different for different frothers (Melo and Laskowski, 
2007; Kuan and Finch, 2010). Melo and Laskowski (2007) reported for DF-1012 (the most 
surface active polyglycol frother among those studied in that project) that while the foams 
generated with the use of this frother were the most stable and carried most water, the froth 
studied in the presence of hydrophobic bituminous coal particles was remarkably less volumi-
nous when this frother was utilized. The same effect was reported by Kuan and Finch (2010) 
who studied the effect of hydrophobic talc particles on the properties of foams in the presence 
of a polyglycol frother.

In the case of frothing in sea water additional factors must be considered. Surface tension 
at the bubble/solution interface is increased by inorganic electrolytes (Jones and Ray, 1941) 
and, as it is well known, decreases in the presence of surface-active compounds. Bubble size 
decreases in solutions of inorganic electrolytes and in solutions surface-active compounds, 
because both, inorganic salts as well as surface active compounds stabilize bubbles against 
coalescence (Laskowski et al., 2003b; Quinn et al., 2007). Dynamic foamability of common 
flotation frothers increases in aqueous sodium chloride solutions and sea water (Castro et al., 
2010; Castro et al., 2012). Since the role of flotation frothers is to decrease bubble size and 
increase froth stability, in flotation systems inorganic electrolytes may exhibit capabilities simi-
lar to those exhibited by frothers. However, the three-phase froth properties, when copper ores 
are floated in sea water, have not been extensively studied. The aim of the present work is to 
investigate the frothing capability of traditional frothing agents in a sea water environment.

EXPERIMENTAL

Materials

Methyl isobutyl carbinol (MIBC) was provided by Cytec-Chile; DF-250 and DF-1012 
polyglycol frothers were from Moly-Cop Chile S.A.; Matfroth-355 was provided by Mathiesen 
S.A.C. Other frothers like pine oil and the mixture X-133/pine oil; and collecting reagents 
were commercial grade products provided by the mining industry. A local sample of sea water 
from Concepcion city (Bellavista-Tomé ) with salinity of 33.5% was employed. Fresh water was 
local tap water, and pH was adjusted with lime.

The samples of the porphyry Cu-Mo ores were provided by three large processing plants 
in Chile, and the respective standard laboratory flotation tests were applied. When sea water 
was employed, its usage includes grinding and flotation stages.

Methods

Froth and Foam Layer Thickness Measurements

The froth phase was studied by measuring the maximum froth layer thickness in a labo-
ratory flotation cell so modified that it operates without discharge of concentrate. A LA-500 
Agitair flotation cell with a volume of 2.7 L (Figure 1) was adapted for the foamability and 
frothability tests, as was described elsewhere (Castro et al., 2010). The froth thickness was 
measured during 60 sec by using a digital photographical method coupled to image analysis 
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with the ImageJ software (Figure 2). The height of the foam/froth in the cell was measured 
versus time (growth kinetic), and the maximum foam/froth layer thickness was determined at 
the equilibrium time (t∞).

Experimental Conditions in Frothing Tests

Copper ore (sample 1). The experimental conditions used for sample 1 in Table 1 (feed 
assay: 0.99%Cu, 1.7%Fe and 0.007%Mo) were as follow: ore sample weight, 1,015.7 g; impel-
ler speed, 900 rpm; air flow rate 7 L/min; 30% solids (by wt.); pH 10, particle size distribution 
of the flotation feed: 30% +100 Tyler mesh (P80 = 198.3 µm). Rougher flotation conditions: 
4 min conditioning time.

Copper ore (sample 2).The experimental conditions used for sample 2 in Table 2 (feed 
assay: 0.56%Cu, 5.76%Fe and 0.017%Mo) were as follow: ore sample weight 1,204.4 g; 
impeller speed rate, 900 rpm, air flow rate 10 L/min; 35% solids (by wt.); pH as indicated 

 

Figure 1. A 2.7-L LA-500 Agitair laboratory flotation cell adapted for the measurement of froth 
and foam thickness

Figure 2. Determination of the area occupied by the froth by using the ImageJ program
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in figures; flotation feed particle size distribution: 29.3% + 100 Tyler mesh (P80 = 210 µm). 
Rougher flotation conditions: 5 min conditioning time.

Copper ore (sample 3). The experimental conditions used for sample 3 in Table 3 (feed 
assay: 0.43%Cu, 6.26%Fe and 0.08%Mo) were as follow: ore sample weight, 1,161 g; impeller 
speed rate, 900 rpm; air flow rate 10 L/min; 34% solids (by wt.); pH as indicated in figures; 
flotation feed particle size distribution: 20% +100 Tyler mesh (P80 = 150 µm). Rougher flota-
tion conditions: 5 min conditioning time.

RESULTS AND DISCUSSION

The experimental technique employed in this work for characterization of foaming or 
frothing has the advantage of using the same procedure and equipment which is utilized in the 
rougher laboratory flotation tests.

The kinetics of two-phase foam or three-phase froth formation, and the maximum froth/
foam thickness were obtained according a mathematic model previously published (Castro et 
al., 2010).

h h 1 et
K(t )= − θ− −

3
^ h (1)

where
 ht = froth layer thickness after time t
 h∞ = maximum froth layer thickness at t → ∞
 K = froth growth rate constant
 t = time corrected by the induction time q

Table 1. Flotation reagents used for sample 1 during the rougher three-phase froth measurements

Stage

Flotation Reagents, g/ton Time, min

Matcol
D-101 IsobX

X-133/
Pine oil Diesel Grinding Conditioning Flotation

Grinding — — — 20 7' 05" — —

Flotation 35 5 10 — 4 1

Note: As activator 100 g/ton NaSH.

Table 2. Flotation reagents used for sample 2 during the rougher three-phase froth measurements

Stage

Flotation Reagents, g/ton Time, min

Sascol
-95

Matcol 
TC-123

Matfroth-
355 Diesel Grinding Conditioning Flotation

Grinding — — — 10 3' 30" — —

Flotation 11 22 10 — — 5 1

Table 3. Flotation reagents used for sample 3 during the rougher three-phase froth measurements

Stage

Flotation Reagents, g/ton Time, min

MX-7017 MX-945 MIBC Grinding Conditioning Flotation

Grinding — — — 7' 18" — —

Flotation 26 21 21 — 5 1
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Two-Phase Foaming in Seawater

In this work the foaming properties of common flotation frothers in sea water and fresh 
water were studied. Figure 3 shows the maximum foam layer thickness (h∞) determined in our 
modified flotation cell. These tests were carried out with five different frothing agents (Pine oil, 
the mixture X-133/pine oil, DF-1012, DF-250, and MIBC) in blends of sea water with fresh 
water. Similar results are reported in Figure 4, were Matfroth-335 frother was also included.

It was found that polyglycol frothers (DF-250 and DF-1012) are better foaming agents 
than MIBC, which is rather well known (Tan et al., 2005). It is also clear that most tested 
frothers behave like stronger foaming agents in sea water, in good agreement with the previous 
DFI measurements (Castro et al., 2010). Figures 3 and 4 indicate that the foam layer thick-
ness is higher in sea water than fresh water for most studied frothers (with exception of pine 
oil). In the case of MIBC, a week foaming agent, an increase in its foamability in diluted sea 
water solutions (up to about 50% sea water, v/v) was observed; with a subsequent decreasing 
at higher sea water concentration. It should be noted that pine oil practically does not form 
a layer of two-phase foam under the experimental conditions (in two different set of tests, as 
reported in Figures 3 and 4); and the DF-250 and DF-1012 frothers form the thicker foam 
layer in both fresh water and sea water.

These results indicate that there is good correlation between foamability in fresh water and 
in sea water, i.e., those frothers which behave like week or strong foaming agents in fresh water 
maintain the same character in sea water. However, for most of them, their foaming properties 
are augmented in sea water.

Three-Phase Froth in Copper Ore Rougher Flotation

Contrary to what can be expected from the improved two-phase foamability observed in 
sea water (Figures 3 and 4) the three-phase frothability measured with a copper ore (sample 1) 
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agents (frother dosage, 10 g/ton; pH 10.0; air flow rate, 7 L/min; impeller speed rate in the cell, 
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and X-133/pine oil frother mixture l, was lower in sea water than in fresh water (Figure 5). 
This behaviour was also observed with other copper ores. Hence, these results indicate that less 
voluminous froths are commonly formed in sea water.

It was also found that the froth layer is a function of pH. Figure 6 shows the effect of pH 
on froth thickness (h∞) in fresh water and sea water; a peak in frothability was recorded around 
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pH 10, where also the major difference in froth layer thickness between fresh water and sea 
water was observed.

In order to clarify the effect of pH on the frothing in the pulp of copper sulfide ores, in 
Figures 7 and 8 more examples obtained with other two different copper ores are shown. In all 
studied cases, an increase of the froth layer thickness in fresh water around pH 10.0–10.5 was 
observed. The thickness of froth layer in sea water was smaller than in fresh water, and it was 
less sensitive to pH. Therefore, the major difference in frothability between sea water and fresh 
water appears around pH 10.0–10.5.

These most important results can be summarized as follows: (a) The froth layer thickness 
in fresh water increases with pH, exhibiting a maximum value around pH 10.0–10.5; and 
(b) the froth layer thickness in sea water is significantly smaller in comparison with the fresh 
water results.

Water Recovery in Concentrate

Figure 9 shows the amount of water transferred to froth in copper rougher concentrates 
in the batch flotation tests with ore sample 1. It was found that the water content was lower in 
the froths formed in sea water. These results indicate that dryer froths are produced when sea 
water is employed in flotation tests.

It is well known that in froth flotation bubbles transport mineral particles and water. The 
presence of frothers affect the amount of water recovered in a concentrate (Rahal et al., 2001; 
Boylu and Laskowski, 2007). Usually water recovery increases when bubble size is reduced 
by frothers because the water carrying rate is proportional to frother concentration and gas 
holdup (Melo and Laskowski, 2006; Finch et al., 2006). However, sea water is able to prevent 
bubble coalescence reducing bubble size, in the same way than frothers. Thus, due to this joint 
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oil, 10 g/ton) (ore sample 1)
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effect, it could be expected that water recovery be higher in sea water. In practice this is very 
different. Water is transported to froth as thin liquid films surrounding the bubbles, and when 
the thickness of this film increases the water carrying rate increases as well (Finch et al., 2006). 
Our results show that in the case of sea water, the electrolytes contained in it reduce the water 
carrying rate, which is in good agreement with previous results (Melo and Laskowski, 2006). 
Therefore, the smaller frother layer thickness and the less water content in sea water froths are 
experimental pieces of evidence showing that inorganic electrolytes decrease the thickness of 
the liquid films surrounding bubbles.
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Figure 7. Effect of pH on froth layer thickness in fresh water and sea water (frother: Matfroth-355, 
10 g/ton) (ore sample 2)
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Selection of Flotation Frothers in Sea Water

Selection of frothing agents for flotation of copper ores in sea water emerges as an impor-
tant issue. In Figures 10–14, the kinetic of froth layer growth in fresh water and sea water is 
compared (copper ore sample 1).

Figures 10, 11 and 14, show that pine oil, MIBC and the X-133/pine oil mixture prac-
tically maintain their frothability when fresh water is replaced by sea water. However, the 
frothabilities of DF-1012 and DF-250 are markedly reduced in sea water.
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Figure 10. Froth layer growth kinetics for the X-133/Pine oil frother (10 g/ton) in fresh water and 
sea water at pH 10 (ore sample 1)
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Figure 15 summarizes these results. This comparison confirms that MIBC is the weaker 
frothing agent of the group (in both fresh water and sea water); while the mixture X-133/
Pine oil is the stronger one. In both cases, the differences in frothability between fresh water 
and sea water were very small. However, the major differences in frothability were observed 
for polyglycol frothers (DF-1012 and DF-250), which loose frothability in sea water. These 
results strongly suggest that polyglycol frothers are not so good frothers in sea water as they are 
in fresh water. In addition, pine oil, with a very low foamability in two-phase systems, turned 
out to be one of the best three-phase frothers for copper ores in both fresh water and sea water.
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Figure 11. Froth layer growth kinetics for Pine oil frother (10 g/ton) in fresh water and sea water 
at pH 10 (ore sample 1)
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Figure 12. Froth layer growth kinetics for Dowfroth-1012 (10 g/ton) in fresh water and sea water 
at pH 10 (ore sample 1)
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Therefore, the three-phase frothability of a given frother in sea water does not necessarily 
exhibit a good correspondence with its two-phase foamability. Pine oil and the X-133/pine oil 
mixture are week foaming agents in fresh water and even in sea water, but very good froth-
ing agents (flotation frothers) in fresh water and sea water. Along the same line, DF-250 and 
DF-1012 are very good two-phase foaming agents in fresh water and sea water, but weak flota-
tion frothing agents in sea water. MIBC maintains its weak foaming/frothing properties under 
all conditions. The differences in foaming properties described here for polyglycol frothers and 
MIBC are in good agreement with literature data (Tan et al., 2005).
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Figure 13. Froth layer growth kinetics for Dowfroth-250 (10 g/ton) in fresh water and sea water 
at pH 10 (ore sample 1)
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Figure 14. Froth layer growth kinetics for MIBC (10 g/ton) in fresh water and sea water at pH 10 
(ore sample 1)
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CONCLUSIONS

The modified laboratory flotation cell employed in this work was found to be useful in 
assessing foaming and frothing properties of flotation frothers in sea water and fresh water. 
It was found that most common frothers increase their foamability in sea water, i.e., behave 
like stronger two-phase foaming agents in sea water. However, there is no a direct relationship 
between the two-phase behaviour, and the subsequent copper sulfide ore three-phase frothing 
properties in sea water. For example, the foaming property of pine oil in fresh water and sea 
water is practically nil, but it is one of the best in producing voluminous froth in copper ore 
flotation pulps, both in fresh water and sea water environment. Along the same line, the poly-
glycol frothers DF-1012 and DF-250 are strong foaming and frothing agents in fresh water, 
but their frothabilty strongly decrease in sea water. In general, if the frothability of copper ore 
pulps in fresh water is compared with that in sea water, the froth layer thickness is usually lower 
in sea water. In addition, in fresh water the frothability is highly influenced by pH showing a 
peak around pH 10.0–10.5; this is much less sensitive to pH in sea water. The carrying rate 
of water into copper rougher concentrates is lower for sea water froths (dryer froths), which is 
consistent with the thinner froth layer thickness observed under such conditions.

ACKNOWLEDGMENTS

Funding for this project was provided by the CORFO-INNOVA CHILE (Project 
08CM01-18), with industrial sponsorship from: Antofagasta Minerals (Minera Esperanza); 
BHP Billiton (Minera Escondida Ltd.); Anglo American Chile (Mantos Blancos); and Teck 
(Carmen de Andacollo), through AMIRA-International operating Research Grant P968.

REFERENCES

Boylu, F., and Laskowski, J.S. 2007. Rate of water transfer to flotation froth in the flotation of low-rank 
coal that also requires the use of oily collector. Int. J. Miner. Process., 83: 125–131.

Frother type
1 2 3 4 5

M
ax

im
um

 fr
ot

h 
th

ic
kn

es
s,

 c
m

0

2

4

6

8

10

Fresh water
Sea water

Figure 15. Froth layer thickness as a function of the frother type in fresh water and sea water: 
(1) X-133/Pine oil; (2) Pine oil; (3) Dowfroth-1012; (4) Dowfroth-250; (5) MIBC (10 g/ton; 
pH 10) (ore sample 1)

WaterMineralsProcessing.indb   222 11/22/11   1:49 PM



 frothing in the flotation of coPPer sulfide ores in sea Water 223

Cappuccitti, F., and Finch, J.A. 2008. Development of new frothers through hydrodynamic 
characterization. Miner. Eng., 21: 944–948.

Castro, S., Venegas, I., Landero, A., and Laskowski, J.S. 2010. Frothing in seawater flotation systems. 
Proc. XXV Int. Mineral Processing Congress, Brisbane, pp. 4039–4047.

Castro, S., Toledo, P., and Laskowski, J.S. 2012. Foaming properties of flotation frothers at high 
electrolyte concentrations (this symposium).

Cho, Y.S., and Laskowski, J.S. 2002a. Effect of flotation frothers on bubble size and foam stability. Int. 
J. Miner. Process., 64: 69–80.

Cho, Y.S., and Laskowski, J.S. 2002b. Bubble coalescence and its effect on dynamic foam stability. Can. 
J. Chem. Eng., 80: 299–305.

Czarnecki, J., Malysa, K., and Pomianowski, A. 1982. Dynamic frothability index. J. Colloid Interface 
Sci., 82(2): 570–572.

Finch, J.A., Gelinas, S., and Moyo, P. 2006. Frother-related research at McGill University. Miner. Eng., 
19: 726–733.

Grau, R.A., Laskowski, J.S., and Heiskanen, K. 2005. Effect of frothers on bubble size. Int. J. Miner. 
Process., 76: 225–233.

Jones, G., and Ray, W.A. 1941. The surface tension of solutions of electrolytes as a function of the 
concentration. II. J. Am. Chem. Soc., 63: 288–294.

Kuan, S.H., and Finch, J.A. 2010. Impact of talc on pulp and froth properties in F150 and 1-pentanol 
frother systems. Miner. Eng., 23: 1003–1009.

Laskowski, J.S. 2003. Fundamental properties of flotation frothers. Proc. 22nd Int. Mineral Processing 
Congress, Cape Town, Vol. 2, pp. 788–798.

Laskowski, J.S. 2004. Testing flotation frothers. Physicochem Probl. Miner. Process., 38: 13–22.
Laskowski, J.S., Cho, Y.S., and Ding, K. 2003b. Effect of frothers on bubble size and foam stability in 

potash ore flotation systems. Can. J. Chem. Eng., 81: 63–69.
Małysa, K., Cohen, R., Exerowa, D., and Pomianowski, A. 1981. Steady-state foaming and the properties 

of thin liquid films from aqueous alcohol solutions. J. Colloids Interface Sci., 80: 1–6.
Malysa, E., Malysa, K., and Czarnecki, J. 1987. A method of comparison of the frothing and collecting 

properties of frothers. Colloids Surf., 23: 29–39.
Malysa, K. 1998. Water contents and distribution in flotation froth. Frothing in Flotation II. 

J.S. Laskowski and E.T. Woodburn, eds. Gordon and Breach, pp. 81–108.
Melo, F., and Laskowski, J.S. 2006. Fundamental properties of flotation frothers and their effect on 

flotation. Miner. Eng., 1: 766–773.
Melo, F., and Laskowski, J.S. 2007. Effect of frothers and solid particles on the rate of water transfer to 

froth. Int. J. Miner. Process., 84: 33–40.
Quinn, J.J., Kracht, W., Gomez, C.O., Gagnon, C., and Finch, J.A. 2007. Comparing the effect of salts 

and frother (MIBC) on gas dispersion and froth properties. Miner. Eng., 20: 1296–1302.
Rahal, K., Manlapig, E., and Franzidis, J.P. 2001, Effect of frother type and concentration on the water 

recovery and entrainment recovery relationship. Miner. Metall. Process., 18: 138–141.
Schwarz, S., and Grano, S. 2005. Effect of particle hydrophobicity on particle and water transport across 

a flotation froth. Colloids Surf. A, 256: 157–164.
Tan, S.N., Pugh, R.J., Fornasiero, D., Sedev, R., and Ralston, J. 2005. Foaming of polypropylene glycols 

and glycol/MIBC mixtures. Miner. Eng., 18: 179–188.
Tsatouhas, G., Grano, S.R., and Vera, M. 2006. Case studies on the performance and characterization 

of the froth phase in industrial flotation circuits. Miner. Eng., 19) 774–783.
Xia, Y.K., and Peng, F.F. 2007. Selection of frothers from residual organic reagents for copper-

molybdenite sulfide flotation. Int. J. Miner. Process., 83: 68–75.
Zanin, M., Wightman, E., Grano, S.R., and Franzidis, J.P. 2009. Quantifying contributions to froth 

stability in porphyry copper plants. Int. J. Miner. Process., 91: 19–27.

WaterMineralsProcessing.indb   223 11/22/11   1:49 PM



 225

Impact of Total Dissolved Solids in Process Water on the 
Surface Properties of Silica and Sphalerite Minerals
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ABSTRACT

High total dissolved solids (TDS) such as calcium sulfate in process water and recycle 
water are considered to have detrimental impact on selective flotation of desired minerals. In 
some sulphide mineral flotation operations, the recycled water contains high concentrations of 
Ca and SO4 ions which exceed the solubility limit of gypsum. It is speculated that the gypsum 
would crystallize on mineral surfaces, resulting in reduced flotation selectivity and recovery. In 
this study, gypsum supersaturated solution is used to represent high TDS water. The impact 
of TDS on the surface properties of silica and sphalerite minerals is investigated using zeta 
potential distribution measurements and scanning electron microscopy (SEM). Our results 
demonstrate that silica and sphalerite minerals carry similar charge in the gypsum supersatur-
ated solution, with zeta-potential of –11 mV. Both silica and sphalerite surfaces are indiscrim-
inately coated with Ca species. The adsorbed layers are mostly Ca ions, not the nucleation of 
gypsum crystals. Needle shape gypsum precipitates are found on both silica and sphalerite 
minerals surfaces conditioned with gypsum-supersaturated solution. However, the gypsum 
does not grow on the mineral surfaces but form in the bulk solution. Zeta potential distribu-
tion results indicate that the hetero-aggregation between mineral and gypsum precipitates is 
not significant. The coating of Ca ions, resulting in the identical surfaces between silica and 
sphalerite, may cause problems during the flotation separation of silica and sphalerite. Further 
investigations on the influence of gypsum supersaturated solution on flotation separation of 
silica and sphalerite will be conducted.

INTRODUCTION

Water quality can have a significant effect on the mineral processing. An understanding 
of the role of water quality in operation is critically important for the improvement of process 
stability and performance (Johnson 2003; Levay and Schumann 2006; Levay et al. 2001; Liu 
et al. 1993). In many cases, high levels of dissolved inorganic and organic chemical species 
from soluble mineral phases, reagent additions, recycled water streams and make-up water 
can contribute to unrecognised and uncontrolled factors in mineral beneficiation processes 
(Schumann R. 2003). In sulphide mineral flotation operation, the recycled water usually con-
tains a high concentration of soluble salts, due to the oxidation of sulphide minerals and the 
dissolution of semi-soluble minerals. For some operations, the concentration of Ca ions in 
recycled water can be as high as 1 g/L (Woodcock 1970), and sulphate ions concentration as 
high as 2.5 g/L, exceeding the solubility limit of gypsum (Grano 1995).

High total dissolved solids (TDS), for instance: calcium sulphate, are considered to have 
detrimental impact on selective flotation of desired minerals. The high concentrations of Ca 
and SO4 ions in mineral process medium (water) have been a persistent concern in sulphide 
mineral flotation practice. It has been reported that while pH adjustment by lime to a value 
of 11 in order to depress pyrite it caused problems in the flotation of galena (Rao 2004). The 
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flotation of chalcopyrite was also reported to be depressed in an alkaline pH when lime was 
used as a pH modifier or when Ca ions were present in the pulp (Liu and Zhang 2000). The 
presence of Ca ions may reduce the exchange rate with activating ions, usually copper and lead 
ions, in the case of sphalerite flotation, resulting in a decrease in recovery (Moignard 1977). 
However, the study carried out by Finch’s group illustrated no change of copper and xanthate 
uptake in the presence of Ca and Mg ions (Lascelles et al. 2003). Their pure mineral flotation 
results indicated that the sphalerite flotation recovery only reduced at pH above 10 in the 
presence of Ca. The impact of Ca on the interactions between silica and sphalerite at various 
pHs has also been investigated (DiFeo et al. 2001). The results suggested a promoted hetero-
aggregation of silica and sphalerite at high pH in the presence of Ca while they were well dis-
persed in the absence of Ca. The interaction forces between sphalerite and silica particles were 
reported to be attractive below pH 8 and decrease with increasing solution pH and become 
repulsive at pH 10 (Xu et al. 2000). The addition of Ca enhanced the attraction force between 
the two minerals at pH 6 while reduced the repulsive force at pH 10.

Calcium sulphate scaling is a well-documented phenomenon encountered in a wide spec-
trum of industrial processes and applications such as those involving heat exchange (Fahiminia 
et al. 2007; Hoang et al. 2007; Shams El Din et al. 2005), mineral processing (Grano 1995; 
Seewoo et al. 2004), desalination of seawater by reverse osmosis (Greenlee et al. 2009; Hasson 
et al. 2001) etc. Calcium sulphate may crystallize as gypsum (CaSO4·2H2O), calcium sulphate 
hemihydrate (CaSO4·½H2O), and anhydrite (CaSO4) (Lambert and Schaffer 1926; Sudmalis 
and Sheikholeslami 2000). The solubility of all calcium sulphate forms decreases with increas-
ing temperature (Agamaliev et al. 1993; Dutrizac 2002; Flint 1968; Furby et al. 1968; Gardner 
and Glueckauf 1970), a fact that is responsible for the formation of calcium sulphate scale 
on heat exchanger surfaces (Klepetsanis et al. 1999). The formation of calcium sulphate scale 
is affected by various factors including fluid hydrodynamics, supersaturation level, solution 
chemistry, surface chemistry and topography as well as temperature (Hoang et al. 2007; Hoang 
et al. 2006; Klepetsanis et al. 1999; Le Gouellec and Elimelech 2002; Lin et al. 2011). It 
has been long speculated that gypsum might nucleate on mineral surface during the mineral 
flotation process, which could change the hydrophobicity of the minerals and influence the 
response of target minerals to flotation reagents. Calcium sulphate precipitates were detected 
on the surface of galena sample from the Hilton concentrator (Grano et al. 1997b; Grano 
1995). It has been implied that the flotation rate of galena was retarded due to the presence of 
an overlayer of precipitated calcium sulphate. The precipitates were speculated to deposit on 
mineral surface due to hetero-coagulation. Xu and Finch also studied the interactions in the 
silica and/or sphalerite—Ca-SO4-CO3 system using zeta potential measurement and surface 
analysis techniques (Beauchamp 2006; Rashchi et al. 1998; Sui et al. 1998). However, their 
results demonstrated no trace of gypsum precipitates on mineral surface. They found that the 
zeta potential of silica and sphalerite in Ca and CaSO4 solution were similar. The adsorption 
of Ca in the electric double layer on mineral surface was believed to be responsible for the 
sulphide mineral flotation problems in the gypsum saturated process water. It has to be noted 
that the gypsum is considerably soluble (Gardner and Glueckauf 1970) (2.4 g/L at 25°C) and 
the formation of calcium sulphate precipitates depends on many factors. Therefore, the sample 
preparation procedure for the surface analysis is extremely important. It was noticed that in 
many of the previous studies, the sample rinsing with water was applied after conditioned in 
the CaSO4 solutions. It is possible that this procedure would wash away the gypsum precipi-
tates resulting in misleading surface analysis results. The adverse impact of calcium sulphate 
can be offset by the addition of sodium carbonate or bicarbonate. Grano and his coworkers 
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(Grano et al. 1997a) have shown that the flotation of galena has been improved significantly 
at carbonate concentrations greater than 6.2×10–3 M. However, the concentration of sodium 
carbonate should also be controlled (Rao 2004).

The high TDS water with high concentrations of Ca and SO4 ions in mineral process water 
can have adverse effect by one or more mechanisms. It has been speculated that the gypsum 
would crystallize on mineral surfaces, resulting in reduced flotation selectivity and recovery. 
In this study, gypsum supersaturated solution is used to represent the high TDS water. Focus 
is placed on the impact of high Ca and SO4 ions concentrations in mineral process water on 
silica and sphalerite mineral surface properties. This study is aiming to fundamentally under-
stand the adverse effect of gypsum supersaturated process water on the flotation performance 
of zinc sulphide ore. Zeta potential distribution measurements and scanning electron micros-
copy (SEM) imaging are applied to examine the mineral surface properties in the gypsum 
supersaturated solution. The impact of gypsum supersaturated solution on mineral surface 
properties and flotation behavior is discussed.

EXPERIMENTS

Material and Reagentst

The sphalerite sample was obtained from Ward’s Natural Science Establishment. The sam-
ple was crushed to –4.75 mm and any impurities present were hand sorted. The sample was 
then dry ground to –45 µm. Silica (Min-u-sil 5, 98.3% SiO2, 97% –5µm) from U.S. Silica was 
used for the zeta potential distribution measurements.

The following reagents used were A.C.S. reagent grade: sodium hydroxide, NaOH (Fisher 
Scientific) and hydrochloric acid, HCl (Fisher Scientific), for pH adjustment; potassium chlo-
ride, KCl (Fisher Scientific), for preparing supporting electrolyte solution. Commercial grade 
calcium sulfate, hemi-hydrate (CaSO4×½H2O) from US Gypsum Corporation was used as 
supplied.

Methodology

Gypsum Supersaturated Solution Preparation

In this research, laboratory supersaturated solution of gypsum was prepared with calcium 
sulfate, hemi-hydrate (CaSO4×½H2O). The solution was prepared using deionized water from 
a Millipore Elix 5 purification system, and pH was adjusted using HCl and NaOH.

A new solution was prepared for each day of testing. 10 grams of calcium sulfate hemi-
hydrate was dissolved in 1L of Milli-Q water. The pH value of the solution was maintained 
at 10. The mixture was then stirred under constant stirring with a combination of electric 
hot plate/magnetic stirrer at room temperature for 30 minutes, and was then filtered with a 
1 mm filter to remove undissolved solids. Atomic adsorption analysis results indicate that Ca 
ions concentration in the gypsum supersaturated solution is 845 ppm, which translates to 
3612 ppm gypsum (solubility in water: 2400 ppm at 25°C). The calcium concentration in this 
laboratory gypsum supersaturated solution is similar to that in the processing water of Teck 
Cominco’s Red Dog operation (840 ppm).

Suspension Preparation

Suspensions of silica were analyzed in a supporting electrolyte solution (0.01 M KCl) 
and in gypsum supersaturated solution. A stock silica suspension was prepared by adding 1 g 
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of Min-u-sil 5 to 50 mL Milli-Q water. The sphalerite was ground with an agate mortar and 
pestle until the entire sample passed a 325 mesh (45 µm) sieve. One gram of fine sphalerite 
was ground in the mortar with a few drops of water for 15 min. and then transferred to 50 mL 
Milli-Q water as a stock suspension. A fresh batch of sphalerite was prepared for each testing. 
The gypsum stock solution was prepared by adding 1 g of gypsum into 50 mL Milli-Q water.

Zeta Potential Distribution Measurement

Zeta potential distribution measurements have been recently used to study the interactions 
between two different particles by comparing the zeta potential distribution of the mix of the 
two different components and the single material system (Liu et al. 2004a; Liu et al. 2004b; 
Liu et al. 2005; Liu et al. 2002). With this method, interactions between two different particles 
could be probed. A homogenous suspension containing a single type of particles will have a 
certain zeta potential distribution centered at a mean value. Zeta potential distributions of the 
mixtures can be compared to those of the individual components to determine the nature of 
the particle interactions. In the absence of attractions, the peak for each individual species will 
appear in the distributions for the mixture. The distributions may be slightly shifted towards 
each other due to electrokinetic retardation or enhancement. Hetero-coagulation between the 
two types of particles will yield a zeta potential distribution centered in between the peaks 
obtained from the individual species, depending on the extent of surface coverage. With this 
method, it is possible to evaluate the surface precipitation/slime coating by measuring the zeta 
potential distribution of minerals in the gypsum supersaturated solution. The advantage of the 
zeta potential distribution measurement technique is that tests are performed in situ, avoiding 
complex changes that arise when the minerals are dried, as required for most ex situ charac-
terizations. In this study, the zeta potential distributions were measured using a SEPHY/CAD 
Zetaphorometer III equipped with a rectangular quartz electrophoresis cell. A pair of reversible 
hydrogenated palladium electrodes, laser illumination, and a digital video capture system was 
operated through a Canon microscope. The microscope offers a very sharp 1.07 µm depth of 
focus for accurately viewing a stationary layer with little background interference. The system 
also employs sophisticated software which allows for accurate location of the stationary layers, 
measurement of electrophoretic mobility, and computation of the corresponding zeta potential 
distributions. The system outputs histograms of zeta potential distributions were computed 
from mobility measurements using the Smoluchulski equation (Shaw 1992).

Each suspension was prepared to an optimal concentration on the order of 0.1 to 1 g 
solids per liter so that between 20 and 150 particles could be tracked by the software during 
a mobility measurement. All suspensions were analyzed at room temperature to minimize 
convective effects in the electrophoresis cell. To ensure representative measurements, suspen-
sions of between 80 and 200 mL were prepared. The cell was flushed and replenished for every 
second measurement. At least five mobility measurements in each direction were recorded for 
each sample, and all zeta potential distributions were measured at pH 10.

A certain amount of dry calcium sulfate was added into the supporting electrolyte solution 
(0.01 M KCl) to obtain a baseline zeta potential distribution. The zeta potential distributions 
of gypsum in its own supersaturated solutions were measured as a baseline.

For a single mineral zeta potential distribution measurement, stock suspension of either 
silica or sphalerite (0.5 mL) was added to 100 mL of supporting electrolyte solution or gypsum 
supersaturated solution to achieve an appropriate concentration. For the mixture of silica or 
sphalerite and gypsum zeta potential distribution measurements, 0.25 mL of silica or sphalerite 
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stock suspension and 0.25 mL of gypsum stock suspension was added to 100 mL of gypsum 
supersaturated solution.

Surface Characterization

Silica/sphalerite samples (1 g) were conditioned with 100 mL gypsum supersaturated solu-
tion (pH = 10) at room temperature for 30 min. The solids were then collected by filtration, 
washed with ethanol and vacuum dried. For contrast, another silica/sphalerite samples were 
conditioned in Milli-Q water following the same procedure. Precipitates from the gypsum 
supersaturated solution were also collected for analysis. The samples were examined using 
SEM (JAMP-9500F).

RESULTS

Surface Properties of Silica and Sphalerite in Gypsum Supersaturated Solution

As baselines, zeta potential distributions of silica and sphalerite in supporting electro-
lyte solution (0.01 mol/L KCl), gypsum particles in supporting electrolyte solution and its 
own supersaturated solutions were measured. In the supporting electrolyte solution, the zeta 
potential distributions of silica and sphalerite have peaks centered at values of –51 mV and 
–27 mV, respectively (Figure 1a-a, 1b-a). These values are similar to the average zeta potential 
values reported for silica and sphalerite in similar supporting electrolyte solutions at similar 
pH (Beauchamp R.M. 2006; DiFeo et al. 2001; Duarte and Grano 2007; Rashchi et al. 1998; 
Sui et al. 1998). Zeta potential distribution of gypsum particles in supporting electrolyte solu-
tion (0.01 mol/L KCl) is similar to that in its own supersaturated solution, having a peak at 
the value around +5 mV. This value is slightly different from the values reported by others for 
gypsum under similar pH (Rashchi et al. 1998; Sui et al. 1998), which might be due to the 
different procedures in sample preparation.

When dispersed in the gypsum supersaturated solution, silica and sphalerite exhibit simi-
lar zeta potential distributions. The zeta potential distribution peaks of both silica and sphal-
erite shift to a much less negative value, –11 mV (Figure 1a-b, 1b-b). Electric double layer 
compression due to increased electrolyte concentration and the valence of Ca may well account 
for the shift of zeta-potential to less negative value.

Needle shape gypsum precipitates are found on both silica and sphalerite mineral surfaces 
after conditioned in the gypsum supersaturated solution for 30 min, as show in the typical 
SEM images (Figure 2). However, the gypsum precipitates are not seemed to be growing on 
the mineral surfaces since the size of the needle-shaped precipitates are quite big and silica/
sphalerite surfaces stay very clean.

Effect of Ca on the Surface Properties of Silica and Sphalerite Minerals

In order to better understand the effect of gypsum supersaturated solution on silica and 
sphalerite mineral surfaces, the zeta potentials of these minerals in KCl solution as functions of 
Ca ion concentration and pH are investigated. The results are shown in Figure 3.

Ca ion has significant effect on the zeta potential of silica and sphalerite. Zeta potentials 
of both silica and sphalerite generally increase with Ca ion concentration under tested pHs. At 
pH 11.5, while specific adsorption of Ca ions on the mineral surfaces happens, the sign of both 
silica and sphalerite surface charge converts to positive value when the Ca ions concentration 
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is sufficient high. This phenomenon doesn’t exhibit at pH 10 even though the concentration 
of Ca ions increased up to 800 ppm.

It is interesting that at pH 10, the zeta potential of both silica and sphalerite shift to about 
–13 mV in the presence of 800 ppm Ca ions, which is similar to the Ca ions concentration of 
gypsum supersaturated solution, 845 ppm. This value is pretty similar to the zeta potential of 
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Figure 1. Zeta potential distribution of (a) silica and (b) sphalerite in gypsum supersaturated 
solutions and supporting electrolyte solution (0.01 mol/L KCl) at pH 10
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Figure 2. Typical SEM micrographs of (a) silica in water, (b) silica conditioned with gypsum 
supersaturated solution, (c) sphalerite in water, (d) sphalerite conditioned with gypsum 
supersaturated solution, and (e) gypsum precipitates
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Figure 3. Effect of calcium ion concentration on the zeta potential of silica and sphalerite in 
10–2 mol/L KCl solution at pH 10 and pH 11
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silica and sphalerite in the gypsum supersaturated solution. These results suggest that the shifts 
of zeta potential distributions of silica and sphalerite in the gypsum supersaturated solution are 
mainly attributed to the compression of double layer due to the high Ca ions concentration in 
the supersaturated solution and the adsorption of Ca.

Effect of Gypsum Particles on the Surface Properties of Silica and Sphalerite Minerals

Our previous surface characterization results suggest that gypsum precipitates form in the 
supersaturated solution. Though those precipitates seemed not growing on the silica and sphal-
erite mineral surfaces, it is speculated that the positive charged gypsum particles might hetero-
aggregate with the negative charged silica and sphalerite minerals. In order to understand 
the interactions between gypsum precipitates and silica and sphalerite particles, zeta potential 
distributions of silica and gypsum particle mixture, and sphalerite and gypsum particle mixture 
were investigated. The results are shown in Figure 4.

For a single mineral in the gypsum supersaturated solution, the zeta potential distribution 
of gypsum particles has a peak at the value around +5 mV, while silica and sphalerite have 
identical zeta potential at around –11 mV. The zeta potential distribution of silica and gyp-
sum mixture has two peaks. One dominant peak at the value –5 mV (Figure 4a-a) is close to 
the zeta potential of silica in the gypsum supersaturated solution. The other slender peak is at 
around +2.5 mV, which is close to the zeta potential of gypsum particles in its own supersatu-
rated solution. Similar phenomenon is found in the case of sphalerite and gypsum mixture in 
the gypsum supersaturated solution. It is very interesting that the zeta potential distributions 
of both silica-gypsum mixture and sphalerite-gypsum mixture exhibit two peaks. Though, 
in the mixture system, both the negative side peaks, representing the zeta potential of silica 
and sphalerite, and the positive side peak, which denotes the zeta potential of gypsum, shift 
toward 0 mV in compare with the single mineral system. These results imply that there is only 
very weak attraction between silica/sphalerite minerals and gypsum precipitates in the gypsum 
supersaturated solution. The hetero-aggregation between minerals and gypsum precipitates is 
minimal.

DISCUSSION

It has been speculated that gypsum precipitates could form in the gypsum supersatu-
rated solution and silica and sphalerite might serve as the seeds for the precipitates. However, 
in many studied, SEM and XPS failed to detect any gypsum precipitates on those minerals 
(Rashchi et al. 1998; Sui et al. 1998). In this study, we used the gypsum supersaturated solu-
tion to study the gypsum scaling on mineral surfaces. According to our zeta potential distribu-
tion measurements results, silica and sphalerite minerals are indiscriminately coated by Ca in 
the gypsum supersaturated solution. SEM imaging found needle shape gypsum precipitates on 
silica and sphalerite minerals conditioned with gypsum supersaturated solution. One interest-
ing discovery from this study is that gypsum precipitates indeed form in the system but those 
precipitates are not growing on the mineral surfaces but from bulk solution. Moreover, the zeta 
potential distribution results of the mineral-gypsum particle mixture system imply that the 
hetero-aggregation between the minerals and gypsum precipitates are not significant.

Ca ions in the system play a significant role on the minerals surface properties, the zeta 
potential. The adsorption of Ca on sphalerite has been reported (Moignard 1977). The changed 
surface properties of silica and sphalerite minerals in the gypsum supersaturated solution might 
contribute to the poor selectivity between those two minerals in real flotation system. Further 
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investigations on the impacts of gypsum supersaturated solution on the interactions between 
flotation reagents and silica/sphalerite minerals and the interactions between silica and sphal-
erite will be conducted in the future.

An effective approach to eliminate the detrimental effect of both Ca ions and gypsum 
precipitates on flotation is to add carbonate (e.g., soda ash) to precipitate Ca ions as calcium 
carbonate or convert calcium sulfate to calcium carbonate. In the case of Hilton concentra-
tor, the addition of soda ash to the grinding circuit significantly improved galena flotation 
(Grano 1995). Soda ash has also been used for control of Ca in sphalerite flotation (Nesset 
1998). Surface analysis indicated a reduction in both Ca and sulfate concentration on galena 
with the addition of carbonate and it was speculated that galena and calcium carbonate ware 
mutually repelled (Grano 1995). In other studies, calcium carbonate didn’t appear to disperse 
completely as some precipitates remained on the surfaces (Rashchi et al. 1998; Sui et al. 1998).

CONCLUSION

The gypsum supersaturated solution has significant effects on silica and sphalerite surfaces.
1. Zeta potentials of silica and sphalerite become identical. In the supporting electrolyte 

solution (0.01 mol/L KCl), the zeta potentials of silica and sphalerite are –51 mV and 
–27 mV at pH 10, respectively. However, these values become identical and shift to 
–11 mV in the gypsum supersaturated solution under the same pH.

2. Both silica and sphalerite are indiscriminately coated by Ca when conditioned in the 
gypsum supersaturated solution.

3. Needle shaped gypsum precipitates are found in silica and sphalerite samples condi-
tioned with gypsum supersaturated solution. However, the gypsum precipitates are 
not growing on the mineral surface but from the bulk solution.

4. The hetero-aggregation between gypsum precipitates from the bulk solution and  
silica/sphalerite mineral is insignificant.
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ABSTRACT

Desalination of coal mine water has been found necessary when the concentration of 
some specific elements exceeds the regulation or when the water needs to meet the salt con-
centrations of downstream applications. In this study, the coal mine water from a Chinese 
coal mine in Shangdong is desalinated to supply the cooling water needs for a nearby power 
plant. The re-circulated cooling water requires injecting a certain amount of fresh water to 
replace the amount of water evaporated during the cooling process and to lower the salt con-
centration increased due to the evaporation. The conductivity of the coal mine water is above 
3000 µS/cm. The target is below 2000 µS/cm. The capacity requirement is 8000 m3 per day. 
Electrosorption technology was selected for the installment, due to its capability to adjust the 
salt content of the effluent water, the low energy consumption, the tolerance to the organic 
content in the mine water and the economics. The results of the tests are reported in this study.

INTRODUCTION

Water shortage is a worldwide problem of the 21st century. The World Bank has reported 
that 80 countries have water shortages that threaten health and economies while 40 percent 
of the world—more than 2 billion people—have no access to clean water [1]. In the United 
States, the water shortage is also experienced in many regions. This issue is not limited to the 
western United States. States such as Alabama, Florida, Hawaii, Illinois, Louisiana, Missouri, 
South Carolina, Maryland and Virginia have all expressed concerns [2]. The recent droughts 
in Georgia and the Pacific Northwest have made the situation worse.

According to the USGS, 346 billion gallons of freshwater were withdrawn per day in the 
United States in the year 2000. Agricultural irrigation, the largest use, accounted for 40% of 
freshwater withdrawals. The second largest use, thermoelectric power generation, withdrew 
39% or 136 billion gallons per day (BGD), followed by public supply, industrial uses, aqua-
culture, domestic use, mining, and livestock [3].

Power demand will increase with population and economic growth in the future. A 
Department of Energy analysis estimates that thermoelectric power capacity will increase from 
700 GW in 2005 to 860 GW in 2030. The average daily national freshwater consumption 
resulting from U.S. thermoelectric power generation could increase from 6.1 BGD in 2005 to 
8.2 BGD by 2030 [2].

The freshwater supply from the nature is limited. Growing concerns about freshwater 
availability must be reconciled with growing demand for power if the United States is to 
maintain economic growth and current standards of living. With the shortages of water, 
choices will have to be made regarding withdrawal and consumption of this natural resource. 
Agriculture and public supply will most likely be the greatest competitors due to their large 
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water withdrawal. As with all resources, tradeoffs will occur, and concerns will increasingly be 
raised over which use is more important: water for drinking and personal use, growing food, 
or energy production.

Power generation facilities will have increasing difficulties siting new plants due to water 
concerns. Concurrently, existing plants will be under increasing pressure to reduce their water 
withdrawal and consumption. Arizona recently rejected permitting for a proposed power plant 
because of concerns about how much water it would withdraw from a local aquifer. In an arti-
cle discussing a 1,200 MW proposed plant in Nevada, opposition to the plant stated, “There’s 
no way Washoe County has the luxury anymore to have a fossil-fuel plant site in the county 
with the water issues we now have. It’s too important for the county’s economic health to allow 
water to be blown up in the air in a cooling tower.” [2, 4–6].

It is necessary to develop cost-effective approaches to using non-traditional (aka impaired 
or alternative) sources of water to supplement or replace freshwater for cooling and other 
power plant needs. Examples of non-traditional waters could include mine water, coal-bed 
methane produced waters, produced water from geological CO2 sequestration, and industrial 
and/or municipal wastewater.

The water shortage problem is much worse in China. While it is under discussion in the 
U.S. about using non-traditional water to supplement fresh water for power plant, the situ-
ation in China has reached the stage that this has to be implemented in some areas. It is the 
trend that new power plants are built near coal mine. Coal mine water is, therefore, a potential 
supply of the power plant cooling water. This has been investigated and the results are favor-
able. A commercial case study is presented here.

TECHNOLOGICAL CHALLENGES

There are many concerns from the power plants regarding cooling water quality. If the 
quality of water does not meet the power plant’s requirements, cooling efficiency can be 
reduced, equipment can be damaged, and operation and maintenance costs can be increased 
significantly.

Scales, precipitates and other organic and inorganic solids can be present in the cooling 
water. Inorganic particles can precipitate out of the raw water in the form of various carbon-
ates, phosphates, silicates and others when the saturation limit of their salts is exceeded [7]. 
Organic particles such as algae and bacteria or various slimes can be produced by a number of 
organisms found in cooling water when nutrients are available. Rust flakes can break off the 
walls of the piping in the system and add to the particulate load. The heat source itself can add 
particulates, especially if the cooling water comes in contact with the heat source as in quench-
ing and de-scaling operations.

The scales can reduce the heat exchange efficiency and consequently require more cooling 
water and pumping energy since the power plant has to remove the heat at a required rate. 
Nozzles in counter flow cooling towers have very small orifices and can become easily plugged 
with organic or inorganic solids. This results in irregular distribution of water across the tower 
cross-section. This can lead to uneven cooling and loss of efficient transfer of heat to the atmo-
sphere. Many towers contain packing to form a thin liquid film increasing the surface area of 
the water/air interface for more efficient heat transfer. Suspended solids can block passages in 
this packing thus decreasing the surface area for heat transfer and forming a more conducive 
substrate for the growth of biological materials such as algae, mosses, and even pathogens [7].

Power plants usually control the following parameters as a minimum to control the for-
mation of scales and other organic and inorganic solids, including the total dissolved solids 
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(TDS), total suspended solids (TSS), chemical oxygen demand (COD), calcium, magnesium, 
sulfate, silica, and chloride content, and pH. Among these parameters, TDS, calcium, magne-
sium, sulfate and silica contents are utilized to regulate the formation of scales and precipitates 
such as calcium sulfate. Chloride concentration is important for the corrosion of metals in the 
system, such as heat exchangers and pipes. COD is an important factor to regulate the nutri-
ents of organisms. TSS is controlled to prevent the introduction of too much suspended solids 
into the system. pH is an important factor to control the calcium carbonate scale formation. In 
addition to these parameters, power plants use continuous chlorination to maintain a residual 
of 0.1 to 0.2 mg/L Cl2 in the cooling tower circulating water. A phosphonate-type inhibitor is 
used for scale control and an azole-type corrosion inhibitor is used to protect the copper-based 
admiralty brass metallurgy of the main condenser [4, 7].

Power plants use the “Cycles of Concentration” as the major means to avoid the forma-
tion of scales. It sets a target for the concentration of salts in the cooling water. For example, 
the threshold concentration can be set at the 70% of the saturation limit of calcium sulfate to 
prevent the formation of calcium sulfate scale. When the cooling water reaches this salt con-
centration due to evaporation, blowdown is enabled to discharge a certain amount of water 
and fresh water is introduced to lower the salt content. The ratio between the threshold salt 
concentration and the make-up water salt concentration is the “Cycles of Concentration.” 
Conductivity is usually utilized as the means to control the blowdown since the conductivity 
commonly corresponds well to TDS and the relationship between TDS and scale forming ions 
such as calcium sulfate and others ordinarily fluctuate in a limited range.

Based on the discussion on power plant cooling water requirements, it is clear that the chal-
lenges for converting coal mine water would be to remove the suspended solids, salt, includ-
ing TDS, calcium, sulfate and chloride, and the nutrients for bacteria and algae, including 
nitrogen (both nitrate and ammonia nitrogen) and organics (COD), from the coal mine water.

Suspended solids removal is not the technical challenge. It can be carried out with many 
types of commercially available mechanical filters. Organics are low in coal mine water. The 
major technical challenges would be the salt removal (desalination). To achieve the desired 
“Cycle of Concentration” of the power plant, which is usually above 7 and would preferably 
be higher (e.g., 10 or higher), the TDS and salts including calcium (hardness), sulfate, chlo-
ride, nitrogen (ammonium and nitrate), as a minimum on the list, need to be reduced in an 
economical way.

ELECTROSORB WATER TREATMENT TECHNOLOGY

Conventional desalination technologies include distillation, ion exchange, and reverse 
osmosis [8–16]. Compare to these technologies, Electrosorb Technology (EST) can treat coal 
mine water at lower cost while offers many technical advantages. Also known as the capacitive 
deionization technology, the EST technology is a new, unique, and revolutionary water puri-
fication technology [17–23].

Theory

EST is developed based on the phenomenon that electrodes attract and adsorb ions and 
charged molecules and particles in water. Purification of water from these contaminants occurs 
when the electrodes are (i) close to the ions and charged molecules and particles, (ii) have suf-
ficient surface area and force to hold these ions, molecules and particles, and (iii) inert to the 
reaction.
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Figure 1 shows the schematics of the EST mechanism. Water flows in between the elec-
trodes. Ions, charged molecules and particles are attracted to the electrodes of opposite charge. 
Once they reach the electrodes, they are adsorbed and stored there. Thus, they are separated 
from clean water (the adsorption stage in Figure 2). When we are finished with the purifica-
tion, we short the circuit or reverse the charge of the electrodes. These ions, molecules and par-
ticles are detached from the electrodes and returned to the flush water (the regeneration stage 
in Figure 2). The electrodes are, then, regenerated. The amount of ions and other impurities 
removed can be adjusted with various operation parameters of the system, such as the voltage, 
flow velocity, retention time, etc.

Unlike other technologies, this technology removes salt out of water instead of remov-
ing water out of salt. It does not require high pressure to push water molecules through the 
membrane or high temperature to evaporate the water molecules. The energy consumption is, 
therefore, low. It is a physical adsorption process. It does not require the usage of chemicals. 
This is friendlier to the environment by not introducing more chemicals to the environment 
during the treatment. It contains no membrane, and hence has no membrane fouling prob-
lems. This avoids the use of fouling inhibiting chemicals, eliminating maintenance nightmares 
and greatly extending equipment life. The final salt concentrations of the water can be adjusted 
during the process. This allows the users to select ideal processing water quality at minimum 
cost.

Figure 1. Electrosorb for ion adsorption in water

Figure 2. Concentration of salt in water in a typical cycle of EST operation

WaterMineralsProcessing.indb   240 11/22/11   1:49 PM



 desalination of coal Mine Water With electrosorPtion 241

Advancement of EST Technology

Although there have been many efforts to commercialize the capacitive deionization tech-
nology, EST Water and Technologies has reached the capability to offer water treatment at 
large industrial capacity. EST uses a module approach to manufacture the adsorption elec-
trodes. It is able to mass produce electrode modules at 10 ton per hour (63,492 GPD), which is 
well beyond the capability of other developers. Depending on the plant capacity requirement, 
EST can quickly design and install a plant usually within months. This provides the industries 
with water treatment demands a new choice that can better meet their needs based on various 
technical, economic and environmental criteria.

AppLICATIONS TO COAL MINE WATER

A commercial plant has been designed and built to treat the coal mine water from the 
Jining No. 3 Mine of the Yanzhou Coal Mine Company, Yankuang Group in Shangdong, 
China. Shangdong is a Province located on the eastern coast of China. It has a population of 
about 100 million and is the most affluent province in China. Water shortage and water pol-
lution are serious problems in this province, which strongly influence not only socio-economic 
development, but also ecology and quality of life. It is an outstanding example for water con-
flicts arising from piece meal action as well as from fast growing population, industry and agri-
culture. Crucial points are water shortage, the pollution of water resources, and the associated 
intrusion of seawater into groundwater resources.

Some power plants in Shangdong are unable to obtain fresh water for its cooling water 
usage and have to look at alternatives. The coal mine water is, therefore, investigated to meet 
this need. In order to achieve this goal, the coal mine water has to be treated to remove salt, 
hardness, sulfate, etc.

The design is to divert 8000 tons of mine water per day (2.1 MGD) for the cooling water 
supply. The average conductivity of the coal mine water is 3367 µS/cm. The target is below 
2000 µS/cm at a yield of 75%. This requires a conductivity reduction of about 41%.

Figure 3 shows the schematics of the plant. For each EST module, it receives the influent 
from the pump during the operation mode. A sand filter is placed before the EST module for 
safety protection of the electrodes. The water runs through the EST electrodes at the voltage 
of 1.1–1.5 volts. Ions are adsorbed on the electrodes. When the electrodes are saturated with 
the ions, the voltages are turned off and a small amount of water is passed through the module 
during regeneration mode, washing the ions out as the concentrate stream. More than one set 

Figure 3. EST operation
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of EST modules are installed. While one set is under the regeneration mode, the other sets are 
in operation modes. PLC control has been installed to automate the operations.

A picture of the Yanzhou Coal Mine water desalination plant is shown in Figure 4. In the 
picture, a series of EST modules can be observed. Each module is connected with several pipes. 
These pipes guide the influent, effluent and the reject concentrate, using valves and pumps. 
Conductivity of each stream is continuously measured and the results are fed to the control 
system. The reading is also shown on the panel in front of the module.

The plant operation has been quite smooth. Figure 5 shows the average daily conductivity 
measurement for the month of operation in August, 2011. It can be observed that the influent 
conductivity is averaged around 3300 µS/cm. The effluent conductivity is controlled around 

Figure 4. Yanzhou coal mine water desalination plant

Figure 5. Average daily conductivity measurement of influent and effluent
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1500 µS/cm. The cooling water specification from the power plant is below 2000 µS/cm. So 
the specification can be well met with the EST system.

Figure 6 shows the pH measurement during the same period. The influent has pH mea-
sured between 6.5 and 8.5. The pH of the effluent is generally between 6 and 7.5, which is a 
little lower than the influent.

Water samples have been collected and sent to the certified lab for analysis. Table 1 shows 
the results for the influent and effluent samples obtained recently. The conductivity is reduced 
from 2980 µS/cm to 1450 µS/cm, equivalent to about 51% removal rate. The total dissolved 
solids (TDS) removal rate is 68.5% and the sulfate removal rate is 78%. This means that 
the potential for the scale built up in the cooling water system of the power plant is greatly 
reduced. The bicarbonate and alkalinity removal rates are about 44%. The chloride is reduced 
from 92.5 mg/L in the influent to 47.9 mg/L in the effluent, equivalent to about 50% removal. 

Figure 6. pH measurement of the influent and effluent

Table 1. Water analysis of the influent and effluent

No. Item Unit Influent Effluent Removal (%)

 1 Conductivity µS/cm 2980 1450 51.4

 2 TDS mg/L 2030 640 68.5

 3 Hardness mg/L(CaCO3) 260 172 33.9

 4 Alkalinity mg/L(CaCO3) 372 208 44.1

 5 Bicarbonate mg/L 454 253 44.3

 6 Sulfate mg/L 970 223 78.0

 7 Chloride mg/L 92.5 47.9 48.2

 8 Nitrogen mg/L 0.787 0.682 13.3

 9 Turbidity NTU 2.0 0.2 90.0

10 CODCr mg/L <10 <10

11 pH 7.4 7.5
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This is beneficial to the prevention of the corrosion of the cooling water pipes, heat exchangers, 
etc. The nitrogen content in the coal mine water is low. There is a slight reduction here. High 
nitrogen (both nitrate and ammonium nitrogen) removal rate has been observed in other EST 
installations. COD is also low in this water sample. Its reduction is also common in other EST 
plants.

Significant economic benefit is realized by the power plant. The O&M cost for EST is 
about $0.3 per thousand gallons, which is significant lower than that of the RO operation, 
estimating at about $1.7 per thousand gallons. The saving is $1.4 per thousand gallons. For 
2.1 million gallons per day, the saving amounts to $2940 per day or $1.07 million per year.

Energy benefits are also significant. The energy consumption for EST is about 1.0 kWh 
per metric ton (3.78 kWh per 1000 gallons) while that for RO is 1.5 kWh per metric ton 
(5.67 kWh per 1000 gallons). For 2.1 million gallons per day, the energy saving would be 
4,000 kWh per day or 1.46 million kWh per year.

CONCLUSIONS

A commercial plant at 8000 tons per day capacity has been built to remove ions from 
the coal mine water in China using the electrosorb technology. The cleaned water is utilized 
to supply the cooling water of a nearby power plant. The success of this project demonstrates 
that it is possible for the power plant to draw its cooling water supply from alternative sources. 
Analysis of the influent and effluent proves that conductivity, hardness, alkalinity, sulfate, chlo-
ride, bicarbonate, and nitrogen can all be reduced. O&M cost is as low as $0.3 per thousand 
gallons and energy consumption is about 1 kWH per ton of the water processed.
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Impact of Dissolved Gangue Species and Fine Colloidal 
Matter in Process Water on Flotation Performance
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ABSTRACT

The impact of dissolved non-sulfide gangue species and fine colloidal matter present in 
process water on flotation performance has been long known, but poorly understood. We 
present flotation data for two different porphyry Cu ore types A (characterized as ‘good’) and 
B (characterized ‘bad’). Poor Cu recoveries are obtained when processing ore B and when 
ore B is blended with ore A. Traditional solutions investigated in the past have yielded only 
incremental improvements, and even then the recovery values were not commensurate with 
those expected from liberation analysis. The present investigations using flotation tests, spiking 
experiments, and water chemistry studies indicate that changes in water quality attributed to 
both fine colloidal matter as well as soluble mineral species resulted in poor flotation perfor-
mance. Restoration of flotation performance with the use of an appropriate polymeric modi-
fier is also discussed.

INTRODUCTION

Flotation plants very commonly process multiple ore types—over a spectrum ranging 
from ‘sweet’ to ‘highly problematic.’ One strategy is to process these ore types separately; 
however, this may not be preferable in some plants as it could result in large swings in value 
recovery/concentrate throughput. Alternatively, ore Blending strategies can be used to cope 
with ore type variability in an attempt to reduce the swings in concentrate metallurgy, often 
with the anticipation that there are no interactions between ore types. However, this is not 
always the case. For instance, a simple blending strategy would not be effective at yielding 
desired recoveries/grades when there are antagonistic or poisoning effects between the ore types 
(for instance recent studies on ultramafic Ni ores by Patra et al. 2010, 2011, Vasudevan et al. 
2010, 2011). Some ores, particularly the highly problematic ones, when blended with an oth-
erwise sweet ore, produce deleterious effects on recovery/grade far in excess of those expected 
from a simple weighted average of the ore types. Traditional approaches to dealing with this 
ubiquitous and increasingly important problem of antagonistic blending components have 
included both chemical and processing changes. However, virtually every flotation operation 
at one time or another finds that these approaches are inadequate. Over the years, we have 
studied many ore systems with problems discussed above and have focused on determining the 
underlying mechanisms and developing solutions in practical ore systems rather than merely 
defining the problems.

We present one case-study concerning flotation beneficiation of two types of porphyry 
Cu/Mo ores—A and B. Processing of ore A (characterized as ‘good’ ore type in this manuscript 
for convenience), leads to high Cu recoveries (nominally >85%) and Mo recoveries typically 
in the range of 60–80% in the plant (lab recoveries are generally higher). On the other hand, 
poor Cu/Mo recoveries are obtained when processing ore B (characterized as ‘bad’ ore type) 
despite a higher feed Cu grade relative to ore A. When ore B is blended with ore A, the Cu and 
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Mo recoveries of ore A are reduced. This loss in recovery is likely not entirely related to any 
inadequacy of liberation. Traditional solutions to the poor recovery problems in the plant, such 
as the use of different and higher dosages of collectors/frothers, longer flotation time, pulp 
dilution, addition of NaSH, high intensity conditioning, finer grinding, grinding/re-flotation 
of tails have provided only incremental improvements, still well below the desired level or that 
expected from liberation analysis.

Several hypotheses have been proposed to explain the above problems, although to date 
none of these have been adequately supported. One popular hypothesis has been that the poor 
Cu and Mo recoveries obtained when processing ore B by itself or as a blend with ore A is due 
to slime coating of certain deleterious gangue silicate mineral fines, such as those of clays and 
Mg silicates, on Cu sulfides and molybdenite. The adverse effects of silicates and slimes have 
been the subject of several other studies (Bulatovic et al. 1999; Chander et al. 1972; Gaudin 
et al. 1960; Edwards et al. 1980; Fornasiero and Ralston 2006). Other hypotheses have been 
concerned with certain mineralogical and physical characteristics of Cu sulfides and molybde-
nite, choice of collector and frother, liberation, pulp density, and kinetics of flotation. None of 
these hypotheses have sufficient support or confirmation, the underlying mechanism for poor 
Cu/Mo recoveries is still unclear, and no satisfactory solutions have yet been found. This type 
of problem is rather ubiquitous and has been known in the industry for a long time.

The main goals of our study were to:
•	 Develop a scientific understanding of the pathways by which value mineral recoveries 

are adversely affected by non-sulfide gangue.
•	 Develop robust, sustainable chemical solutions and process conditions for improving 

Cu/Mo recovery from difficult-to-process ores and their detrimental effects on the so-
called ‘good’ ore types; i.e., for those cases where we cannot blend away the ‘bad’ ore.

Our initial hypotheses were: (a) certain gangue silicates (particularly Mg silicates: amphi-
boles, chlorite, serpentines and the like) and/or other non-sulfide gangue minerals in ore B 
have an adverse effect on Cu and Mo recovery while processing alone or as a blend, and (b) that 
both physical and chemical factors were responsible for poor recovery from ore B or its blends. 
Based on preliminary diagnostics tests, our hypotheses were refined to reflect the potential role 
of aqueous-species-mediated adverse effects on Cu and Mo recoveries. In order to test these 
hypotheses, we conducted ore (i) flotation tests, (ii) water chemistry analysis, and (iii) spiking 
experiments which involved investigating the effect of adding a certain fraction of the ‘bad’ ore 
(either fines or the aqueous phase from the ground pulp of the bad ore) on Cu/Mo recoveries 
from the ‘good’ ore.

This paper discusses certain key findings from this study pertaining to the effect of col-
loidal and aqueous solution species on flotation performance.

EXPERIMENTS AND PROCEDURES

Flotation Experiments

One kilogram of ore was ground at 60% solids in a mild steel rod mill with a 7.0 kg rod 
charge made of mild steel for 8'50", corresponding to a grind specification of 32% +100 mesh. 
Flotation was carried out at 33% solids in a 2.5-L Denver cell at 1250 rpm. Concentrates were 
collected for 1, 3 and 5 min. (total 9 min.). The collector (an alkyl dithiophosphate) was added 
either to the mill or the flotation cell. The frother was a blend of alcohol and glycol. Lime was 
added to the mill to obtain a pH of 9 or 10.5, as required. Frother was added during the con-
ditioning stage. The feed grades of the ores are given in Table 1.
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Spiking Experiments

A schematic of the procedure used for spiking experiments is given in Figure 1.
One kilogram of ore B was ground at 60% solids in a mild steel rod mill with a 7.0 kg 

mild steel rod charge. The grind time was 8'50", corresponding to a grind specification of 32% 
+100 mesh. The grind discharge was size-separated using sieves, and the –31 μm (500 mesh) 
or –20 μm (635 mesh) fractions were collected (referred to as the slime fraction of ore B). The 
finer fractions (slimes) were then either added to ore A in the grind or to the ore A ground 
pulp in the flotation cell. The weight fraction of spiked wet fines (filter cake) was typically 4% 
in either case.

In order to test the hypothesis that the adverse effects could be caused by aqueous species 
released from certain gangue minerals, the effect of aqueous phase extracted from ground ore B 
pulp on Cu and Mo recovery from ore A was investigated. Thus, the filtrate (aqueous phase) 
was obtained from ore B grind discharge using a pressure filter wherein a packed bed of ground 
ore particles formed the effective filtration medium. This aqueous phase was then used to grind 
ore A and flotation carried out as described previously.

In this manuscript, we use ‘fractionated slimes’ as a generic term to describe these different 
fine fractions. The coarser fraction (+31μm) from the fractionated ore B was floated separately 
using the flotation procedure outlined previously.

Table 1: Ore B and Ore A mean feed assay

Mineral Ore B Ore A

Cu (%) 0.7 0.5

Mo (ppm) 17 350

Fe (%) 5.8 4

Ore B flota�on slurry
Condi�oned for 1 hr

+ 20 micron coarse

- 20 micron fines

Ore B 
flota�on

Ore A flota�on 
with Ore B fines

Ore A grind

Ore A flota�on 
with Ore B fines

Only a frac�on of Ore B fines were added to Ore A 

Figure 1. Schematic for the spiking experiments
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Water Chemistry

Changes in aqueous solution composition arising from contact with ground ores either 
in the grinding or flotation stages were evaluated. The kinetics of water chemistry changes 
in the un-aerated ground pulp during the conditioning phase preceding flotation were also 
determined by taking a slurry sample at regular intervals, filtering it, and analyzing the filtrate 
for anions and cations using ion chromatography and ICP. Thus, 50 mL slurry was taken 
every 5 minutes for a total of 30 minutes from the ground slurry that was being conditioned 
in the flotation cell at 33% solids at 1300 rpm. The slurry sample was then filtered through 
a 1.5-micron Millipore™ filter, and the solids were returned to the flotation cell. The filtrate 
was analyzed for ionic species. Anionic species were determined using a Dionex ICS-3000 sys-
tem with KOH Eluent Generator for anion separation and detection using suppressed conduc-
tivity. The DIONEX IonPac® AS19 column (250×4.0 mm), operated at 30°C at a flow rate 
of 1.0 mL/min, was protected by a DIONEX IonPac® AG19 guard column whose nominal 
packed particle diameters are 11 microns. Frits on the guard columns have ~0.5 micron pore 
size. The mobile phase was a KOH gradient. The cation concentrations were determined via 
elemental analysis carried out using a Varian Vista-Pro ICP-OES spectrometer.

The effect of addition of polymeric modifier P was determined in several 6-factor/2-
level designed experiments (Nagaraj 2005; Nagaraj and Ravishankar 2007). The factors were: 
(1) ore type (ore B or ore B/ore A 30/70 blend); (2) grind size (32 or 38% +100#); (3) pH (9 
or 10.5); (4) collector dose; (5) modifier dose; and (6) modifier type (unpublished data). Each 
data point in the plots that follow represents a unique set of conditions in a multivariate space.

RESULTS AND DISCUSSION

As is common in the mineral processing vernacular, we will refer to the finely divided sol-
ids that often produce deleterious effects on flotation as “slimes.” This term usually carries the 
connotation that the adverse effects caused by these fine solids somehow involves them being 
attached to the surface of value mineral particles (commonly referred to as heterocoagulation). 
Location (coating) of these slimes on the value mineral particle surfaces then alters the value 
mineral wettability characteristics in a way that adversely affects recovery in a flotation process. 
We would like to consider in this paper a broader scope of possible mechanisms by which 
“slimes,” and indeed other less finely divided components in the pulp, can negatively impact 
flotation performance through their impact on aqueous solution chemistry, microstructure of 
the pulp and froth phase characteristics. So we will use “slimes” to represent the fine gangue 
mineral species and some colloidal species generated from these and other gangue minerals 
that can produce a broader range of phenomena than just coating a value mineral particle 
surface. This is an expansion of the usual meaning of the term, and is an attempt to promote 
a more holistic consideration of the issues.

Spiking Experiments

Spiking experiments were initiated in order to test our hypotheses regarding the influence 
of slimes and aqueous species generated by gangue minerals on Cu recovery, and also to gain 
a scientific understanding of the slimes problem. It is important to identify the extent to, and 
manner in, which gangue species in ore B affect flotation performance. Our objectives for these 
experiments were therefore to:

•	 Understand the mechanism underlying poor flotation performance with ore B and the 
pathways by which ore B produces poisoning effects in ore B–ore A blends.

WaterMineralsProcessing.indb   250 11/22/11   1:49 PM



 iMPact of dissolved gangue sPecies and fine colloidal Matter 251

•	 Determine if the metallurgical performance of the ore B can be improved by the 
removal of slimes fractions or the soluble species derived therefrom; and what particle 
sizes of slimes have the maximum effect on Cu/Mo recovery.

•	 Ascertain if the addition of ore B slimes or its aqueous species to ore A in the grind or 
flotation steps affects its metallurgical performance.

•	 Ascertain if addition of a polymeric modifier can mitigate adverse effects of ore B 
addition and improve metallurgical performance in ore Blends.

We first conducted spiking experiments on ore A using fractionated ore B slimes added 
either in the grind or the flotation stage and measured the flotation response of this spiked 
ore A. Figure 2 illustrates that addition of only 4 wt% of ore B fines to either the grind or flota-
tion stages could significantly reduce the originally acceptable Cu recovery from ore A.

The Cu recovery from ore A dropped by over 2–7% in these experiments. The reduction 
in Cu recovery was exacerbated with the finer fraction of the ore B slimes, and by adding them 
directly at the conditioning stage (rather than to the mill). When filtrate from ground ore B 
pulp was used in grinding ore A instead of tap water, there was an even greater loss in Cu recov-
ery. These data support the view that aqueous solution species (generated from non-sulfide 
gangue) are important in, and make significant contribution to, the mechanism of Cu recovery 
reduction. However, it still does not rule out the possibility of fines (viz. –31 or –20 micron, 
or any colloidal particles in the filtrate) contributing to the recovery loss. The exact manner in 
which the solution species affect flotation is still not clear. One plausible scenario is that the 
solution species are forming colloidal precipitates which then hinder Cu/Mo flotation.

The effect of removing various fine fractions from an ore B sample on Cu recovery was 
studied in a separate set of flotation experiments. Figure 3 shows the modest, but positive 
impact of removing slimes by simple sieving and washing. This desliming (removal of min-
eral fines or the aqueous phase) operation increased the Cu recovery from ore B by ~2–4%. 
Three general pathways by which slimes might cause adverse effects may be speculated upon 
as follows:

1. Modification of the water chemistry in the pulp and froth phases (thereby changing 
surface or interfacial behavior),
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Figure 2. Reduction in Cu recovery upon spiking ore A with 4 wt% ore B “slimes” at two particle 
size cut-offs, and the aqueous phase (filtrate) from ore B grind
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2. Modification of pulp and froth phase microstructures (evidenced by changes in rheol-
ogy), and

3. Slime coating on Cu sulfides and MoS2 (thereby hindering collector adsorption).
Additional experiments to shed further light on plausible pathways for adverse effects were 
conducted.

Water Chemistry

It is widely recognized that water chemistry plays a critical role in flotation. The term 
“water chemistry” in general refers to the nature and composition of soluble species in water. 
It should be acknowledged that water itself plays an important chemical role in grinding and 
flotation as a solvent for various mineral-derived species and processing chemicals, and also as a 
reactant with certain functional groups on mineral surfaces. Aqueous phase comprising water, 
soluble mineral species, and their plausible reaction products, can be considered unintended 
modifiers of flotation separation (as opposed to deliberately added modifiers, which are specific 
chemicals e.g., pH modifiers [Nagaraj and Ravishankar 2007]).

Water chemistry in the pulp, as noted previously, can change as a result of soluble ions aris-
ing from contact with the ore. The kinetics of this process might also play a role in the extent 
of compositional changes. Thus, since the ore grinding, conditioning and flotation stages typi-
cally require several tens of minutes to complete, there is also a chance for the soluble ion con-
tents of the aqueous phase to change during this period. Water analysis by ion chromatography 
for the anions (chloride, carbonate, sulfate) and ICP for the cations (Ca++, Mg++, Na+, K+) was 
performed on water samples recovered from the pulp at various times throughout conditioning 
in the flotation cell for both ore B and a 30/70 blend of ore B/ore A; see Figure 4 and Figure 5.

One interpretation of the data is that immediately after grinding ore B had leached out less 
sulfate ions and less K+ and Mg++ ions than did the ore Blend. An alternative interpretation 
is that more sulfate ions were removed from the solution phase via precipitation (e.g., CaSO4 
formation) which resulted in lower concentration of sulfate ions. Sulfate ion concentration in 
the blend pulp decreased marginally during conditioning, while it remained fairly constant in 
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Figure 3. Effect of slime or aqueous phase removal from ore B on Cu recovery. Removing slimes 
increased the Cu recovery from ore B. Addition of modifier P substantially improved Cu recovery.
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the ore B pulp. Chloride and carbonate concentrations also did not change with condition-
ing time. Concentrations of cations (K+, Mg++, Na+, and Ca++) remained fairly constant over 
the course of conditioning. The marginal decrease in sulfate concentration may be rational-
ized by the formation of insoluble calcium sulfate (gypsum) and possibly other precipitated 
hydroxy-sulfates of Ca++ or Ca++/Mg++. For example, CaSO4 and Mg(OH)2 have thermody-
namic solubility products of 5×10–5 and 5.6×10–12, respectively (note: the conditional solubil-
ity products, which would be more representative of the particular experimental conditions, 
are not available; thermodynamic data for mixed precipitates are also not available). With 
the removal of sulfate ions, one would expect Ca++ concentrations to also decrease concomi-
tantly. However, this is not observed, probably because Ca-containing gangue minerals act as 
a constant source of Ca++ ions (due to the cation-exchange-capacity of altered silicates, and 
the appreciable solubility of calcite/dolomite). Importantly, in laboratory tests, it seems that 
changes in water chemistry due to contact with ore Are for the most part complete after the 
grinding operation, with only modest changes occurring in the flotation operation. The only 
significant difference in ion contents between slurries of ore B and the ore Blend was the sulfate 
concentrations. All other ion concentrations measured were essentially the same for both the 
ore B and its blend.

It should be noted here that water chemistry is indeed dynamic, and snap-shots of water 
analysis fail to capture the inherent and true dynamics of the system. There could be a steady-
state between minerals and the solution, wherein species released from the minerals could 
precipitate in the form of hydroxides and/or sulfates, some of which may eventually be found 
on other mineral surfaces. It is also plausible that such precipitates would ‘coat’ not only Cu 
or Mo mineral surfaces but also other silicate and non-sulfide gangue minerals. There is insuf-
ficient information to draw definitive conclusions.

In light of our water chemistry analyses, we revisit data in Figure 2 (adverse effect of 
ore B). Recall that impact may be felt in the slurry, the froth, or both phases. Loss of Cu 
recovery from ore A became greater as the average size of the ore B fine fraction added to it 
decreased, all the way down to filtrate from ground ore B slurry. This filtrate contained soluble 
species and the fine-particle fraction below ~10 microns (although we do not know the actual 
solids content of the ore B slurry filtrate in these experiments). It is difficult to determine from 
these data the relative contributions of the colloidal and the truly soluble species to the reduc-
tion in Cu recovery, or whether some of the colloidal material formed from solubilized species 
that subsequently phase separated.

If a significant amount of the deleterious effects on Cu recovery were due to soluble com-
ponents in the ore B acting in a negative manner in the ore B/ore A blend flotation, then one 
might expect to see some differences in the ion contents of the filtrate. The main differences 
in ion contents of the aqueous phases were lower SO4

= (~130 vs. ~190 ppm), K+ (~8 vs. 
~20 ppm) and Mg++ (~12 vs. ~17 ppm) with ore B compared to the ore B/ore A blend. The 
aqueous SO4

= concentration in the ore Blend slurry also tended to decrease with time, suggest-
ing the potential formation of insoluble sulfates, likely with Mg++ and Ca++, throughout the 
grinding and flotation stages. The surface precipitation or surface adsorption of such precipi-
tating phases could alter Cu recovery.

Regarding colloidal particles from ore B, all we can say at this point is that the smaller 
particles are more egregious in reducing Cu recoveries than the larger ones. Also, placing fine 
ore B particles directly into the flotation cell resulted in greater reduction in Cu recovery. The 
Cu recovery from ore B increased by ≈ 2–4% when the fine particle fraction was removed, see 
Figure 3. The relative contributions of particle adsorption on minerals (i.e., slime coating of 
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Cu-containing minerals reducing collector adsorption) vs. the small particles simply acting as 
a source of more readily available solution species, which may adsorb or form precipitates on 
minerals, remains to be explored. The data we currently have favors (at least in terms of relative 
contribution) an aqueous-species mediated adverse effect on Cu recovery.

Another mechanism by which colloidal species can change flotation response is via the 
formation of aggregates with each other or with other colloidal or larger particles. If these 
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aggregates are transported to the froth phase through entrainment or bubble flux they may 
stabilize the froth by retarding water draining from the froth lamellae back into the pulp. This 
may cause a reduction in recovery and/or grade. Indeed we observed the appearances of the 
froth phases in each stage to be different for ore B and ore A.

Polymeric Modifiers

Practical solutions to improve Cu/Mo recovery in ore mixtures containing ore B are ulti-
mately our goal. While the following discussion pertains to experiments specifically with a 
polymeric modifier, it is important to mention that several other solutions to the problem 
were explored as a part of the research program, all of which lead to, at best, only marginal 
change in Cu/Mo recovery. For instance, processing approaches tried were pulp dilution, finer 
grind, regrind of ores, and re-flotation of tailings; while examples of chemical approaches tried 
included testing different frothers and/or collectors, and NaSH addition. None of these led 
to the goal of producing a step change in Cu/Mo recovery. Since colloidal species have been 
at least partially implicated in the reduced recovery, we explored the addition of a polymeric 
modifier to mitigate this problem.

The effect of a polymeric modifier on improving flotation performance of ore A spiked 
with different fine particle fractions recovered from ground ore B slurries was studied. Figure 3, 
last entry on right, shows that the addition of polymeric modifier P in combination with the 
collector and frother, helped substantially improve Cu recovery from partially deslimed ore B 
fines (–20 micron fraction removed). Note that polymeric modifier addition led to a step 
improvement in Cu recovery, and was significantly different from other desliming options 
tried.

Figure 6 shows the significantly improved Cu recovery from ore B flotation when poly-
meric modifier P was added in combination with the collector and frother. Cu recovery and 
grade scaled with modifier dose. The improved Cu recoveries were in the range commonly 
associated with the good recoveries from ore A. Indeed, a marginal reduction in Cu grade was 
observed with the modifier addition. One could argue that this reduction was due to addi-
tional mass recovery resulting from modifier addition. However, a simple calculation assuming 
addition of 1% mass of the tails to the concentrate would result in <1% higher Cu recovery 
and approximately 5% lower Cu grade (shown as open circle in Figure 6). Clearly, the effect 
of modifier addition was substantially different in terms of recovery and grade, and was not 
related to mass recovery. In other words, the improved Cu recovery was not due to entrain-
ment, but rather true flotation. This same polymeric modifier also improved Cu recovery in 
ore B/ore A (30/70) blend flotation, although there was no additional improvement between 
the low and high doses; see Figure 7.

These ores also contained Mo minerals, and Mo recoveries were improved in a fashion 
similar to Cu when this same polymeric modifier was used in combination with the prescribed 
collector and frother; see Figure 8 and Figure 9.

To reiterate our observations, the poor metallurgical performance in, and due to ore B likely 
arose from either direct adsorption of colloidal materials, solution species, and/or precipitates 
derived therefrom, onto Cu and Mo minerals. The addition of a specific polymeric modifier 
led to significantly higher Cu and Mo recoveries in both ore B and ore B/ore A blends, with 
only marginal reductions in grades. Such effects could not be rationalized merely by means 
of additional mass recovery, which would have been accompanied by significant reduction to 
the concentrate grade. Our explanation for this result is that the polymeric modifier interacted 
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with colloidal materials, solution species or precipitates derived therefrom and prevented their 
adsorption on value minerals, thereby mitigating their effects on Cu/Mo recovery loss.

CONCLUSIONS

The effect of dissolved gangue mineral species and fine colloidal matter in process water 
on flotation performance from two porphyry ore types A and B (characterized as ‘good’ and 
‘bad’ ores, respectively, based on Cu/Mo recoveries) was investigated. Poor Cu/Mo recoveries 
(at a given concentrate grade) were obtained when ore B was treated alone or in combination 
with ore A. In the past, many hypotheses were proposed and investigated in the plant; however, 
none of them could be supported, and no satisfactory solutions to the problem were found. 
The goals of our current study were to (a) explore the underlying mechanisms responsible for 
poor Cu/Mo recovery resulting from ore B, and its adverse effect on ore A, and (b) develop 
robust and sustainable chemical solutions.

Traditional solutions involving chemical routes (collector/frother, or addition of NaSH) 
and processing options (longer flotation time, pulp dilution, finer grinding, grinding/re- 
flotation of tails, high intensity conditioning) have only led to incremental differences in Cu/
Mo recovery, and the improvements were not commensurate with expectations.

In this study, flotation tests, spiking experiments, and dynamic water chemistry stud-
ies were conducted with ore B and ore B/ore A blend. Data suggest that fine materials from 
ore B affected Cu recovery when added to ore A. Smaller size fractions of these fines had an 
increasingly severe effect. Moreover, we have provided evidence that it is not only the fines, but 
the aqueous species released from these minerals also affected flotation performance. In fact, 
these aqueous species were observed to play a significant role in reducing flotation recovery. 
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Moreover, replacing the aqueous phase of the slurry with fresh water improved the flotation 
performance of ore B.

Water chemistry studies suggested the role of Ca++, Mg++, and sulfate ions in causing the 
poor performance. We speculate that these species may precipitate on value minerals as CaSO4, 
Mg(OH)2 and mixed Ca/Mg hydroxy-sulfates, thereby altering the wettability of these value 
minerals. Moreover, addition of an appropriate polymeric modifier substantially improved the 
flotation performance of these ores.

These studies suggest that water chemistry must be viewed in a broader context. Water 
chemistry comprises species released from minerals, organic species present in the ore, all flota-
tion reagents, and colloidal mineral particles. Moreover, the aqueous phase is dynamic: species 
are released continuously from most minerals, particularly the non-sulfides because of their 
relatively greater solubility compared to sulfide minerals. These species are also consumed via a 
variety of different pathways. Finally, understanding the dynamics of water chemistry is impor-
tant in developing robust water-efficient processing, and increasing one’s ability to use different 
sources of water, including recycled water.
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ABSTRACT

The aggregation and sedimentation of clay mineral particles are generally controlled by 
the surface chemistry of the system which in turn determines the effectiveness of water recov-
ery from tailings containing such particles. The tailings from oil sand, phosphate rock, and 
bauxite operations are classic examples of the technical challenge that exists for water recovery 
and tailings stabilization. Of particular interest are clay minerals such as kaolinite, illite, and 
montmorillonite. The aggregation and sedimentation of these clay minerals are complicated 
by particle size, shape, and surface chemistry. Results are reported for kaolinite.

Kaolinite particles naturally exist as platy shaped micron-to-nano sized particles, which are 
highly dispersed in some tailings streams. Consolidation of tailings containing such particles is 
difficult. The surface chemistry, particularly the surface charge properties of kaolinite particles, 
plays an important role in their dewatering characteristics and is complicated by the anisotro-
pic, platy structure of the particles which manifests itself in edge surfaces and face surfaces. 
Recently, it has been established that the silica face of kaolinite is negatively charged at pH > 4, 
whereas the alumina face of kaolinite is positively charged at pH < 6 and negatively charged at 
pH > 8. The surface charge densities of the silica face surface, the alumina face surface, and the 
edge surface have been utilized to determine the interaction energies between different surfaces 
of kaolinite particles.

Results indicate that the silica face–alumina face interaction is dominant for kaolinite 
particle aggregation at low pH. This face–face association increases the stacking of kaolin-
ite layers, and thereby promotes the edge–face (edge–silica face and edge–alumina face) and 
face–face (silica face–alumina face) associations with increasing pH to pH 5–5.5. With further 
increase in pH, the face–face and edge–face association decreases due to increasing surface 
charge density on the silica face and the edge surfaces, and decreasing surface charge density 
on the alumina face. At high pH, all kaolinite surfaces become negatively charged, kaolinite 
particles are dispersed, and the suspension is stabilized. Based on the corresponding aggregate 
structure, the sedimentation behavior of kaolinite suspensions is discussed, particularly the 
rapid settling rates at pH 5–5.5.

INTRODUCTION

The aggregation and sedimentation of clay mineral particles is generally controlled by 
their surface charge properties which in turn determines the effectiveness of water recovery 
from tailings containing such particles. Coagulants are added to neutralize the surface charge, 
thereby the mineral particles come closer by van der Wall attraction and form loose aggre-
gates. Subsequently, a polymer flocculant may be added which adsorbs on particle surfaces 
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by attracting the oppositely charge surface of mineral particles and causes bridging, bringing 
several aggregates together to form inter-aggregate network, the sediment then consolidates 
under its own weight. The surface charge is a fundamental feature of clay mineral particles, 
and its understanding is desired in order to control sedimentation behavior. The surface charge 
of clay mineral particles in general is complicated by their size and shape, with different face 
surfaces and edge surfaces having different surface charge characteristics. The surface charge 
properties of kaolinite are discussed in this paper, and how they control the aggregate structure 
and sedimentation of particles.

Kaolinite particles naturally exist as pseudo-hexagonal platy shaped particles, ranging from 
micron to nanometer in size. The crystallographic structure suggests that kaolinite particles 
consist of a silica tetrahedral surface corresponding to the 001 basal plane and an aluminum 
hydroxide octahedral surface corresponding to the 001 basal plane as shown in Figure 1. Of 
course, the kaolinite particles have 010 and 110 edge surfaces which are generated as a result 
of broken covalent bonds. The sedimentation of kaolinite particles is governed by its surface 
chemistry, in particular its electrokinetic features, which generally determine the particle inter-
actions, and hence the settling rate and the degree of consolidation of the suspension.

It is traditionally believed that the 001 and 001 basal plane surfaces of kaolinite particles 
are negatively charged due to isomorphic substitution of Al3+ for Si4+ in the silica tetrahedral 
layer and Mg2+ for Al3+ in the alumina octahedral layer, whereas the edge surface (010 and 
110 plane surfaces) carries a positive or negative charge depending on the pH of the system 
(Johnson et al. 2000, Johnson, Russell, and Scales 1998, Olphen 1963, Rand and Melton 
1977, Schofield and Samson 1954, Street 1956, Street and Buchanan 1956). The assumption 
that both basal planes carry a fixed negative charge has only recently been examined experi-
mentally through surface force measurements using atomic force microscopy (AFM) (Gupta 
and Miller 2010). These surface force measurements reveal that the silica tetrahedral face of 
kaolinite is negatively charged at pH > 4, whereas the alumina octahedral face of kaolinite is 
positively charged at pH < 6, and negatively charged at pH > 8. The results suggest that the 
iso-electric point of the silica tetrahedral face is at pH < 4, and that the iso-electric point of the 
alumina octahedral face lies between pH 6 and 8 (Gupta and Miller 2010). Based on this new 
finding, Gupta et al. (2010) determined the interaction energies between different surfaces of 

Figure 1. Structure of kaolinite along the 010 edge surface showing a silica tetrahedral layer and 
an alumina octahedral layer (Gupta 2011)
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kaolinite particles, which showed that the silica face–alumina face association is likely to be 
dominant for kaolinite particle association at low and intermediate pH conditions. However, 
the above conclusion of dominant silica face–alumina face association was reached by assum-
ing that the zeta-potential of the edge was a linear combination of the zeta-potentials on silica 
and alumina surfaces (Williams and Williams 1978). The assumption for edge surface zeta-
potential will be discussed later in this study. It seems that the edge surface zeta-potential for 
kaolinite is under-estimated, and that an experimental technique such as potentiometric titra-
tion should be considered in the analysis of kaolinite surface potentials.

Consideration to surface charge of the silica face, the alumina face and the edge surface 
of kaolinite must be given in order to determine the interaction energies when these par-
ticles come closer to each other. When there is repulsive energy between two surfaces, the 
kaolinite particles tend to stay away and the suspension is stable. In contrast, when there is 
favaorable interaction or attraction between two surfaces of kaolinite, the particles come closer 
to each other and form aggregate-structures. These aggregate-structure for clay minerals such 
as kaolinite is particularly interesting as they evolve in three-dimensions to form card-house 
structures (Olphen 1963). It is expected that the sedimentation of kaolinite will be maximum 
when there is favorable interaction between kaolinite particle surfaces, and coarser and denser 
aggregate-structure will be formed.

Several researchers have examined images of flocculated kaolinite suspensions using elec-
tron microscopy to determine the aggregate structure, and relate these observations to sedi-
mentation. The earliest significant discussion of clay fabric was given by Terzaghi in 1925 (see 
O’Brien 1971) in which the structure of cohesive soils was discussed with regards to adhesion 
between adjacent minerals. Casagrande (1940) presented a theory for a honeycomb structure in 
soils. Idealized drawings of clay fabric forming a card-house or honeycomb structure have been 
proposed (Lambe 1953, Olphen 1963, Schofield and Samson 1954, Tan 1958). Rosenqvist 
(Rosenqvist 1959, Rosenqvist 1963) published the first electron micrograph of freeze-dried 
samples of undisturbed marine Oslo blue clay and supported the idea of a card-house arrange-
ment in the undisturbed sediment. O’Brien (1971) examined the fabric of kaolinite in distilled 
and slightly saline water, and found that the fabric is dominated by a 3-dimensional network of 
twisted chains of face–face oriented flakes having the appearance of a stair-stepped cardhouse. 
Recently, Zbik et al. (2008) investigated the structure of kaolinite aggregates at pH 8 during 
sedimentation experiments using cryogenic-scanning electron microscopy (cryo-SEM). They 
found that the kaolinite aggregates initially show edge–face and edge–edge association, which 
rearrange from edge–edge chains to more compact face–face associations during settling. In 
another study, Zbik and Frost (2009) observed differences in the physical behavior of a num-
ber of kaolinite clays from Birdwood and Georgia. For example, SEM micrographs of the 
Birdwood kaolinite aggregates show the predominance of stair step edge–edge contacts form-
ing a spacious cell structure, whereas Georgia kaolinite aggregates display edge–face contacts 
building a card-house structure. From these studies it is suggested that kaolinite clays are very 
complex and each kaolinite should be considered separately. It is evident that each kaolinite 
from different sources must be characterized and detailed examination may be necessary to 
determine the aggregate structures at low, medium and high pH values.

It is the objective of this paper to utilize the surface charge information on the face sur-
faces and edge surfaces of kaolinite in order to understand the aggregate structure of kaolinite 
suspensions and corresponding sedimentation behavior. Furthermore, the influence of particle 
aspect ratio and electrical double layer thickness is investigated with regard to the aggregation 
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behavior of kaolinite particles. Finally, cryo-SEM images were used to examine the modes of 
particle association (face–face, edge–face, and edge–edge).

MATERIALS AND METHODS

Sample Preparation

A clean English Kaolin (Imerys Inc., UK) was obtained from St Austell area in Cornwall, 
UK. The sample was cleaned with water only using elutriation to achieve classification at a size 
of less than 2 µm. No other chemical treatment was used. Further details about the kaolinite 
extraction and preparation are given in the literature (Bidwell, Jepson, and Toms 1970). The 
kaolinite suspension was prepared in high purity Milli-Q water (Millipore Inc.). The resistiv-
ity of the water was 18.2 MΩ-cm in all experiments. Potassium chloride (1 mM solution) 
was used as background electrolyte for surface force measurements. The pH was adjusted to 
its desired value using 0.1 M HCl or 0.1 M KOH solutions. All chemicals used were of ACS 
reagent grade.

X-ray diffraction (Bruker AXS, Inc., Madison, WI, USA) analysis conducted on the 
kaolinite sample confirmed that kaolinite is the dominant mineral phase. Energy dispersive 
X-ray spectroscopy (FEI, Hillsboro, Oregon, USA) analysis of the kaolinite sample showed 
nearly 1:1 atomic distribution of aluminum (7.98%) and silicon (7.95%) with trace amounts 
of potassium (0.35%), calcium (0.08%) and iron (0.15%). Other details about the purity of 
kaolinite are provided elsewhere (Gupta and Miller 2010).

The kaolinite particles with a median diameter of 600 nm and median thickness of 
11.2 nm in 1 mM KCl solution were used in this study, unless otherwise mentioned. The 
median diameter and thickness were determined from the imaging of at least 150 kaolinite 
particles using atomic force microscopy. The kaolinite particles were air-dried on a thin sheet 
of mica and an image of the particle was obtained using the contact mode imaging technique. 
Section analysis was then conducted to obtain information about the diameter and thickness 
of the particle. The details are provided elsewhere (Gupta et al. 2011).

Aggregate Size

The aggregate size of kaolinite particles in suspension at desired pH values was determined 
using photon correlation spectroscopy (PCS). In a PCS experiment, the fluctuation of scat-
tered light from particles by their Brownian motion is collected at a scattering angle of 90° 
with an optical fiber, and detected by a photo-electric detector. The amplified signal from 
the photo-electric detector is fed into an autocorrelator for computing the intensity autocor-
relation function. This autocorrelation function is used to determine the relaxation of inten-
sity fluctuations, which in turn is related to translational diffusion coefficient of the particles. 
Particle size (equivalent spherical diameter) is then determined from the diffusion coefficient 
of the particles.

Kaolinite suspensions (4%) were prepared in 1mM KCl solution at pH 9.0, sonicated for 
5 minutes and stirred for 1 hour for complete dispersion. After conditioning, 50 mL of the 
suspensions was taken in a volumetric flask and adjusted to the desired pH of 3, 5, 7 and 9. A 
small amount of kaolinite suspension (1 mL) was taken at each pH into a cuvette for PCS anal-
ysis. Each experiment was replicated three times and the average aggregate size was determined.
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Cryo-SEM

Kaolinite suspensions (1%) were prepared in 1 mM KCl solution (100 mL). About 15 mL 
of the sample was taken in a vial and adjusted to pH 3, 5, 7 and 9 using 0.1 M HCl or 0.1 M 
KOH solutions. The suspension was left overnight for conditioning. The sample was hand-
shaken, and then a few microliters of the suspension were taken in a small metal rivet sealed 
with glue at one end. The sample was immediately plunged into a liquid N2  slush using the 
Oxford LN2 slush freezing apparatus for freezing the water without allowing crystallization, 
i.e., vitrifying. Vitrified samples were placed onto the liquid nitrogen-cooled specimen stage of 
the field emission scanning electron microscope Philips XL30 FESEM with Oxford CT 1500 
Cryo stage. The sample was fractured under vacuum and a small amount of vitrified H2O was 
sublimed off by raising the stage temperature to −90°C for 10 minutes to expose the aggregate 
structure, then lowering back to −180°C. Finally, the sample was coated with platinum before 
SEM imaging.

DLVO Model

Interactions between kaolinite particles were characterized by the (Deryaguin-Landau-
Vervey-Overbeek) DLVO model, which considers the sum of electrostatic and van der Waals 
forces. An appropriate form for the van der Waals interaction energy per unit area (EvdW) 
between two planar surfaces of thickness δ1 and δ2 is given as (Masliyah and Bhattacharjee 
2006):

 12
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vdW H
π δ δ δ δ= − + + + − + − +^ ^ ^h h h; E (1)

where AH is the combined Hamaker constant of the two surfaces interacting in the suspending 
medium, h is the separation distance between two interacting particles. At the closest approach, 
h was taken as 20 Å in all calculations for comparison with existing literature (Johnson, Russell, 
and Scales 1998). In the case of kaolinite, we have to consider six different surfaces for particle 
interaction, edge–edge, edge–silica face, edge–alumina face, silica–silica face, alumina–alumina 
face and silica face–alumina face interactions. Therefore, the non-retarded Hamaker constants 
for each of the six cases were determined from the Hamaker constant of silica and alumina as 
given in Table 1. Hamaker constants in Table 1 were calculated from the following equation:

A A A A A123 11 33 22 33= − −^ ^h h (2)

where A11 is the Hamaker constant for the first interacting surface, for example the silica face, 
alumina face or edge surface, A22 is the Hamaker constant for the second interacting surface, 
for example the silica face, alumina face or edge surface, and A33 = Hamaker constant for 

Table 1. Hamaker constant of different interactions between kaolinite particles

Interaction Interaction Type Hamaker Constant, J

1 Edge–edge 2.37 × 10–20

2 Edge–silica face 1.63 × 10–20

3 Edge–alumina face 3.05 × 10–20

4 Silica face–silica face 1.11 × 10–20

5 Alumina face–alumina face 3.90 × 10–20

6 Silica face–alumina face 2.08 × 10–20
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the suspending medium which in our study is water. The Hamaker constants for silica and 
alumina were taken as 8.86 × 10–20 J and 1.52 × 10–19 J, respectively (Bergstrom 1997). The 
Hamaker constant for the edge surface was determined as 1.20 × 10–19 J from the average of 
the Hamaker constants for silica and alumina. The Hamaker constant for water was taken as 
3.70 × 10–20 J (Bergstrom 1997).

The electrical double layer interaction energy per unit area (EEdl  ) between two planar 
surfaces with surface potentials ψ1 and ψ2 is given by the Hogg-Healy-Fuerstenau (HHF) 
expression for dissimilarly charged surfaces as (Nguyen and Schulze 2004):

2 1
2

exp
exp

E h
h

0
1 2 1

2
2
2

Edl εε κ κ
ψ ψ κ ψ ψ

= −
− −

^
^
h
h= G (3)

where εo is is the permittivity of free space, ε is the dielectric constant and κ–1 is the Debye 
screening length of the electrical double layer.

For cases when the surface potential of the two planar surface are similar, i.e., ψ1 = ψ2 = 
ψ, the electrical double layer interaction energy reduces to

1
2

expE h

2
0Edl

κ
ψ εε κ

= +^ h  (4)

Similarly, the electrical double layer interaction energy under the condition of constant sur-
face charge, first established by Langmuir (1938), can be used. In this case, revising Equation 3 
by replacing the two minus signs in the numerator by plus signs gives the Langmuir equation. 
In particular, the double layer interaction energy at constant surface potential and/or constant 
surface charge presents the lower and upper limits of the interaction energy. The actual double 
layer interaction energy with a mixed boundary condition or a surface charge regulation is 
between the two limits. The calculation shows that the trend of the total interaction energy 
for the cases is similar. Therefore, only the interaction energy described by Equation 3 is used 
hereafter.

The resulting DLVO interaction energy is given as:

E E EvdW Edl= +  (5)

The total interaction energy was multiplied by the measured interaction area ratio of basal 
plane surface to edge surface of 13.39:1 as determined by atomic force microscopy. In calculat-
ing the edge and face surface areas, the kaolinite particle was assumed to be a circular disc. The 
energies are scaled against the maximum predicted silica face-alumina face interaction energy, 
Emax.

RESULTS AND DISCUSSION

The particle aggregation and sedimentation of a suspension is essentially determined by 
the forces that control the spatial arrangement and dynamics of the suspended particles. In a 
suspension under the predominant influence of repulsive electrostatic energies the particles 
tend to take up positions as far from each other as possible. This may lead to a regular arrange-
ment of the particles, i.e., to the development of the spatial order in the suspension. Clusters 
of particles, or aggregate structures, form in a suspension when the particle interactions are 
dominated by attractive energies. The aggregate structure or flocs will immobilize the sus-
pending medium, and give rise to settling velocity and sedimentation of the suspension. The 
particle characteristics such as morphology, size, surface area, etc. will also greatly affect the 
suspension viscosity, and the strength of the aggregate structure. The aggregate structure plays 

WaterMineralsProcessing.indb   266 11/22/11   1:49 PM



 aggregation and sediMentation characteristics of Kaolinite susPensions 267

a major part in the settling of clay suspensions. The rate and mechanism of formation of such 
aggregate structures and the characteristics of the aggregate structures are therefore important 
parameters to describe the sedimentation behavior of such suspensions. In this study, we will 
discuss the formation of aggregate structures of kaolinite and their validation by cryo-SEM in 
the following and subsequent sections.

Particle Interactions

As mentioned previously, the sedimentation of kaolinite particles is complicated greatly 
by the non-uniform surface charge densities on edge and face surfaces. It was realized that 
electrophoretic measurements of kaolinite particles do not give detailed information about 
surface charge characteristics, and therefore information on electrophoretic mobility is not 
used in this analysis (Miller et al. 2007). Instead, surface charge densities of the two faces of 
kaolinite particles (silica face and alumina face) were determined from surface force measure-
ments are used in this analysis (Gupta and Miller 2010). Recently Gupta et al. (2010) used the 
zeta-potential for the edge surfaces as a linear combination of the zeta-potential of silica and 
alumina particles. It was realized that the zeta-potential does not define the surface potential 
of the edge surface appropriately. Instead, potentiometric titration was used to determine the 
surface potential and surface charge of the edge surface of kaolinite. The surface charge density 
for the edge surface of kaolinite was calculated from the following the charge balance as:

A A A Akaolinite kaolinite silica face silica face alumina face alumina face edge face edge faceσ σ σ σ= + +  (6)

where σkaolinite is the surface charge density of kaolinite particles as determined by potentio-
metric titration, σsilica face and σalumina face are the surface charge densities of the silica face 
and the alumina face of kaolinite as determined by surface force measurements. The symbols 
Akaolinite, Asilica face, Aalumina face and Aedge face represent the total area of kaolinite particles, area 
of silica face, alumina face and edge surfaces, respectively. The area of the silica face surface, the 
alumina face surface and the edge surface was determined from the kaolinite particle equivalent 
circle diameter and thickness, the details of which are provided in the Supporting Information.

With this information the surface charge densities of the edge surface of kaolinite was 
determined, and the results are presented in Figure 2. As shown in Figure 2, the surface charge 
density of the edge surface is significantly greater, over one order of magnitude greater when 
compared to the surface charge densities of the silica face and the alumina face of the kaolinite 
particles at high pH. At low pH, the surface charge density of the edge face of kaolinite is of a 
similar magnitude (within a factor of two) with that of the surface charge densities of the silica 
face and the alumina face.

Considering the surface charge data provided for the different faces of kaolinite, the net 
interaction energy between different surfaces of kaolinite was determined and is shown in 
Figure 3. The interaction energies were scaled to maximum attractive interaction energy deter-
mined for silica face–alumina face, and multiplied by the average interaction area ratio of 
13.39:1 (Gupta, Miller, and Nguyen 2010).

Figure 4 shows the scaled interaction energies calculated for a separation distance, h = 
20 Å, when there is no energy barrier, consistent with previous studies (Johnson, Russell, and 
Scales 1998). When there is an energy barrier between surface interactions, the interaction 
energies were calculated at the separation distance for the maximum energy barrier.

It is evident that the silica face–silica face interaction is repulsive in the pH range of 4–10 
due to the strong electrostatic repulsion between negatively charged silica faces (see Figure 3 

WaterMineralsProcessing.indb   267 11/22/11   1:49 PM



268 effect of Water quality on Minerals Processing

-250

-200

-150

-100

-50

0

50

3 4 5 6 7 8 9 10 11

Su
rfa

ce
 C

ha
rg

e 
De

ns
ity

, m
C/

m
2

pH

Edge Surface - Titration
Silica Face Surface - Gupta and Miller, 2010
Alumina Face Surface - Gupta and Miller, 2010

Figure 2. Surface charge densities of the kaolinite edge surface and the two face surfaces (silica and 
alumina face) as a function of pH in 1 mM KCl solution (Gupta et al. 2011)

Figure 3. Interaction energy profiles for different surface interactions of kaolinite particles (Gupta 
et al. 2011)
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and Figure 4). The alumina face–alumina face interactions showed a slight repulsion with a 
small energy barrier at pH 6 due to weak electrostatic repulsion and stronger van der Waals 
attraction. Below pH 7.5, the silica face–alumina face interaction is attractive with a maxi-
mum at pH 5, whereas a slight repulsion was observed at higher pH (pH > 7.5). This is due 
to the opposite sign of the surface charge densities for the silica face and alumina face at pH 
≤ 6 (silica face is negatively charged and alumina face is positively charged), causing stronger 
attraction both electrostatic and van der Waals attraction (see Figure 3 and Figure 4). At higher 
pH (pH  ≥ 8), both the silica face and alumina face carry the same surface charge sign (both 
silica and alumina face carry negative charge), and hence a slight repulsive electrostatic interac-
tion was found. The edge–edge surfaces showed repulsive interaction for the entire pH range, 
due to the similar nature of surface charge, i.e., edge surfaces carry a positive surface charge 
at pH 4, which becomes increasingly negative at pH values greater than 5 (see Figure 2). The 
edge–alumina face showed repulsive interactions at low pH (pH of 4) and at high pH (pH ≥ 8) 
due to strong electrostatic repulsive interactions, whereas an attractive interaction was found 
at an intermediate pH of 5–6. In contrast, the edge–silica face showed attractive interaction 
only at low pH 4 and repulsion at a higher pH (pH ≥ 5), due to similar nature of the surface 
charge on the edge surface and the silica face of kaolinite at higher pH. The edge–silica face 
and edge–alumina face interactions indicate that the edge–face interactions are favorable at pH 
< 8. Though the magnitude of edge–silica face and edge–alumina face interactions suggest an 
insignificant interaction on an interaction area basis, the interaction cannot be ignored as the 
edge effect could become significant in concentrated suspensions when the kaolinite particles 
are stacked due to the silica face–alumina face interaction.

On the basis of these different interactions shown in Figure 3 and Figure 4, it is expected 
that the overall interaction of kaolinite particles will be dominated by silica face–alumina face 
in acidic solutions (pH < 7.5). Whereas, the alumina face–alumina face interactions are unfa-
vorable over the entire pH range of the system. Although lower in magnitude, the edge–silica 
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Figure 4. Predicted kaolinite edge–edge, edge–silica face (E-F(Si)), edge–alumina face (E-Al(Si)), 
silica face–silica face (F(Si)-F(Si)), alumina face–alumina face (F(Al)-F(Al)), and silica face–
alumina face (F(Si)-F(Al)) interaction energies scaled to maximum attractive energy for the silica 
face–alumina face interaction. Kaolinite particles with diameter 600 nm and thickness 11.2 nm 
in 1 mM KCl solution (Gupta et al. 2011).
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face showed favorable interaction at low pH of 4, and therefore some edge–face associations 
will also be expected at low pH. Thus, it is anticipated that the kaolinite particles will aggregate 
initially in a silica face–alumina face manner forming a lamellar tactoid structure in kaolin sus-
pensions at low pH values (Schofield and Samson 1954), but still with a relatively low settling 
rate. As the pH rises, the face–face association will grow, causing the formation of tactoids with 
thicker edge surfaces, and thereby promoting the edge–face association. This is supported by 
Secor and Radke (1985) who found by numerical simulation that the electrostatic field from 
the basal plane may “spill-over” to dominate the positive edge surface. Chang and Sposito 
(1994) also showed that the negative electric field from the basal plane of a disc-shaped clay 
mineral particle near the edge surface is mainly controlled by particle thickness. This face–face 
association is found to be dominant at pH 5, and edge–face associations dominant at pH 6, 
which will results in maximum settling rate, and corresponding larger aggregates at pH 5–5.5. 
As the pH is increased further, the face–face and edge–face association decreases due to lower 
magnitude of surface charge density on edge surfaces and face surfaces resulting in lower set-
tling rate and aggregate size. At high pH, the edge–face and face–face interaction forces become 
repulsive, and the system becomes completely dispersed, and a negligible settling is expected. 
In this way, the maximum sedimentation behavior of kaolinite can be explained based on 
particle aggregation and its variation with system pH. Even if the edge surface charge density 
and corresponding interactions are based on zeta potential measurements as dismissed at the 
beginning of this section on particle interactions, the relative significance of some interactions 
changes but in general the same conclusion is found regarding the variation of interactions 
with pH.

O’Brien (1971) observed the dominant face-face and some face-edge aggregation behav-
ior of kaolinite both in distilled water and in electrolyte solutions using scanning electron 
microscopy of freeze-dried kaolinite samples. However, concern was raised that the freeze-
drying technique can alter the structure of these aggregates during drying. Recently, Zbik et al. 
(2008) observed stacks of kaolinite aggregated dominantly in face-face manner at pH 8 using 
cryo-vitrified technique with scanning electron microscopy. The authors could not explain 
the face–face type interaction based on the assumption that 001 and 001 faces of kaolinite 
are negatively charged. Instead, it follows from our new results that the kaolinite particles are 
aggregating according to silica face–alumina face and alumina face–alumina face interactions.

In contrast to our results, Johnson et al. (Johnson et al. 2000, 1998) predicted that the 
kaolinite particles will mostly interact in an edge–face manner at lower pH. However, their 
studies were based on the assumption that both faces of kaolinite are negatively charged, which 
analysis must be reconsidered in view of the AFM surface force results reported by Gupta and 
Miller (2010). These different surface interactions are of importance in order to control the 
aggregation behavior of kaolinite particles, and the mechanical properties of such suspensions.

Influence of Aspect Ratio

The influence of aspect ratio (ratio of particle diameter to thickness) on the different 
surface interactions is shown in Figure 5. The aspect ratio was determined from the atomic 
force microscopy images of kaolinite particles. About 150 particles were imaged and analyzed 
using Nanoscope V7.2 software for the atomic force microscope (Veeco Instruments Inc., 
Santa Barbara, CA). As shown, the edge–silica face and edge–alumina face interactions are 
significant for particles with a low aspect ratio (9) as compared to particles with a high aspect 
ratio (165). Notably, the edge–alumina face interactions are dominant at pH 6, whereas silica 
face–alumina face interactions are dominant at pH 5 for kaolinite particles with low aspect 
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ratio. This is particularly interesting as significant edge–face interaction for particles with a low 
aspect ratio indicates that particles will orient themselves in both edge–face and face–face (sil-
ica face–alumina face) organizations. The particles with high aspect ratio will orient themselves 
dominantly in a face–face manner (silica face–alumina face). It is shown that the aggregate 
structures can be expected to depend on the aspect ratio of kaolinite particles, and thereby the 
sedimentation of the kaolinite suspensions will be affected by the aspect ratio.

Influence of Electrical Double-Layer Thickness

Figure 6 shows the effect of electric double layer thickness on the different surface interac-
tions. Particles suspended at high ionic strength will experience a small double layer thickness 
(3.04 nm) (see Figure 6b). Under these circumstances there is a greater alumina face–alumina 
face attraction and greater repulsion of silica faces, and edge faces when compared to particles 
suspended in a solution with a larger double layer thickness (9.6 nm) (see Figure 6a). Also at 
high ionic strength, there is a greater increase in the edge–alumina face interactions which 
promote edge–face associations as compared to low ionic strength. It is evident that at high 
ionic strength, i.e., at small values of the reciprocal of the Debye constant (the thickness of the 
double layer), κ–1 = 3.04 nm, the silica face–alumina face interactions will be increased at pH 5 
with improved aggregation. At the same time, the increased alumina face–alumina face inter-
actions will expose the silica faces on the kaolinite particles, which may also further promote 
aggregation with alumina faces, forming a larger aggregate structure. Olphen (1963) observed 
that with addition of NaCl, settling rate increase, slowly at first, and rather sharply when the 
flocculating concentration of NaCl for the clay was approached.

Aggregate Structure

In a suspension of clay particles, three different modes of particle association or aggregate 
structure may occur: face–face, edge–face, and edge–edge (Olphen 1963). The DLVO interac-
tion energies (electrostatic energy and the van der Waals interaction energy) for the three types 
of association are governed by six different combinations of the three surfaces interactions—
the silica face, the alumina face and the edge surface, as explained previously. Consequently, 
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Figure 5. Effect of aspect ratio on different face type interaction of kaolinite particles (a) low 
aspect ratio = 9 and (b) high aspect ratio = 165 in 1 mM KCl solution. The symbols E, F(Si), and 
F(Al) represent edge, silica face, and alumina face, respectively (Gupta et al. 2011).
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the three types of association will not necessarily occur simultaneously or to the same extent 
when a kaolinite suspension is aggregated.

Face–face associations will lead to thicker and possibly larger aggregates, whereas edge–
face and edge–edge associations will form three-dimensional voluminous card-house structures 
(Olphen 1963). The various modes of particle association are shown in Figure 7.

The SEM micrographs of kaolinite aggregates under cryogenic conditions at pH 3, 5, 7, 
and 9 are shown in Figure 8. It can be seen that the kaolinite particles are mostly associated 
in a face–face manner (silica face–alumina face and/or alumina face–alumina face), and some 
face–edge organization (edge–silica face) at pH 3 and pH 5 (see Figure 8). This is in good 
agreement with the theoretical predictions that at low pH, the attraction between the silica face 
and the alumina face dominates and thereby accounts for the face–face association. This face–
face association also promotes edge–face aggregation of kaolinite particles with an increase in 
pH to pH 5.

At pH 7, the particles are mostly associated in edge–edge manner and edge–face man-
ner (edge–silica face) (Figure 8). At higher pH (pH = 9), the particles are mostly associated 
in edge–edge manner creating a porous structure. Also, due to repulsion between the silica 
face and alumina face, face–face association was not observed at pH 9, in agreement with 
theoretical considerations. The edge–edge interaction at pH 9.0 should also be unfavorable 
due to similar surface charge density at the edge surfaces, which causes repulsion. The edge–
edge associations at high pH 9 were contrary to DLVO expectation, since all the surfaces of 
kaolinite particles are negatively charged, and the suspension is stable. In agreement with our 
observation, Zbik and Horn (2003) also observed similar structures involving edge–edge asso-
ciation for kaolinite particles, and they proposed that hydrophobic interaction between edge 
surfaces could contribute to such structures. Such a proposition is unlikely, but now can be 
given further consideration based on the development of AFM surface force techniques for the 
measurement of hydrophobicity (Miller et al. 2011, Yin and Miller 2011). Alternatively, the 
edge–edge association observed at pH 9.0 may be due to the experimental conditions associ-
ated with freezing the sample under cryogenic conditions.

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

3 4 5 6 7 8 9 10 11

E/
Em

ax

pH

E-E
E-F(Si)
E-F(Al)
F(Si)-F(Si)
F(Al)-F(Al)
F(Si)-F(Al)

(b) κ-1 = 3.04 nm

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2

3 4 5 6 7 8 9 10 11

E/
Em

ax

pH

E-E
E-F(Si)
E-F(Al)
F(Si)-F(Si)
F(Al)-F(Al)
F(Si)-F(Al)

(a) κ-1 = 9.6 nm

Figure 6. Effect of electric double-layer thickness (l–1) on different surface interactions for 
kaolinite particles with particle diameter 600 nm and thickness 11.2 nm at (a) l–1 = 9.6 nm 
(1 mM KCl solution) and (b) l–1 = 3.04 nm (10 mM KCl solution). The zeta-potentials of the 
silica face and the alumina face are assumed to be reduced by 30% with increasing ionic strength 
from 1 mM to 10 mM KCl solution. The edge surface potential data for 10 mM KCl solution were 
taken from literature (Williams and Williams 1978). The symbols E, F(Si), and F(Al) represent 
edge, silica face, and alumina face surfaces, respectively (Gupta et al. 2011).
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The cryogenic-SEM images showed the kaolinite aggregate structure for a 4% kaolinite 
suspension. This concentration may well be above the gelation point (Zbik and Frost 2009), 
but the general trends of the aggregate structure showing dominant face–face association was 
also observed in dilute (0.01%) and semi-dilute (0.1%) kaolinite suspensions (SEM graphs 
not shown). Our results are also supported by Zbik and Frost (2009) who observed similar 
face–face and edge–face contacts in kaolinite from Georgia. Other modes of particle associa-
tions such as stair step edge–edge contacts were also revealed in Birdwood kaolinite aggregates 
(Zbik and Frost 2009).

Aggregate Size and Sedimentation

The aggregate structure of kaolinite suspensions at different pH values as revealed by cryo-
SEM are also supported by further experiments conducted using photon correlation spectros-
copy (PCS) to estimate the particle size of such aggregates. In our analysis, we estimated the 
equivalent sphere diameter of aggregate-structures for kaolinite suspensions. These aggregate 
structures for kaolinite suspensions are three dimensional networks of particles forming an 
arbitrary shape or so called “card-house” structure (Olphen 1963). The precise information 
for the size of aggregate structures in kaolinite suspensions could not be revealed with present 
instrumentation, and only qualitative trends are realized. Figure 9 shows the average particle 
size of kaolinite aggregates in suspension as a function of pH. The average aggregate size of 
kaolinite is about 16.3±0.3 nm at both pH 7 and 9. The average aggregate size of kaolinite 
remains unchanged when measured as a function of time at pH 9, which represents a more 
dispersed state for the kaolinite particles. The aggregate size grows to 38.9±0.3 nm at pH 7 
in 40 minutes, which could be indicative of a loose aggregate structure formed mainly by 
edge–edge associations. The initial aggregate sizes for kaolinite suspensions at pH 3.5 and 5 
were 266.8±12.0 nm and 127.1±7.9 nm, respectively. The aggregates of kaolinite grow over 

(a) (b) (c)

(d) (e)

Figure 7. Formation of aggregate structures in kaolinite suspensions, as (a) dispersed, (b) face–
face, (c) edge–face, (d) edge–edge, and (e) a combination of b, c, and d, depending on the solution 
chemistry of the suspension (Gupta et al. 2011)
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Figure 8. Cryo-SEM micrographs of kaolinite aggregates at pH 3, 5, 7, and 9 at low (left) and high 
(right) magnification (Gupta et al. 2011)
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an order of magnitude in size in just a few minutes at pH 3 and 5, and then remain constant. 
These results suggest that kaolinite particles are associated with all three modes of interac-
tions—face–face, edge–face and edge-edge—forming a three-dimensional network.

Figure 10 shows the sedimentation behavior of kaolinite suspensions as a function of pH. 
As expected the initial settling rate of kaolinite suspension is largest at pH 5 followed by the 
results at pH 3.7, whereas very slow settling was observed at pH 7 and 9. Also, it was observed 
that kaolinite sediment was quite compacted at pH 5, whereas it remained relatively fluid at 
pH 3.7 (the sediment was mobile when the graduated cylinder was moved). Another interest-
ing observation was made, when similar sedimentation experiments were conducted with the 
addition of 24 µm and 36 µm silica particles (0.1 wt. ratio of silica to kaolinite (see Figure 11). 
As can be seen, the sedimentation of kaolinite only slightly increased at pH 5 with the addition 
of 24 µm and 36 µm silica particles in separate experiments. The drastic effect of the addition 
of silica particles can be seen at pH 7 and pH 9 which show significantly increased sedimenta-
tion with the addition of 36 µm silica particles. Despite repulsive interaction between silica 
and kaolinite particles at pH 9, the improved sedimentation is rather surprising, and will be 
investigated in future research. For example, researchers from the University of Florida also 
conducted experiments with different amounts of sand/clay mixing and using hydrocyclones 
as a rapid dewatering device (El-Shall 2009). Their results indicate that up to 80% of the water 
could be recovered and recycled back to the plant in a few minutes (El-Shall 2009). Of course, 
as stated previously, the aggregate structure as revealed by cryo-SEM and PCS will influence 
the mechanical properties of kaolinite suspensions, and thereby affect the sedimentation of 
such suspensions.

CONCLUSIONS

The sedimentation of kaolinite suspensions particularly the settling rate is explained based 
on the aggregate structure of the kaolinite particles. A new analysis based on the surface charge 
densities of the silica face, alumina face and edge surfaces demonstrates the role of pair-wise 
interactions in controlling the sedimentation of kaolinite particulate suspensions. The max-
imum aggregate-size of kaolinite suspensions is indicative of the significant role played by 
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particle organization in the formation of aggregates as governed by edge–edge, edge–silica face, 
edge–alumina face, silica face–alumina face, silica face–silica face, and alumina face–alumina 
face interaction energies.

The results indicate that the face–face (silica face–alumina face) is the dominant particle 
interaction at low pH values, which promotes edge–face (edge–silica face and edge–alumina 
face) and face–face (silica face–alumina face) interaction at intermediate pH values, explain-
ing the maximum aggregate size at pH 5–5.5. This conclusion is also confirmed by cryo-SEM 
analysis of kaolinite aggregate structure and photon correlation spectroscopy. At a higher pH 
(pH = 7), the kaolinite aggregates show edge–edge and edge–face interactions, whereas a more 
porous structure of aggregates was observed at high pH (pH = 9).

The influences of particle aspect ratio and electrical double layer thickness were also exam-
ined to determine their effect on interaction energies. The findings show that the edge surface–
silica face interactions become favorable at a low aspect ratio, whereas the silica face–alumina 
face and alumina face–alumina face interactions are increased at high ionic strength conditions. 
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Figure 10. Sedimentation of kaolinite particles (4% w/v) initially dispersed in 1 mM KCl solution 
at pH 9 as a function of pH (Gupta et al. 2011)
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Figure 11. Sedimentation of kaolinite particles (4% w/v) initially dispersed in 1 mM KCl solution 
at pH 9 as a function of pH, with the addition (silica/kaolinite = 0.1 by weight) of (a) 24 µm and 
(b) 36 µm silica particles
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These different interactions and their relative significance, provide the basis for a more detailed 
explanation of the aggregates of kaolinite suspensions as well as an improved foundation for 
the modification of kaolinite interactions and control of sedimentation characteristics.

The addition of silica particles to the kaolinite suspension can have a significant effect on 
the sedimentation rate and extent of consolidation depending on the size of the silica particles. 
Further research in this area is warranted.
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ABSTRACT

The fact that froth flotation consumes a large amount of water, even though it is one of 
the most efficient methods to process sulfide minerals, brings a higher pressure from the sus-
tainable development due to increasing population and its demand of more portable water. 
Pioneering work of applying secondary effluent in sulfide flotation (Fisher and Rudy, 1976) 
showed a 2.4% reduction in Cu recovery and 16.2% reduction in molybdenum recovery when 
secondary effluent was used. It was also postulated that the organic carbon, in the form of 
humic acid, in the effluent was the most deleterious constituent causing the losses in metal 
recovery. We carried out a systemic investigation in both microscopic and macroscopic aspects 
on the possibility of using secondary effluent in sulfide flotation. AFM images showed that 
collectors adsorbed on mineral surface (chalcopyrite and molybdenite) in a similar manner in 
both clean water and treated secondary effluent. Lab flotation tests showed that the Cu and 
Mo recoveries obtained with treated secondary effluent were comparable to those obtained 
with tap water. The findings of present multi-scale investigation will help provide a cost- 
efficient solution to treat low quality water and mitigate its impact, and finally succeed techni-
cally in applying secondary effluent in sulfide flotation.

INTRODUCTION

In the extractive minerals industry, valuable sulfide minerals are selectively separated from 
non-valuable gangue by froth flotation, which treats the highest throughput and produces the 
maximum economic outcome of any surface chemistry process. (Sutherland and Wark, 1955; 
Gaudin, 1957; Fuerstenau, 1962; Klassen and Mokrousov, 1963, Fuerstenau, 1976) Froth 
flotation has been widely applied in sulfide processing for more than a hundred years due to its 
high efficiency. However, in spite of the fact that a large portion of process water is recycled in 
a concentrator, the process of froth flotation involves a large consumption of fresh water, which 
is especially precious in arid areas, such as Arizona. For example, the water consumption at a 
typical copper mine is about 20,000 gal/min in total and 15,000 gal/min for the concentrator. 
That is, usually about 80% of the feed water to a mine is used at the concentrator for flotation.

Superficially it would seem that there is no need to use high quality fresh water for flota-
tion because the water is mixed in a flotation cell with rock and minerals which are “dirty.” 
This raises the logical question whether low quality water, i.e., secondary effluent (reclaimed 
waste water), can be used for sulfide flotation with no decrease in the efficiency of the pro-
cess (Pickett, 1973; Fisher and Rudy, 1976; King et al., 1983; Amy et al., 1984; Deboer and 
Linstedt, 1985; Lieuwen, 1989).

It was reported in a pilot research on the use of low quality water for mineral processing 
that when secondary treated sewage effluent was used instead of demineralized water, copper 
recovery decreased by 2.4 percent and molybdenum recovery dropped by 16.2 percent. ( Fisher 
and Rudy, 1976) It was postulated that the organic content in the effluent was the deleterious 
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species which introduced the decrease of mineral recovery. It was also reported that by tertiary 
treatment with activated carbon, the detrimental effects of the effluent could be reduced.

Another prior study (King et al. 1983; Amy et al., 1984) has also been carried out to 
compare the mineral recovery obtained from the froth flotation using secondary effluent, ter-
tiary effluent, groundwater, CAP (Central Arizona Project) water, and mixtures of secondary 
effluent with groundwater or CAP water. It was reported that the relative flotation efficiency 
decreased with the increase of the concentration of nonvolatile total organic carbon (NVTOC), 
an indicator of the organic content of the water or effluent. In addition, the reported results 
showed that copper recovery decreased from 92.2% to 88.7% and the molybdenum recovery 
decreased from 88.6% to 81.6% when secondary effluent was used. It was also suggested that 
the detrimental effects of the organic constituents in secondary effluent can be mitigated by 
dilution or by tertiary treatment.

A decrease in metal recovery is usually not acceptable. The metal that is not recovered in 
the flotation process becomes part of the waste stream of the tailings. Additionally, a traditional 
tertiary treatment makes the application economically not acceptable. These factors constitute 
the principal obstacles to directly using effluent in the mining industry. In practice, only small 
amounts of secondary effluent are used in some concentrators. Therefore, it is a major concern 
to increase the portion of reclaimed or low quality water in flotation without applying tertiary 
treatment. However, the fact that little is known about the exact mechanism of low quality 
water impacting flotation hinders its application.

The aim of present study is to systemically study the impact of effluent on the flotation of 
sulfide minerals. It will help provide solutions to mitigate the impact of low quality water and 
directly apply effluent in flotation without diluting it greatly or applying tertiary treatment. 
Due to the fact that froth flotation consumes a lot of water and the consumption of water 
will keep on increasing in the near future, the change of water source will greatly decrease 
the consumption of fresh water in a concentrator and help conserve groundwater supplies for 
drinking purposes to meet the increasing demands arising from the population increase. Both 
the community and the mines will benefit from the success of the proposed project of applying 
secondary effluent in froth flotation.

EXPERIMENTAL

Materials

Research grade chalcopyrite (CuFeS2) and Molybdenite (MoS2) were obtained from Wards 
Natural Science Establishment Inc. Chalcopyrite sample was finely polished, further cleaned 
by rinsing thoroughly with ethanol and water and a 1.2 cm ×1.2 cm sample was used for the 
surface characterization experiments. Molybdenite sample was prepared by peeling a piece of 
chunk along the cleavage surface. Fresh cleavage surface, with no further cleaning treatment, 
was used for the AFM imaging experiment. The DI water used in present work has a conduc-
tivity of 18.2 MΩ-cm at 25°C and a surface tension of 72.5 mN/m at 25°C. Ore samples A, 
B and C were obtained from a southern Arizona mine. Nalco 9740 and MCO are industrial 
flotation collectors being used in some concentrators. Nalco 9740 is a chalcopyrite collector 
and its MSDS shows the main components include heavy aromatic naphtha, naphthalene and 
alkyl mercaptan. MCO is a blend of an organosulfur hydrocarbon and heavy hydrocarbon and 
used as a collector for molybdenite.

WaterMineralsProcessing.indb   280 11/22/11   1:49 PM



 Multi-scale investigation of aPPlying secondary effluent in sulfide flotation 281

AFM Surface Imaging

Surface imaging of mineral samples was carried out in contact mode using a Digital 
Instrument Nanoscope IIId AFM at room temperature (25±1°C). Silicon nitride NP-20 
cantilevers with nominal spring constant of 0.12–0.58 N/m were obtained from Veeco, CA. 
Imaging was carried out immediately after DI water was injected into an AFM liquid cell as 
well as after a longer soaking time. No noticeable change in images was detected in present 
study. After the surface image in water was collected, prepared chemical solution was flushed 
through the liquid cell and the AFM measurement was commenced 5 minutes after the expo-
sure of the mineral surface to solution.

Flotation Test

Collected concentrator feed was crushed to –10 mesh as lab flotation feed. The crushed 
ore sample was put into a ball mill filled with different water sources and ground for a specific 
time, which was determined beforehand through a grinding test to make a 65% (in weight) 
finer than 100 mesh flotation feed. Collectors were added in to the mill just before grinding. 
After grinding, pulp was transferred to a Denver D12 lab flotation cell and Ca(OH)2 was 
added to bring pulp pH to 11. Preparation time is one minute with impeller string after a 
specific amount of frother was added into the flotation cell. Air valve was then turn on and 
flotation began. Flotation time in present study was set at 6 minutes. After that, concentrate 
and tailing were collected, filtered and dried overnight. Products were further sent out for 
metal analysis. Every flotation test was repeated for three times and an arithmetic average metal 
recovery was reported. The experiment error is usually less than ±1% in metal recovery.

The water sources are tap water, secondary effluent, the supernatant of Ca(OH)2 treated 
secondary effluent and the mixture of tap water and secondary effluent at 1:1 volume ratio. 
Three different ore samples, i.e., sample A, B and C, were used for the flotation tests. Metal 
analysis shows that in the order of sample A, B and C, the head grade of copper is respec-
tively 0.21%, 0.20% and 0.187% and the head grade of molybdenum is respectively 0.034%, 
0.025% and 0.037%.

RESULTS AND DISCUSSION

AFM Surface Images

Figure 1 shows the AFM images of a chalcopyrite surface soaked in the solution of Nalco 
9740. Figure 1A is the image of a bare chalcopyrite surface, which has been soaked in DI water 
in an AFM liquid cell for 10 minutes. In fact, no detectable change in surface morphology has 
been observed even after water was injected into the cell for one hour. The image clearly shows 
that chalcopyrite is relatively inert in water and no evident reaction happens at the chalcopy-
rite/water interface. From the image of a 10 µm × 10 µm scan area, one can see that the solid 
surface is quite smooth in spite of the fact that there are some scratch lines on the sample sur-
face due to surface polishing. The smoothness also makes it applicable to study the chemicals 
adsorption on mineral surface using an AFM. Figure 1b is the height image of a chalcopyrite 
surface soaked in 0.02 g/L Nalco 9740 solution for 5 minutes with a 50 nm data scale in a 
10 µm × 10 µm scan area. It can be clearly seen from the image that many small patches are 
uniformly distributed on the whole mineral surface. Figure 1c is the AFM deflection image, 
which clearly shows the shape and morphology of the patches. Figure 1d is the 3-D image of 
Figure 1b.

WaterMineralsProcessing.indb   281 11/22/11   1:49 PM



282 effect of Water quality on Minerals Processing

Figure 2 shows the AFM images of a chalcopyrite surface soaked in the supernatant of 
Nalco 9740 solution (0.02 g/L), which was prepared from the secondary effluent at pH 11 
with the addition of Ca(OH)2. Figure 2a is the height image, which was taken after the sample 
contacted solution for 5 minutes, with a data scale of 50 nm. The images showed that the 
chalcopyrite surface was covered by some patches due to the adsorption of the collector. Some 
scratch lines due to surface polishing were also shown on the sample surface. Figure 2b is 

Figure 2. AFM images of a chalcopyrite surface soaked for 5 minutes in the supernatant of Nalco 
9740 solution (0.02 g/L), which was prepared from the secondary effluent at pH 11 with the 
addition of Ca(OH)2; (a) the height image with a data scale of 50 nm; (b) the deflection image of 
Figure 2a with a data scale of 30 nm; and (c) the 3-D image of Figure 2a.

Figure 1. AFM images of a chalcopyrite surface: (a) in DI water; (b) soaked for 5 minutes in Nalco 
9740 solution (0.02 g/L) prepared from DI water at pH 11 with the addition of Ca(OH)2; the 
height image with a data scale of 50 nm; (c) the deflection image of Figure 1b with a data scale of 
30 nm; and (d) the 3-D image of Figure 1b.
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the deflection image of Figure 2a with a data scale of 30 nm to show the morphology of the 
patches. Figure 2c is the 3-D image of Figure 2a.

Figure 3 shows the AFM deflection images of a molybdenite surface soaked in different 
aqueous conditions. Figure 3a is the image with a 5 nm data scale obtained after the mineral 
surface contacted DI water for 10 minutes. The solid surface is very smooth without any 
detectable cracks or particles on the solid surface in a 10 µm × 10 µm scan area. Because the 
sample was prepared by peeling along the cleavage surface, no scratch as obtained with polish-
ing chalcopyrite sample was observed on molybdenite surface. Once again, a smooth substrate 
is beneficial for a study of the adsorption of chemicals on mineral surface because of the 
minimum interference arising from the background morphology. In addition, the fact that the 
obtained solid surface is smooth suggested that the freshly cleaved molybdenite surface studied 
in present investigation was mainly the basal surface.

Figure 3b is the AFM image obtained 5 minutes after the MCO solution (0.1 mg/L) pre-
pared from DI water flushed through the AFM liquid cell. The surface morphology changes 
greatly from the one obtained with Figure 3a. A lot of chemicals were observed being absorbed 
on mineral surface. It is also worthy while to mention that actually the surface morphology 
remained the same even after water was injected into the cell for more than an hour. It means 
molybdenite basal surface is very inert in water and some reaction such as surface oxidation is 
neglectable at the studied molybdenite/water interface. Therefore, the change in surface mor-
phology is only due to the adsorption of MCO.

Figure 3c is the AFM image obtained 5 minutes after the MCO solution (0.1 mg/L) 
prepared from the supernatant of secondary effluent at pH 11with the addition of Ca(OH)2 
flushed through the AFM liquid cell. Similar to Figure 3B, molybdenite surface was full cov-
ered by chemicals. It suggests that the supernatant of Ca(OH)2 treated secondary effluent has 
no impact on the adsorption of chemicals on molybdenite surface.

Flotation Tests

Lab flotation tests have been carried out using different water sources to study the impact 
of secondary effluent on metal recovery. Table 1 shows the flotation recoveries of copper and 
molybdenum of sample A, B and C using various water sources at pH 11 with the addition of 
Ca(OH)2.

Figure 3. AFM deflection images of a molybdenite surface soaked in (a) DI water; (b) MCO 
solution (0.1 mg/L) prepared from DI water; (c) MCO solution (0.1 mg/L) prepared from the 
supernatant of Ca(OH)2 treated secondary effluent
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For sample A, the copper recovery obtained with tap water, the supernatant of Ca(OH)2 
treated secondary effluent and the mixture of tap water and secondary effluent at 1:1 volume 
ratio is respectively 87.9%, 87.8% and 87.9%. The recovery is 86.7% for the case of second-
ary effluent and the value is a little bit lower than the other three. Similarly, the molybdenum 
recovery obtained with tap water, the supernatant of Ca(OH)2 treated secondary effluent and 
the mixture of tap water and secondary effluent at 1:1 volume ratio is almost constant. The 
value is respectively 86.7%, 86.6% and 86.6%. However, when secondary effluent is used, the 
recovery is 84.5%, which is lower than the other three.

For sample B, the copper recovery obtained with tap water, secondary effluent, the super-
natant of Ca(OH)2 treated secondary effluent and the mixture of tap water and secondary 
effluent at 1:1 volume ratio is almost constant. The value is respectively 86.5%, 86.6%, 86.9% 
and 86.2%. In the case of molybdenum, the recovery obtained with tap water, the supernatant 
of Ca(OH)2 treated secondary effluent and the mixture of tap water and secondary effluent at 
1:1 volume ratio is respectively 89.0%, 88.6% and 88.8%. However, the recovery is 87.0% in 
the case of secondary effluent and the value is lower than the other three.

For sample C, The copper recoveries obtained with all the four water sources are almost 
the same and the value lies between 89% to 90%. The molybdenum recovery obtained with 
tap water, the supernatant of Ca(OH)2 treated secondary effluent and the mixture of tap water 
and secondary effluent at 1:1 volume ratio is almost constant at the level of 88%. However, 
when humic acid is added, the molybdenum recovery is only 84.4%.

Table 2. Water chemistry analysis results of Alkalinity, TOC, DO, phosphate, and phosphorous 
in different water sources

Water
Alkalinity

(mg/L)
TOC

(mg/L)
DO

(mg/L)
Phosphate

(mg/L)
Phosphorous

(mg/L)

Tap water — 0.58 11.9 <0.1 <0.1

Secondary effluent 190 6.28 12.5 11.6 3.78

Supernatant of Ca(OH)2 treated 
secondary effluent

151 4.82 12.8 1.15 0.375

Mixed tap water/effluent (1:1) 107 2.47 12.3 0.982 0.321

Table 1. Copper and molybdenum recovery of ore sample A, B, and C using various water sources

Water

Sample A Sample B Sample C

Cu 
Recovery

(%)

Mo 
Recovery

(%)

Cu 
Recovery

(%)

Mo 
Recovery

(%)

Cu 
Recovery

(%)

Mo 
Recovery

(%)

Tap water 87.9 86.7 86.5 89.0 89.5 88.1

Secondary effluent 86.7 84.5 86.6 87.0 — —

Supernatant of Ca(OH)2 
treated secondary effluent

87.8 86.6 86.9 88.6 89.0 88.1

Mixed tap water/effluent 87.9 86.6 86.2 88.8 89.8 88.0

Tap water + (humic acid) — — — — 90.1 84.4
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Water Chemistry Analysis

Table 2 shows the analysis results of TOC (total organic carbon), DO (dissolved oxygen), 
phosphate and phosphorous in different water sources, i.e., tap water, secondary effluent, the 
supernatant of Ca(OH)2 treated secondary effluent (at pH 11) and the mixture of tap water 
and secondary effluent at 1:1 volume ratio (at pH 11).

For TOC, the level in tap water is 0.58 mg/L and is the lowest. The TOC amount in sec-
ondary effluent is the highest with a value of 6.28 mg/L, which can be reduced to 4.82 mg/L 
after the treatment with Ca(OH)2. The DO level in all the four water sources is almost the 
same at 12 mg/L. For phosphate and phosphorous, the amount in secondary effluent is the 
highest and the level can be greatly reduced with dilution and the treatment with Ca(OH)2. 
For example, the phosphate amount in secondary effluent is 11.6 mg/L; however, the amount 
of phosphate in the supernatant of Ca(OH)2 treated secondary effluent is only 1.15 mg/L. The 
phosphorous amount in secondary effluent is 3.78 mg/L and the value is only 0.375 mg/L in 
the supernatant of Ca(OH)2 treated secondary effluent.

The relationship between the pH of solution and the amount of Ca(OH)2 added for the 
pH adjustment has been studied and the results are plotted as Figure 4, from which one can 
see that for secondary effluent a much larger amount Ca(OH)2 has to be added to elevated 
the solution pH. For example, to increase the solution pH to 11, 160 mg Ca(OH)2 is added 
in 1000 mL tap water; however, 240 mg Ca(OH)2 is needed in the case of secondary effluent. 
The curve obtained with the mixture of tap water and secondary effluent at 1:1 volume ratio 
lies between the two curves of tap water and secondary effluent.

Figure 5 shows the weight of the precipitate in 1000 mL solution of different water sources 
at pH 11 with the addition of Ca(OH)2. In tap water, the precipitate is about 160 mg/L. The 
value is 240 mg/L for the mixture of tap water and secondary effluent at 1:1 volume ratio. In 
the case of secondary effluent, the precipitate is about 320 mg/L. Actually, when secondary 

Figure 4. Relationship between the pH of solution and the amount of Ca(OH)2 added for the pH 
adjustment
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effluent was adjusted to pH 11 with the addition of Ca(OH)2, a lot of precipitate was observed 
instantly.

Impact of Secondary Effluent on the Adsorption of Collector on Mineral Surface

In flotation, collectors are added into the pulp (mixture of water and fine-grained miner-
als) in flotation cells to selectively adsorb onto the target mineral and render its surface with 
high hydrophobicity, which is generally beneficial for a strong mineral-bubble attachment and 
thus a high flotation recovery. Therefore, the adsorption of collector on mineral surface is vital 
for a successful flotation process.

The AFM imaging technique has been used to study the adsorption of chemicals on min-
eral surfaces because of its advantage over other surface characterization techniques. (Zhang 
et al., 2005, 2006; Zhang and Zhang, 2010, 2011) For example, by employing an AFM fluid 
cell, one can study the in-situ absorption of chemicals on solid in solution.

In the present study, AFM image such as Figure 1 clearly show that the collector, Nalco 
9740, can instantly absorb on chalcopyrite surface. After only 5 minutes, the mineral surface 
was fully covered by many small collector patches, which cannot be attributed to the reaction 
of mineral surface with water because Figure 1a remained unchanged after even one hour. The 
AFM images also showed that the chemical is a very powerful and efficient collector for chal-
copyrite because of the short reaction time, the uniform distribution of collector on mineral 
surface and the small profile of the absorbed patches.

The impact of secondary effluent on the adsorption of collector on chalcopyrite surface 
was also studied in Nalco 9740 solution (0.02 g/L), which was prepared from the supernatant 
of secondary effluent at pH 11 with the addition of Ca(OH)2. As shown by Figure 2, many 
small patches were detected on mineral surface after a 5 minute contact time. One may notice 
that there is some difference between the morphology of the patches as shown in Figure 1 and 
Figure 2 and it is likely due to the mineral’s heterogeneity because the images differ slightly 
even when different parts of a same sample were scanned in the same solution. The mineral’s 
heterogeneity makes an exact quantified comparison technically not applicable. However, a 

Figure 5. Weight of the precipitates in 1000 mL solution of different water sources at pH 11 with 
the addition of Ca(OH)2
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conclusion still can be drawn from Figure 2 that Nalco 9740 can also efficiently absorb on 
chalcopyrite surface in the supernatant of secondary effluent at pH 11 with the addition of 
Ca(OH)2 because of the short reaction time, the uniform distribution of collector on mineral 
surface and the small profile of the absorbed patches.

It is worthwhile to mention that in present study, an attempt has also been tried to directly 
obtain the AFM images of chalcopyrite in Nalco 9740 solution prepared from secondary 
effluent without removing precipitates. Unfortunately, no good AFM image was successfully 
obtained because of the precipitates deposited on AFM probes, which makes it difficult for an 
AFM laser adjustment and therefore a potential damage to equipment.

Molybdenite is a typical mineral with natural floatability, which can be floated without 
the addition of collector. However, in flotation practice, hydrocarbon oil is usually added as a 
promoter to increase molybdenite recovery. MCO is an oily substance with hydrocarbon com-
ponents and has been used as a molybdenite promoter. Figure 3b shows that MCO strongly 
absorb on molybdenite surface in a short time, i.e., 5 minutes. By compassion, Figure 3c shows 
that that MCO can also efficiently absorb in a similar manner on molybdenite surface in the 
supernatant of secondary effluent at pH 11 with the addition of Ca(OH)2. As mentioned in 
above section, the attempt to directly obtain the AFM images of molybdenite in MCO solu-
tion prepared from secondary effluent without removing precipitates is not successful because 
of the large amount precipitates attached on AFM probes.

As a summary, the AFM images show that in the supernatant of secondary effluent at 
pH 11 with the addition of Ca(OH)2, collectors can efficiently absorb on mineral, i.e., chal-
copyrite and molybdenite, in a similar manner as obtained in the solutions prepared from DI 
water. It means, the supernatant of secondary effluent with Ca(OH)2 treatment should have 
little impact on the adsorption of chemicals on mineral surface.

Impact of Secondary Effluent on Metal Flotation Recovery

A literature review shows that secondary effluent impacts metal flotation recovery by 
decreasing both copper and molybdenum recovery and the reason was attributed to the higher 
total organic content in secondary effluent. In present work, the water chemistry of different 
water sources has been analyzed and flotation tests have been carried out accordingly using dif-
ferent water sources. A lot of valuable information has been achieved and the obtained findings 
can be summarized as follows.

Firstly, copper recovery remains almost constant, showing no dependence on water sources. 
As shown by Table 1, for each ore, copper recovery did not show noticeable change when water 
sources changed. It is well known that for chalcopyrite flotation, the pulp potential, which 
is mainly determined by the dissolved oxygen content in water, is the most important factor 
influencing collector’s adsorption on mineral surface and therefore flotation efficiency. The fact 
that, as shown by Table 2, the level of DO in all the four water sources is the same suggests that 
the adsorption of collector on chalcopyrite surface should be quite the same. This conclusion 
is in a line with the AFM imaging results and lab flotation study. Additionally, one has to note 
that the main effective component in Nalco 9740 is alkyl mercaptan, which is the strongest 
chalcopyrite collector with xanthate and dithiophosphate in comparison. Usually mercaptan 
chemical has the highest collectivity with the least requirement on pulp oxidation potential for 
adsorption. That is, the chalcopyrite collector, Nalco 9740, used in present investigation is not 
sensitive to the DO level in pulp. Another important thing worth of being mentioned is that 
heavy aromatic naththa is a main component in Nalco 9740. The oily substance can promote 
both chalcopyrite and molybdenite flotation because in flotation history oil has been used for 
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the flotation of sulfide minerals even before the introduction of xanthate. Actually, prior results 
(Fisher and Rudy, 1976) also showed that when fuel oil was used in combination of PAX 
(potassium amyl xanthate), the copper recovery obtained with demineralized water and sew-
age effluent both increased a little, compared to only PAX being used, and finally showed no 
difference in value. All the above three reasons may account for the unchanged copper recovery 
in different water sources.

Secondly, molybdenum recovery obtained with the supernatant of secondary effluent at 
pH 11 with the addition of Ca(OH)2 is comparable to the one obtained with tap water and 
the mixture of tap water and secondary effluent at 1:1 volume ratio. As shown by Table 1, sec-
ondary effluent impacts flotation by decreasing molybdenum recovery by 2%. However, the 
impact can be mitigated by either removing the precipitates after the treatment of Ca(OH)2 or 
dilution. The impact of 2% decrease in molybdenum recovery is much smaller than the value 
of 16.2%, which was reported in prior study. The difference can be attributed to the follow-
ing reasons. First, the 16.2% reduction of molybdenum recovery reported in prior study was 
achieved when no molybdenite promoter was added. This value can be reduced to 7% when 
fuel oil was added as molybdenite promoter. As mentioned before, hydrocarbon oil is com-
monly added in flotation as a molybdenite promoter in spite of the fact that molybdenite is a 
naturally floatable hydrophobic mineral. One reason for that is the absorption of hydrocarbon 
oil can increase the water contact angle of molybdenite from 85° to above 90°, which is ben-
eficial for the formation of nanobubbles at solid/liquid interface, and therefore a high flota-
tion rate. In present investigation, MCO and Nalco 9740 are used in the multi-component 
reagent scheme. The former, an oily substance, is added as the molybdenite promoter. The 
later has 30~60% in weight heavy aromatic naththa, which also can be beneficial for molyb-
denite flotation, even though it is purposefully added as the collector for chalcopyrite. It is 
likely that these molybdenite promoters in the flotation reagent scheme can compete with 
the deleterious species, for example, anionic organic constituents as suggested by Amy et al., 
and elevate the impact of these species on flotation. Second, the water quality of secondary 
effluent has improved since the 1980s. For example, the alkalinity in previous secondary efflu-
ent is 277 mg/L; however, the value is 190 mg/L as shown in Table 2. The TOC in previous 
secondary effluent is about 8.8 mg/L in comparison with the 6.28 mg/L in present secondary 
effluent. Table 2 also shows that the phosphate constituent in previous secondary effluent is 
10~30 mg/L; however, the phosphate level is only 11.6 mg/L nowadays. The improvement in 
water quality of secondary effluent can also mitigate its impact on metal recovery.

Thirdly, treatment of secondary effluent by Ca(OH)2 can improve water quality by reduc-
ing deleterious species in water. Actually, lime treatment has long been used in waste water 
treatment for the removal of phosphorus (De Renzo, 1978; Stumm, 1987; MWH Water 
Treatment, 2005). The effect is clearly shown by Table 2. For example, The TOC in second-
ary effluent is reduced from 6.28 mg/L to 4.82 mg/L with phosphate being decreased from 
11.6 mg/L to 1.15 mg/L and phosphorus being reduced from 3.78 mg/L to 0.375 mg/L. The 
improvement in water quality will mitigate the potential impact of these deleterious species on 
flotation. It is proposed in prior work that humic acid and anionic species may account for the 
decrease of metal recovery when secondary effluent was used in flotation. Of course, the initial 
purpose of adding Ca(OH)2 is not for the removal of deleterious species, but for the elevat-
ing of pulp pH. This is because in copper/molybdenum rougher flotation practice, pulp pH 
is usually elevated to above 11 for the depression of pyrite, which is commonly found in the 
porphyry copper ore. This lime treatment is different from the one applied in tertiary water. As 
King et al. (1983) pointed out, the former is incidental and the latter is intentional.
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Fourthly, removing the precipitates of secondary effluent introduced by the addition 
Ca(OH)2 can alleviate the impact on flotation. It is clearly shown in Figure 4 that, when com-
pared to the pH adjustment of tap water, a much larger amount of Ca(OH)2 has to be used 
to adjusted pulp pH to 11 because of the high alkalinity in secondary effluent. A direct result 
of this, as clearly shown by Figure 5, is a much larger amount of precipitates being observed 
in lime treated secondary effluent. Calcium carbonate was identified as the main component 
of the precipitates and the amount is much larger than those of TOC and phosphate. Another 
interesting thing worthy of being mentioned is that the result of flotation tests of tap water 
with the addition of humic acid is also listed in Table 1, which shows that molybdenum recov-
ery was reduced by 3.5%. This may explain the season effect on molybdenite flotation when 
river water is used as process water.

CONCLUSIONS

A reinvestigation of applying secondary effluent in sulfide flotation has been carried to 
clarify the main reasons accounting for the reduction in metal recovery. AFM imaging study 
showed that collectors, i.e., Nalco 9740 and MCO, can efficiently adsorb on mineral surface 
in the supernatant of secondary effluent at pH 11 with the addition of Ca(OH)2 because of 
the short reaction time, the uniform distribution of collector on mineral surface and the small 
profile of the absorbed patches. Flotation results suggest that copper recovery remains almost 
constant, showing no dependence on water sources. Applying secondary effluent decreases 
molybdenum recovery by 2%. However, this can be addressed by removing the precipitates 
due to the addition of Ca(OH)2 and using the supernatant for flotation. It is also proposed that 
the improved water quality of secondary effluent, the addition of Ca(OH)2 reducing potential 
deleterious species and the removal of precipitates from Ca(OH)2 treated secondary effluent 
at high pH may account for the alleviated impact of secondary effluent on flotation efficiency.
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AbSTRACT

The removal of selenium and molybdenum from uranium mine effluent is complicated 
by the numerous redox states of molybdenum (Mo) and selenium (Se) as well as the increased 
solubility of precipitated Se and Mo in mine tailings above neutral pH. While co-precipitation 
with iron and the use of ferric sulfate-gypsum are accepted industrial practice for the removal 
of Mo and Se respectively, the molybdenum can be liberated from the Fe2(MoO4)3 complex 
at pH levels greater than 6 and Se, if not in reduced forms, will remain mobilized in process 
solution. At the Cameco Key Lake uranium mine, innovations and extensive efforts have been 
applied to remove Se and Mo in the mill effluent stream to meet the regulatory permits. 
Additional pilot test work indicated Se and Mo levels could be reduced below permitted levels 
at a pH of 3.8 by using the proprietary FLSmidth MaxR™ solids recycle process. At the same 
time, solids concentrations in the thickener underflow can reach 35–40 weight percentages 
which exhibit better solid/liquid separation characteristics and a decrease in the volume of 
waste for tailings disposal. Long term stability of the precipitated solids at neutral pH could 
also be achieved due to the encapsulation of the Se and Mo containing particles with gypsum 
using the MaxR™ solids recycle process.

InTROdUCTIOn

Cameco’s Key Lake Operation (KLO) has been producing uranium since 1983 and is the 
world’s largest high grade uranium mill. Since 1999 a high-grade uranium ore from McArthur 
Lake has also been processed at KLO. Impurities from the high-grade uranium ore at McArthur 
Lake and the mineralized waste-rock from Key Lake are found primarily in the plant raffinate 
and include arsenic, molybdenum, nickel, radium and selenium. The majority of metal impu-
rities (Ni, Cu, Fe, Pb, and Zn) can be removed through precipitation at high pH to form 
metal hydroxides followed by solid-liquid separation. Selenium and molybdenum are typically 
treated separately prior to this bulk impurity removal step due to their increased solubility at 
higher pH. In an effort to more efficiently remove Se and Mo from mill effluent and produce 
thermodynamically stable solids for long term tailings storage, Cameco’s KLO commenced a 
modification project of its Bulk Neutralization (BN) circuit.

Removal of Se and Mo is a challenging task due to the complex chemical nature of the pro-
cess streams. In 2003, Cameco Corp. commenced an extensive research program to develop a 
process to effectively remove Se and Mo from the KLO’s mill effluent. This program included 
steps of (1) identifying the distribution of Se and Mo in the Key Lake mill; (2) determining 
the chemical speciation and valance states of these elements in each stream; and (3) conducting 
bench- and pilot-scale tests on various Se-Mo removal mechanisms simulating the operation of 

WaterMineralsProcessing.indb   291 11/22/11   1:49 PM



292 effect of Water quality on Minerals Processing

BN circuit. (Lieu et al. 2010) Treatment methods were investigated including co-precipitation 
reaction with ettringite, selenium removal through ferrihydrite co-precipitate, co-precipitation 
with barium chloride, adsorption reaction with ferrous sulfate–hydroxide. These methods are 
discussed in the following sections.

Selenium can exist in –2, 0 +4 and +6 oxidation states in aqueous systems. The species 
of selenium in solution is largely dependent upon solution pH and redox potential. Selenate 
(SeO4

2–) and selenite (SeO3
2–) are the predominate species in mill process streams with pro-

tonated selenite (H2SeO3) being the prevailing species in the KLO raffinate stream. The com-
plex speciation of selenium has made its removal from natural and anthropogenic sources 
extremely challenging. There is no “standard” method for Se removal, but known methods 
can be categorized in three ways: reduction to elemental Se, precipitation and co-precipita-
tion, or adsorption. Reduction of selenate and selenite to Se0 is done using zero valent iron 
particles. Co-precipitation can be achieved with the addition of ettringite (pH > 8), barium 
chloride (pH 6.5) and with ferric sulfate-gypsum systems (pH 3.5–4.2). (Nishimura, Hata, 
and Umetsu, 2000) The general reactions for the precipitation of Se are represented by the 
following Equations 1 through 8b.

Ca6Al2(SO4)3(OH)12
.26H2O + 3SeO4

2– → Ca6Al2(SeO4)3(OH)12
.26H2O↓ 

  (ettringite)             + SO4
2– (1)

Ba2+ + SeO3
2– → BaSeO3↓ (2a)

Ba2+ + SeO4
2– → BaSeO4↓ (2b)

CaO + H2O → Ca(OH)2 (3)

Ca(OH)2 + H2SO4 → CaSO4·2H2O↓ (4)

Fe2(SO4)3 + 6OH– → 2Fe(OH)3 + 3SO4
2– (5)

2Fe(OH)3 + SeO3
2– → Fe2(OH)4SeO3↓

 + 2OH– (6)

2Fe(OH)3 + SeO4
2– → Fe2(OH)4SeO4↓

 + 2OH– (7)

Ca2+ + SeO3
2– → CaSeO3↓ (8a)

Ca2+ + SeO4
2– → CaSeO4↓ (8b)

Using ettringgite and barium chloride alone was tested at KLO with some success but 
found unattractive due to high Se content in effluent or high reagent consumption. Test 
results indicated that co-precipitation of selenate/selenite with ferric sulfate-gypsum at low pH 
between 3.5 and 4.2 is more favorable to achieve Se concentration in the effluent to less than 
0.02 mg/L. Bench-scale and plant-scale tests were performed in the high-pH stage simulat-
ing the operation of BN circuit using ferrous sulfate. This specific reaction involves Ca(OH)2 
neutralization with ferrous ion; selenite and selenate are reduced by Fe(II) hydroxide. Selenite 
is adsorbed more efficiently than selenate, as the reaction proceeds by reduction of selenite 
with ferrous hydroxide to form the mixed valent iron product Fe3O4. The general chemical 
reactions may be expressed as:
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FeSO4 + 2OH– → Fe(OH)2↓ + SO4
2– (9)

SeO3
2– + 3Fe(OH)2 → Se0↓

 + Fe3O4↓
 + 4OH– + H2O (10)

SeO4
2– + 9Fe(OH)2 → Se0↓

 + 3Fe3O4↓
 + 2OH–+ 8H2O (11)

Using ferrous ions as a reducing agent, selenite/selenate ions can be reduced to elemental 
Se at pH between 6.5 and 9.2. Bench-/pilot-scale tests showed the most consistent and promi-
nent results, where concentrations of Se were further reduced to as low as 0.005 mg/L in the 
final effluent.

Molybdenum also exists in an array of oxidation states: –2, +2, +4 and +6. The predomi-
nant species of molybdenum in the KLO is molybdate (MoO4

2–), which maintains redox 
stability throughout the KLO flowsheet. The primary method of molybdate removal is pre-
cipitation with ferric iron at a pH of 3.5 to form Fe2(MoO4)3, shown in Equation 12 (Gupta, 
1992). Iron molybdate will precipitate at this low pH and the concentration of Mo is expected 
to drop significantly below the regulatory limit.

3H2MoO4 + 2Fe(OH)3 → Fe2(MoO4)3↓ + 6H2O (12)

This reaction occurs in the same pH regime as Se removal with ferric sulfate-gypsum 
precipitation; therefore, it is possible to conduct both removal reactions simultaneously in one 
reaction vessel. However, when this method is used for co-removal of Mo and Se, the tailings 
are highly sensitive to pH neutralization. When neutralized for disposal in the tailings pond, 
Mo and Se can be readily dissolved from solid tails and thus pose an environmental hazard. To 
avoid the re-dissolution of Mo and Se, the solids formed in the precipitated reaction of Mo and 
Se need to be encapsulated. The encapsulating species, such as gypsum or ferrihydrite, forms 
a protective layer and prevents the MoO4

2– and Fe(OH)4SeO3 from coming in contact with 
the bulk solution.

Process Modifications of the Key Lake bn Circuit

Modification of the BN circuit at Key Lake Operation was commenced in 2007 (Lieu et 
al. 2010) with the additional process upgrades implemented in 2008, the circuit was com-
pleted and commissioned in spring 2009. The process flow diagram of the modified circuit is 
shown in Figure 1.

Raffinate reports to Pachuca #1 in the BN circuit, it mixes with the other contaminated 
water streams, such as mine water and reject water from the reverse osmosis plant, in Pachuca 
#2. Slaked lime is added to Pachuca #2 and the pH is controlled between 3.5 and 4.2. This 
process solution is then pumped to the FLSmidth High-Rate thickener (Se-Mo Removal thick-
ener) where Se and Mo begin to co-precipitate with ferrihydrite. These chemically precipitated 
particles are thickened to a 30 wt% design solids and report to the thickener underflow slurry 
before it’s pumped to a new pH adjustment tank. The slurry is adjusted to pH 6–7 with the 
slaked lime, then blended with other tailings streams and pumped to the tailings pond. The 
supernatant of the Se-Mo thickener is pumped to Pachuca 3 and overflows to Pachuca 4, where 
the pH of the process solution in these pachucas is maintained at pH 6.5 and 9.2, respectively. 
The majority of trace metal precipitates at the high pH stage are in the form of hydroxides 
(Ni, Cu, Pb, and Zn) or ferrihydrite (As). These chemical precipitates are captured in the 
Lamella Thickener. The supernatant overflows to a 3-stage pH adjustment tank series, where 
diluted sulfuric acid is added to reduce the pH of this process solution to between 6 and 6.5. 
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This process solution is further clarified with the Radium Removal Thickener to capture any 
suspended solids carried forward in the effluent. The final effluent is sent to monitoring ponds 
where composite samples are collected and analyzed. Effluent is released to the downstream 
river systems when all the regulatory limits established by CNSC are met.

Through the BN process, barium chloride is added at the discharge of Pachuca #1, #3, 
and Lamella Thickener to remove radium from the process solution. The entrained organic in 
Raffinate from the SX circuit, is treated with hydrogen peroxide at the overflow of the Se-Mo 
thickener. This will oxidize any organic materials to carbon dioxide and ultimately reduce the 
toxicity in the final effluent.

RESULTS And dISCUSSIOn

Commissioning of the modified BN circuit began in March 2008 (Lieu et al. 2010). An 
intense sampling campaign was augmented to assess the performance of the modified BN cir-
cuit. In the first 5 months, there were process issues that affected the operation of the Se-Mo 
thickener, therefore sampling results were not reliable during this period. These issues were 
resolved in September of 2008. Sampling campaign lasted 431 days during the commissioning 
process except a scheduled short maintenance shutdown in May 2009. Samples were collected 
at the feed, Se-Mo thickener, and the final effluent streams. The feed streams consist of: (1) raf-
finate from the solvent extraction plant, (2) contaminated water from the DTMF, AGTMF 
and mill waste water.

Figure 1. Process flow diagram of the modified bn circuit of Key Lake Cameco Operations
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The following sections present the results of concentration and loading of Se and Mo in 
the input and final effluent streams during the sampling campaign between September 2008 
and November 2009.

Selenium Removal Efficiency

Figure 2 shows the comparison of concentrations of Se in the feed and final effluent 
streams. The horizontal line represents the proposed regulatory limit of 0.028 mg/L set by the 
CNSC. The input stream shows great variation of Se due to the high variability of Se in the 
ore body. Sustained control of the concentration of Se in the final effluent was established at 
the end of June 2009, where Se was consistently maintained below the regulatory limit. This 
decrease in concentration was due to the completion of the process improvement and estab-
lishment of target operating parameters allowing the circuit to operate at the equilibrium stage.

Table 1 summarizes the average daily concentration, loading, and removal efficiency of 
Se in the BN circuit. The compiled results were grouped into quarter-year format for perfor-
mance comparison and simplicity purpose.

It’s clear that the concentration of Se in the final effluent decreased chronologically from 
0.041 to 0.017 mg/L while the concentration of Se in the feed stream varied between 0.062 to 
0.093 mg/L. The concentration of Se had been sustained below the regulatory limit since the 
beginning of quarter 3 of 2009. The standard deviation of the Se in final effluent decreased 
from 0.010 mg/L to 0.002 mg/L indicating the circuit had reached steady state for Se removal 
at the end of quarter 4 of 2009. The final loading of Se to the environment was reduced from 

Concentration of Selenium in the Feed Stream and Final Effluent  between Sept 2008 and Nov 2009
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Figure 2. Concentration of selenium in the input stream and final effluent
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0.165 kg/day (Q3, 2008) to 0.079 kg/day (Q4, 2009). The new circuit was capable of remov-
ing 85% of selenium from the process solution at the end of the sampling campaign.

Molybdenum Removal Efficiency

Figure 3 shows a similar comparison of concentrations of Mo in the feed and final efflu-
ent streams. The horizontal line represents the proposed regulatory limit of 0.6 mg/L set by 
the CNSC. Similar to the profile of Se, the input stream also shows high variation of Mo due 
to the variability of Mo in the ore body. The removal mechanism of Mo is relatively straight-
forward compared to Se. The protonated molybdate is precipitated with ferric and calcium 
ions at the optimum pH between 3.5 and 4.2. The first tipping point when the concentra-
tion of Mo dropped below the regulatory limit was in November 2008. Due to pumping and 
scaling issues in the Se-Mo thickener, a lot of precipitated molybdate was carried forward to 
the downstream of the BN circuit, where it was re-dissolved when the pH increased to 9.2 at 
Pachuca #4. This effect is illustrated in the period between November 2008 and March 2009, 
where high variation in concentration of Mo was observed in the final effluent. The concentra-
tion of Mo became stable and reached steady state after June 2009; this is consistent with the 
profile of Se found in Figure 2.

The concentration of Mo in the feed stream ranged between 1.021 and 1.585 mg/L. The 
concentration of Mo in the final effluent decreased chronologically from 0.566 to 0.081 mg/L. 
The concentration of Mo has been sustained below the regulatory limit since the beginning of 
quarter 3 of 2009. The standard deviation of the Mo concentration in final effluent dramati-
cally decreased from 0.256 mg/L to 0.035 mg/L illustrates the circuit had reached steady state 
for Mo removal at the end of quarter 4 of 2009. The final loading of Mo to the environment 
was reduced from 1.5 kg/day to 0.4 kg/day in the commissioning process. The maximum 
removal efficiency was at 96% for molybdenum at the end of the sampling campaign. See 
Table 2.

Potential Additional Improvement

Cameco’s KLO management has interest to continue its efforts to further improve the 
BN effluent treatment. Besides supplying the Se-Mo thickener for the modification project, 
FLSmidth (formerly Dorr-Oliver EIMCO) has also been contracted to conduct test work 
using its proprietary MaxR™ solids recycle technology to enhance the particle growth of the 
precipitated solids which can improve the downstream solid-liquid separation and possibly the 
overall Se and Mo removal efficiency from the mill effluent.

Table 1. Summary of Se concentrations, loading, and removal efficiency in KLO’s bn circuit

Selenium
Feed

(mg/L)
Feed

(kg/day)
Final Effluent 

(mg/L)
Final Effluent 

(kg/day)
Removal 

Efficiency (%)

Q 3, 2008 0.072 0.444 0.041 0.165 61

Q 1, 2009 0.087 0.504 0.030 0.114 75

Q 2, 2009 0.062 0.443 0.022 0.115 69

Q 3, 2009 0.093 0.624 0.018 0.088 83

Q 4, 2009 0.066 0.435 0.017 0.079 85

Overall Average 0.076
(s.d. = 0.030)

0.483
(s.d. = 0.190)

0.027
(s.d. = 0.012)

0.117
(s.d. = 0.058)

73
(s.d. = 15)
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Solids recycling has been demonstrated in commercial applications for years to improve 
processes where chemical precipitation, gravity separation processes, and/or filtration processes 
are required. The benefit of solids recycling in chemical precipitation occurs in both the reac-
tion step and in the sludge dewatering characteristics. At the reaction step, recycled solids 
provides existing particles as seeds during precipitation, promoting particle growth, increas-
ing reaction efficiency, and stabilizing the final solution with respect to super-saturation. The 
presence of additional solids will initiate precipitation in systems which are saturated. Particles 
formed are larger and more crystalline in nature. This results in improved removal of the solids 
in the following gravity sedimentation and filtration operations. Recycle of solids can use the 
reactant chemicals more efficiently, decreasing overall chemicals costs. The residual chemical 
becomes more associated with the solids through chemical or physical bonding at the surface 

Table 2. Summary of Mo concentrations, loading, and removal efficiency in KLO’s bn circuit

Selenium
Feed

(mg/L)
Feed

(kg/day)
Final Effluent 

(mg/L)
Final Effluent 

(kg/day)
Removal 

Efficiency (%)

Q 3, 2008 1.429 8.6 0.566 1.5 59

Q 1, 2009 1.261 7.3 0.199 1.2 83

Q 2, 2009 1.021 7.3 0.135 0.8 89

Q 3, 2009 1.585 10.6 0.089 0.4 96

Q 4, 2009 1.550 10.3 0.081 0.4 96

Overall Average 1.402
(s.d. = 0.332)

8.9
(s.d. = 2.4)

0.214
(s.d. = 0.012)

1.4
(s.d. = 1.6)

82
(s.d. = 20)

Concentration of Molybdenum in the Feed Stream and Final Effluent  between Sept 2008 and Nov 2009
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Figure 3. Concentration of molybdenum in the input stream and final effluent

WaterMineralsProcessing.indb   297 11/22/11   1:49 PM



298 effect of Water quality on Minerals Processing

of the solids instead of in the bulk solution. In most cases the excess amount of the reactant 
chemicals required to force the precipitation reaction can be reduced. A typical pilot process 
flow diagram is shown in Figure 4.

For the BN effluent treatment at KLO, continuous pilot testing campaigns were con-
ducted in 2006–2007 at KLO’s mill site. The method for Se and Mo removal employed pH 
adjustment by lime addition to precipitate the desired metal, along with recirculation of previ-
ously precipitated solids, followed by sedimentation and/or filtration of the precipitated solids. 
Details of the reaction/precipitation mechanism have been described in the previous sections 
of this paper. The main goals of the proposed MaxR™ treatment were (1) to remove the two 
targeted metals—selenium (Se) and molybdenum (Mo) to low enough levels to meet environ-
mental discharge requirements, (2) to produce solids with enhanced dewatering characteristics 
over conventional precipitation methods (probably through particle size growth) for tailings 
disposal and (3) to form solids resistant to dissolution of Mo and Se, i.e., encapsulation, in 
tailings storage.

MaxR™ Test Procedures and Results

The pilot plant provided by FLSmidth included the following principal components: a 
reactor with a volume of about 60 liters, a settling compartment with an area of ~0.1 m2, a 
thickening column 1.5 m deep, a small mixing tank for blending underflow slurry and slaked 
lime, and associated pumps and reagent tanks (Emmett and Lee, 2006). The system was fed 
a combined flow of raffinate and reservoir water at a ratio of 1:2 at a rate which simulated the 
~30–40 minutes available in Pachuca #2. Agitation was provided by a variable speed mixer 
with two impellers. Two variations were tested: (1) a “simple recycle” process combined lime, 
recycled underflow solids and raffinate for “flash mixing” near the impeller blades of the reac-
tor, where the precipitation reaction proceeded to completion; and (2) a condition simulating 
the MaxR™ process first combined lime, recycled underflow solids and some reservoir water 
in a small mixing tank with about 1 minute residence time. The mixture then overflowed into 
the reactor and was mixed with the raffinate at the impeller blades. In both cases, the reac-
tor discharged into a settling compartment and the underflow transported into a thickening 
column. Portion of the underflow solids from the thickening column was recycled back to the 
mixing tank. Temperature was not regulated but allowed to remain at ambient conditions, 

Figure 4. Flowsheet of typical MaxR™ solids recycle technology including solids recycling, pre-
coating with a flash-mix tank
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about 30°C. Static 2-liter settling tests were used to evaluate thickener parameters for samples 
taken at key times during testing.

One of the principal objectives of the test program was to determine the necessary amount 
of solids recycling in order to increase particle size of the precipitate and, thereby, the under-
flow solids concentration. This was supposed to reach at least 30% by weight in order to 
enhance the bulk neutralization process.

Continuous pilot test runs had achieved some promising results. Se and Mo concentra-
tions could be reduced below the effluent limits at the low pH level of 3.8 and a recycle ratio 
of about 10 times of amount of precipitated solids in a single-pass condition. Underflow solids 
concentration as high as 44 wt% could also be achieved. Despite a large number of variables 
and operating conditions to test, stable conditions are necessary to obtain meaningful results. 
This includes careful control of pH, flows of fresh feed, lime addition, and recycle stream, and 
solids concentration in the reaction zone. Excursions from these conditions tend to reverse the 
process and yield poor settling properties. Some typical test conditions and results are listed in 
Table 3.

COnCLUSIOnS

A comprehensive project was undertaken by Cameco Key Lake Operation to study the 
removal of selenium and molybdenum from its uranium mill effluent. Fundamental research 
work to understand the species distribution, reaction mechanisms, and proper treatment 
methods resulted in the engineering, implementing, and commissioning of modification in 
the Bulk Neutralization (BN) circuit. New methods of co-precipitating selenite/selenate with 
ferric sulphate-gypsum and precipitating molybdate with ferric ions have been experimented 

Table 3. Summary of MaxR™ continuous testing at KLO’s bn circuit

Pilot Conv. 
Solids 

Recycle*
2-L

Static*
Pilot 

MaxR™†
Pilot 

MaxR™†
2-L

Static†

Design 
MaxR™ 

Condition†

Test number 4 13b

Recycle ratio 13× 13× 4.5× 5.3× 5.3× 8–10×

Reactor pH 3.8 3.8 3.9 3.75 3.8 3.8

Reactor % solids (w/w) 5.1 4.3 3.42 6.4 >5.0

Flocculant dose, (g/t) 30 95 77 50

Underflow solids % (w/w) 44.5 35.4 20.8 41.0 35-40

Unit area (m2/tpd) 0.26 0.12 0.3

Se conc. in feed, (mg/L) 0.031 0.026 0.05

Se conc. in overflow, (mg/L) 0.022 0.013 0.034 <0.025

Se removal efficiency, (%) 29 21 50 32 29

Mo conc. in feed, (mg/L) 1.38 1.24 1.39

Mo conc. in overflow, (mg/L) 0.079 0.007 0.54 <0.1

Mo removal efficiency, (%) 94 93 99 61 94

*Add lime and underflow separately.
†Pre-mix lime and underflow.
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with bench- and pilot-scale testing and found to be effective. Implementation followed with 
careful adjustment of the circuit resulted in lowering the Se and Mo content in the final efflu-
ent to below the regulatory limits. Additional efforts have been continued with new method 
such as FLSmidth’s MaxR™ solids recycle technology to further improve the effluent quality 
and minimize the volume of waste material to the tailings pond while ensuring the stability of 
the precipitated solids to prevent re-dissolving of Se and Mo at the final treatment steps.
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Alternatives to Coal Mine Tailings Impoundment—
Evaluation of Three Dewatering Methods at Rockspring Coal Mine
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ABSTRACT

In 2008, Alpha Natural Resources initiated investigations to determine the most desirable 
technology to facilitate the continuation of fine tailings disposal and water management at the 
Trace Branch tailings impoundment site during the capping stage at the Rockspring coal prep-
aration plant. This 1800 ton per hour thermal coal facility was nearing capacity of its existing 
tailings impoundment and needed to determine and evaluate alternative methods to increase 
impoundment capacity and improve water management. This paper discusses the findings of 
various assessments and trade off studies that resulted in a decision to install eight three-meter 
belt presses capable of dewatering 180 tons per hour of tailings solids in a slurry so they could 
be mixed with coarse material and used as capping material.

INTRODUCTION

The Rockspring coal preparation plant has a throughput of 1800 tons of coal per hour 
and in the process, produces approximately 180 dry tons of fine tailings material each hour 
as 30% solids slurry. The slurry is pumped to the tailings impoundment area where the solids 
settle and then the water is recycled back to the plant. In 2008, the impoundment area was 
reaching capacity. If nothing changed, a new impoundment area would need to be built and 
there was not enough time to get a new impoundment area built and commissioned before 
the plant would need to be shut down. The operator of Rockspring, Foundation Coal (merged 
with Alpha Natural Resources in July 2009) undertook an extensive study of dewatering solu-
tions, including geotextile tubes, deep cone paste thickening and filter belt presses, to decrease 
the volume sent to tailings to significantly lengthen the life span of the current impoundment 
area. Investigators concluded the filter belt presses provided the most practical and economical 
solution. Water management at the plant also became more efficient since much of the slurry 
water no longer left the plant, creating a reduction of water loss due to evaporation out at the 
impoundment site.

TAILINGS IMPOUNDMENT

Figure 1 is an aerial photo of the Trace Branch tailings impoundment. When regulators 
moved the area into closure, which involved the placement of capping material, the Rockspring 
plant, to continue operating, set up a mini impoundment area with a life span of 18 months. 
While regulatory processes were underway to establish a new full scale tailings impoundment 
area for the plant, it became apparent that 18 months would not be enough time to get a new 
impoundment area established and in operation.
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The capping process for impoundment areas includes placing coarse material over the 
surface of the pond to protect the fines in the area from wind, rain and other meteorologi-
cal events after all the water drains away. The process creates a stable system that can then be 
reclaimed back to its original environment.

With the capping process underway, investigators studied how much fine material could 
be added to the capping material without significantly undermining the capping stability. 
Since the coarse material contained 5% to 6% moisture and the finished cap could contain up 
to 16% to 18% moisture and still maintain stability, there was opportunity for the fine mate-
rial to be added. To reach the 16–18% total moisture target for the cap while handling the total 
180 tons per hour of dry fines being produced by the plant (estimated to be approximately 1⁄3 

of the capping material mixture), the fines slurry would need to be dewatered from its current 
30% solids to approximately 60% solids.

If the tailings could be dewatered to 60% solids and mixed with the coarse material to cap 
the Trace Branch tailings impoundment, then the life span for the existing impoundment area 
combined with the mini impoundment area would allow ample time, approximately four and 
a half years, to permit and build a new, permanent impoundment area. The higher percent 
solids also would extend the life of the new impoundment area and significantly improve water 
management at the Rockspring plant.

TAILINGS SLURRY

The fines in the tailings slurry sent to the impoundment area consist of coal and rock 
material that has been consolidated to 30% of the slurry weight. The slurry contains fairly high 
clay content and approximately 80% of the solids are smaller than 40 microns in size, which 
creates problems when trying to increase solids content.

Figure 1. Trace Branch tailings impoundment, Logan County, West Virginia
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Before the new dewatering plant was commissioned, all of the plant’s refuse streams 
were allowed to settle in conventional thickeners to approximately 30% solids and then were 
pumped to the tailings impoundment. The settling time was slow (30 plus days) with the tail-
ings liquid effluent recycled back to the plant. To speed up water turn around and keep the 
impoundment in compliance with state and federal regulations, the slurry was treated with 
polymer before injection into impoundment improving turn-around to two to five days.

Regardless of settling time, approximately 100,780 gallons of water per hour were sent to 
the impoundment area when the tailings slurry was at 30% solids. Increasing the slurry to the 
60% solids so that it could be used during the capping process would reduce the water flow 
to the impoundment to approximately 28,800 gallons per hour further improving the plant 
water balance. This increases the water re-circulated within the plant by 71,980 gallons per 
hour and places much more control of the water balance in the hands of operations.

Because of the difficulty in dewatering these solids, pressure would need to be applied 
to obtain at least a 60% solids level. Thus, as mentioned previously, investigators studied 
three dewatering methods: geotextile tubes, deep cone paste thickener and filter belt presses. 
Figure 2 illustrates each of the three methods that were evaluated at Rockspring.

DEWATERING METHODS

All three dewatering methods were evaluated and the results are shown in Table 1. 
Comparisons were made on performance, size of area needed for operation (footprint) and 
capital and operating costs extrapolated over the four and a half year extended life span of 
the Trace Branch impoundment area and the mini impoundment. Operational drivers were 
determined through lab and small pilot testing. The economic drivers considered both capital 
and operational costs.

Figure 2. Dewatering methods that were evaluated at Rockspring

Table 1. Operational and economic drivers for dewatering Rockspring plant tailings

Method Footprint (m2) Best % Solids Capital Operating (yr) Over 4.5 Years

Geotubes 184000 85%+ — $10.5M $47.3M

Deep cone paste 400
(20 m diameter)

48–50% $5.5M–6.0M $2.5M–3.0M $16.8M–19.5M

Filter belt press 930
(Building + belt)

65–70% $4.5M $3.5M $20.3M
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Geotextile Tubes

The geotextile tube technology involves flowing slurry through a filter tube where the 
water passes through and the solids get compacted with the help of a flocculating chemical. 
Pressure is applied as water is forced through the membrane by the flow of slurry into the tube. 
Once the tube is filled, the geotextile tube is left in the impoundment area and a new geotextile 
tube is set up to continue the process. The technology is relatively inexpensive and very effec-
tive in many applications.

Testing showed that geotextile tubes effectively improved the solids level in the tailings 
slurry. The clay content restricted the level of compaction the geotextile tube technology 
achieved, limiting the maximum percent solids to approximately 85%, which was well over the 
required 60% solids target range. However, at 85%, the number of geotextile tubes required 
for the four and a half year period exceeded the amount of available land space in which to 
operate them. Although all the costs can be posted as operational (geotextile tubes are consum-
ables), the cost per year of $10.5 million made the geotextile tube option the most expensive. 
In addition, the effluent discharged during dewatering would still have to be pumped back to 
the coal plant for reuse, incorporating variability in the water balance. Therefore, the inves-
tigators’ conclusions were that the geotextile tubes were neither practical nor economical for 
treating the Rockspring tailings.

Deep Cone Paste Thickening

The technology of deep cone paste thickening is based on a steep-angled cone and a rela-
tively deep thickener bed to enhance underflow density. The increased bed depth gives greater 
compaction, and thus applies pressure to push more of the water out of the slurry. This dewa-
tering method incorporates modern thickener technology such as flocculants, feed well dilu-
tion systems for best flocculation, more effective raking mechanism designs, and high torque 
drives. Deep cone paste thickening has shown significant effectiveness in dealing with high clay 
tailings in the phosphate industry (Tao et al. 2008). These clays tend to be under 30 microns 
in size and colloidal in nature, much like what is found with the Rockspring tailings slurry.

Testing was designed to determine if deep cone paste thickening was capable of obtaining 
60% solids for the tailings slurry at Rockspring. Investigators, testing with a series of floccu-
lants and operational parameters, determined the best results achieved only 50% solids at an 
operational cost of $2.5M to $3M. Economically, over the four and a half year period, deep 
cone paste thickening is the best option, but since the nature of the Rockspring tailings does 
not allow dewatering to the 60% solids target level, the technology is not a suitable choice.

Filter Belt Presses

Water content in most slurries can be reduced to very low levels by applying mechanical 
pressure, depending on the solids ability to hold onto water. Belt filter presses are fed slurry 
that passes through a series of drum and roller systems, each series producing lower water con-
tent. As shown in Figure 3, most belt filter press operations can be divided into three general 
stages: initial de-watering, which makes the sludge pulp; pressing or medium pressure filtra-
tion, which conditions the sludge for high pressure filtration quality; and high pressure filtra-
tion. The process begins as the sludge enters the press. It is mixed with a dewatering chemical 
either in the press or in a conditioning tank prior to the press. The sludge then enters the 
gravity drainage zone where a large rotating drum drains a majority of the free water. Pressure 
is first applied in a low pressure wedge zone, which begins squeezing the remaining water out 
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of the sludge. Further de-watering occurs in the medium pressure zone, where two large, per-
forated drums of decreasing size apply pressure. Rollers perform the final de-watering in the 
high pressure zone (Jellesma 1978).

Testing the Rockspring tailings slurry on a filter belt press indicated that a higher than 
60% solids target was achievable. Operational costs were higher than the deep cone paste 
method, but were not prohibitive.

As a result of the evaluations, the investigators determined that filter belt presses were 
the best option for the Rockspring coal plant to help them achieve their goal of economically 
lengthening the lifespan of their impoundment area and improve water balance.

PLANT DESIGN

Having chosen filter belt presses as the dewatering method, designing the entire system 
involved determining how many presses would be required and how they would operate. 
Given the current 180 dry tons per hour of tailings, six presses would be needed to handle the 
flow rate. The design team added two extra presses to allow for maintenance without reducing 
production. This also easily accommodates increased production.

Figure 4 is a flowsheet of the Rockspring dewatering plant as designed and commissioned. 
Design began in April of 2009 with construction initiated in April of 2010. Commissioning 
of the plant began in July of 2010.

The slurry line that originally flowed to the impoundment area from the existing thick-
ener plant was tapped into for the new dewatering system and re-routed through a flow meter. 
Now the slurry flows into a 20,000 gallon stirred feed tank for the six operational filter belt 
presses (eight in total). This tank can also be fed extra water from the belt press sump for better 
control. The tank has an overflow system that sends slurry directly to the belt press sump as a 
bypass.

Figure 3. Filter belt press operations
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From the belt press feed tank, the slurry passes through a static mixer where anionic floc-
culant is added to begin the dewatering process. Once through the static mixer, cationic coagu-
lant is added to further enhance dewatering in the press. A small floculator mix tank is a 
pre-feed tank for the belt presses, allowing for better control of press operations. Originally, 
two static mixers were considered; however, due to concern that the second static mixer might 
cause flocculant breakdown, it was decided to utilize the floculator tank.

The slurry then enters the press, where it is dewatered to approximately 60% solids. From 
the press, the filter cake is discharged onto a 36 inch collecting conveyor belt that moves it to 
a place where it can be mixed with coarse material to make the final capping material. That 
material is then transferred to the Trace Branch impoundment area. The collecting belt was 
chosen over a radial stacker because the cake had transfer difficulties due to sticking in the 
radial stacker and the conveyor system required a much smaller containment area.

Flocculant System

Fully automated, the flocculant system was designed and constructed by Ashland Water 
Technologies. The nature of the Rockspring tailings requires a two stage flocculation process to 
manage the clays. The first polymer added is a very high molecular weight, anionic flocculant 
which adsorbs onto the surface of the particles thereby making them net negatively charged. 
The second polymer added is a low-medium molecular weight, cationic coagulant which inter-
acts with both the clay particles and anionic flocculant.

Certain clay particles have both anionic faces and cationic edges. The primary anionic 
flocculant not only neutralizes those cationic edges, but it also provides anionic loops of poly-
mer that extend far from the surface of the particles to make the attachment of the secondary 
polymeric coagulant more efficient. The second cationic polymer interacts with the anionic 
loops and tails of the first polymer. This process tightens the flocculated tailings and squeezes 
excess water from between the clay particles. The result is a much faster release of water in the 
free drainage section of the press and better compressibility of the sludge cake in the press sec-
tion. This combination of polymers acts to increase the solids throughput of the press while, at 
the same time, increasing the final cake solids (alternately lowering the cake moisture).

The anionic flocculant is supplied as a dry powder in supersacs. Using four dry powder 
feeders, the flocculant is mixed with water to a 0.25% concentration in a 16,000 gallon mixing 
tank. This process is fully automated, adding the right amount of water for four supersacs to 
make a consistent concentration. From the mixing tank, the anionic flocculant is pumped to 
a 30,000 gallon holding tank for distribution to the static mixer at each belt press. The floc-
culant flow at each belt press is also monitored and controllable.

The cationic coagulant is in the form of a liquid polymer, ready to be added directly just 
before the floculator tank for each belt press. Stored in a 20,000 gallon tank, it uses the same 
type of pumping systems as the anionic flocculant.

Water Management

With less water being retained in the impoundment area and/or being evaporated during 
this process, the water management processes were more manageable. The extra water now 
comes off the belt presses and rather than building a catch basin for this water flow, it was 
found to be much more effective to let the water flow onto the plant floor and collect it with 
a sump system. Averaging 2630 GPM, the sump sends most of the water back to the existing 
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thickener. Some of the water can be re-routed to the belt press feed tank if necessary. Two 
nuclear density gauges are used to keep the feed to the belt presses consistent.

The existing thickener overflow is pumped to a 30,000 gallon make-up tank to feed all 
the other water uses in the plant. A thickener was considered rather than a make-up tank 
to produce a better quality of clarified water for chemical mixing and other sources, but the 
main consumer of the water is the existing thickener where higher quality water is not neces-
sary. Upon determining the effects of lower quality water in other areas as being minimal, the 
30,000 gallon tank and its smaller footprint was selected.

The 30,000 gallon tank is now the center of the water management system that reduces 
water loss. Averaging 2175 GPM of flow throughput water is distributed for anionic flocculant 
preparation, spray systems of the belt presses, and washdown water for the belt press feed line 
and hose connections throughout the plant.

PLANT COMMISSIONING

Late in July of 2010, the new Rockspring dewatering plant underwent commissioning. 
Slurry flow was slowly turned over to the presses to allow each press to be fully commissioned 
one at a time.

During the commissioning period, maximum dewatering was determined for the belt 
presses and produced cakes with percent solids in the 70% range, confirming pilot test investi-
gations. The overall commissioning went smoothly with six presses converting approximately 
30 tons of dry solids as a 30% solids slurry into 60% solids per hour.

Flocculant and coagulant dosages were also optimized during commissioning. Figure 5 is 
a graph of the press performance over the first six months of 2011. The pound per ton dosage 
varied as conditions in the presses and slurry characteristics varied. Cake moistures averaged 
in the low 40% range (high 50% solids), which is sufficient for the capping operations. Excess 
capacity is built into the system such that, when needed, press conditions can be modified to 
lower the target moisture levels.

Dosage of the anionic flocculant and the cationic coagulant are controlled through DC 
pumps. There is no direct automation on the polymer feed system besides specific gravity for 

Figure 5. Cake moisture and chemical usage data
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control of slurry gravity with water. The anionic flocculant is injected into water and diluted 
before entering the 2-inch static mixer. After dilution, the cationic flocculant is injected into 
the bottom of the flocculator. To allow proper conditioning time between the two flocculant 
additions, the static mixer is positioned eight to ten feet before the flocculator.

CONCLUSION

The evaluation of geotextile tubes, deep cone paste thickeners and filter belt presses 
allowed investigators to determine which technology provided the best solution and value to 
the Rockspring coal plant. Each dewatering method had advantages, but the tailings’ charac-
teristics showed that filter belt presses performed the best.

The installation of filter belt presses at Rockspring extended the life of the current Trace 
Branch impoundment area and the mini impoundment area combined by approximately four 
and a half years by making the tailings slurry usable as part of capping material and by reducing 
the volume per day pumped to the impoundment areas. The extra time now allows for permit-
ting and construction of a new permanent impoundment area. The new area can be designed 
around the lower volume that will be sent to it per day, reducing capital costs in construction 
and land use.

Water management is much more efficient. Most of the water now re-circulates in the 
plant instead of going out to impoundment and then recycling back with all of that system’s 
impoundment retention and evaporation losses. The new water balance contains considerably 
less water and the plant requires less fresh make-up water.
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Mine Wastewater Treatment Using Novel Processes
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ABSTRACT

Water used in industrial processes acquires contaminants derived from the materials and 
processes the water comes in contact with. In the case of mining applications, these contami-
nants often make the water undesirable for reuse within the mine circuit or for discharge from 
the site. Treatment of mine process water to make it acceptable for reuse or discharge requires 
methods that are resistant to a wide variety of potentially corrosive or scaling species, capable of 
handling a range of contaminants and function for long periods under relatively harsh condi-
tions with minimal maintenance. This paper will discuss evaluations of mine water treatment 
systems that utilize several robust methods to treat mine wastewater. Concentration of waste-
water contaminants using reverse osmosis followed by contaminant removal by precipitation 
will be discussed. The paper will focus on maximizing cost performance, lowering energy use, 
limiting the use of chemicals and minimizing the impact of the system on the environment.

INTRODUCTION

Growing demands on finite and variable water supplies across the world have resulted 
in greater government scrutiny and pressure on industry to more efficiently manage water 
resources. The mining industry has long been perceived as a problem area for water manage-
ment due to the relatively high volumes of water used in mining applications and the wide 
range of contaminants that appear in wastewater derived from mining operations (Bowell 
2000; Amezaga et al. 2011). As a result, managing wastewater from mining operations is often 
very challenging. Treatment is typically necessary to make the water suitable for reuse within 
the operation and is normally a requirement to meet increasingly strict discharge limits if the 
water is to be released back to the environment. Mine wastewater often has many contaminants 
exceeding use or discharge limits so treatment is accomplished by creating a purification circuit 
made up of multiple systems targeted to a site-specific contaminants. Identification of treat-
ment methods that complement one another is the key to successful mine water treatment.

One of the most common mine water contaminants is sulfate ion. This ion is often the 
dominant contaminant in a mine operations wastewater (Bowell 2000). High sulfate water is 
associated with several industrial mining and mineral processing operations. One of the most 
common of these is Acid Mine Drainage (AMD), also known as Acid Rock Drainage (ARD), 
where decomposition by oxidation of pyritic solid material waste associated with mine opera-
tions yields surface water with sulfate concentrations in the 1500 to 8000 ppm sulfate range. 
It is worthwhile to note that AMD water also typically contains numerous other contaminants 
such as iron, manganese and other heavy metals. Neutral wastewaters typically contain sulfate 
concentrations of around 4000 ppm (Miller 2005). Since sulfate discharge limits are in the 
range of 250 to 2000 ppm this water must be treated before release into the environment. 
Much research has been directed towards sulfate removal in AMD applications due to the 
associated large water volumes and widespread occurrence.
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Over the last 20 years several treatment schemes have emerged that are aimed at reduc-
ing the concentration of sulfate in mine wastewater to levels approaching discharge require-
ments. In a chemical precipitation example described by Geldenhuys an inexpensive source 
of metal ion is used to precipitate metal sulfate salt (Geldenhuys et al. 2003). In this method, 
acidic high sulfate (AMD) water is treated with limestone and then subsequently with lime. 
Inexpensive limestone reacts with the low pH feedstock in the first step to remove a portion 
of the calcium sulfate as CaSO4 * 2H2O precipitate (Reaction 1). Subsequent treatment with 
lime to pH 12.26 removes additional calcium sulfate as CaSO4 * 2H2O (Reaction 2).

CaCO3 + H2SO4 + H2O → CaSO4 *2H2O + CO2 (1)

Ca(OH)2 + H2SO4 →  CaSO4 *2H2O (2)

This method is capable, with sufficient residence time, of producing an 1100 ppm sulfate 
water stream from a 3000 ppm sulfate feedstock. Though relatively inexpensive, this method 
requires a low pH feedstock for the limestone treatment portion to be effective and does not 
produce an effluent that will meet typical sulfate discharge requirements.

Other precipitation methods utilize barium sulfide as a barium source for barium sulfate 
precipitation (Maree et al. 2004) or include a source of aluminum with slaked lime to allow 
precipitation of ettringite or jarosite (Tait et al. 2009; Smit and Sibliski 2003). These methods, 
however, are dependent on regeneration of the barium ion source from the collected precipi-
tate or require a heat source to achieve the desired precipitation efficiency.

Another example of a treatment utilized for high sulfate mine water is reverse osmosis. In 
this process feedstock is pretreated with scale inhibitors and filtered through a multimedia filter 
or an ultrafilter to limit membrane scaling as the liquid is passed across a reverse osmosis mem-
brane under high pressure. Water migrates across the membrane, excluding most dissolved 
ions, producing a low sulfate permeate than can be discharged, reused or blended with other 
wastewater streams to meet discharge requirements (Sobana and Panda 2011). Recoveries of 
60 to 70% of a 100 ppm sulfate permeate from a 5000 ppm sulfate solution may be regarded 
as typical. The reject stream from such an operation would contain roughly 12,300 to 16,400 
ppm sulfate in 30 to 40% of the feedstock stream volume. Although this technique produces 
an effluent that meets typical discharge limits, reverse osmosis is more costly than chemi-
cal precipitation techniques and produces a substantial volume of highly concentrated sulfate 
reject water that cannot be discharged without additional treatment.

In this paper we present laboratory and pilot test results for a treatment that utilizes reverse 
osmosis and chemical precipitation to provide an effective means of treating high sulfate mine 
water for reuse or discharge. It will be demonstrated that by applying reverse osmosis to a sul-
fate containing mine wastewater a high sulfate reject stream is generated that is well suited for 
treatment with slaked lime to precipitate CaSO4 * 2H2O. Neutralization of the product water 
from a one hour residence time precipitation stage with carbon dioxide followed by blending 
with low sulfate RO permeate yielded a solution with a sulfate concentration below 1000 ppm. 
Results of field testing at a mine site desiring a cost-effective, robust and rapid means of meet-
ing sulfate discharge requirements demonstrated the effectiveness of the process for meeting 
the locations discharge limits.

Calcium Sulfate Di-hydrate Precipitation

Calcium sulfate occurs in three forms but for most water treatment applications CaSO4 * 
2H2O (gypsum) is the predominant phase. Gypsum is a naturally occurring ionic crystalline 
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solid that forms in many industrial processes where calcium and sulfate are present in con-
centrations exceeding saturation limits. Industrially, gypsum is a byproduct of the dihydrate 
process of phosphoric acid production, deposits on heat exchangers in cooling systems due to 
gypsums inverse solubility relationship with temperature and fouls reverse osmosis systems 
when the solubility of gypsum is exceeded near the membrane surface. As a result of its wide-
spread occurrence, the precipitation of gypsum has been extensively studied both academically 
and industrially.

Gypsum precipitation occurs by a series of processes whose relative importance is depen-
dent on the presence of inhibitors, relative supersaturation and on seed crystal surface area 
(Packter 1974; Gunn 1976). One process associated with gypsum precipitation is the for-
mation of crystal nuclei from supersaturated calcium sulfate solution. In this process, pre-
nucleation aggregates of calcium ions and sulfate ions form within the supersaturated solution. 
While many disassociate, some of these aggregates achieve the necessary size and structure 
to make dissolution energetically unfavorable and become crystal nuclei. The rate of nuclei 
formation is a function of the supersaturation, with several authors reporting the initial pre-
cipitation rate is proportional to the square of the relative supersaturation (low supersaturation 
or seeded) (Klepetsanis and Koutsoukos 1989) or to the relative supersaturation raised to the 
fifth power (high supersaturation unseeded) (Hamdona and Hadad 2008). In practice a period 
of time, known as the induction period, occurs in unseeded supersaturated calcium sulfate 
solutions before detectable precipitation is observed. During this induction period the con-
centration of nuclei grows over time until a detectable level of precipitation is reached. At high 
supersaturations, where homogeneous nucleation dominates (Alimi et al. 2003), the induction 
time is proportional to the inverse of the square of the supersaturation (Fan et al. 2010). A sec-
ond process associated with the precipitation of gypsum is the growth of the existing gypsum 
crystals. In this process ordered growth of existing gypsum particles takes place by incorpora-
tion of calcium and sulfate ions into growth sites on the crystal surface. The rate of ordered 
growth is dependent on the gypsum surface area and on the supersaturation. It is worthwhile 
to note that when sufficient crystal surface is present no gypsum precipitation induction period 
is observed. Gypsum crystal growth rates are consistent with a surface controlled crystal growth 
mechanism (Klepetsanis et al. 1999).

Although both nucleation and crystal growth take place simultaneously within a super-
saturated solution one process is often the dominant means of gypsum formation. For exam-
ple, in unseeded solutions nucleation is dominant initially but becomes less important as the 
number of nuclei reaches a level where the gypsum surface is sufficient to allow ordered crystal 
growth to dominate. In seeded systems, such as continuous crystallizers, relatively few nuclei 
may be formed and most precipitation occurs through crystal growth. To achieve relatively 
rapid and predictable precipitation of crystals of a size readily removed in a continuous pre-
cipitation system it is beneficial to recirculate a portion of the precipitate back to the reaction 
chamber to act as seed. Use of crystallization product as seed for gypsum precipitation, rather 
than using synthetic gypsum seed, has no adverse impact on the rate of precipitate formation 
(Tait et al. 2009).

Gypsum Precipitation Using Slaked Lime

When slaked lime is used as a calcium source for gypsum precipitation the concentra-
tion of calcium present at any given time is dependent on the concentration of hydroxide ion 
(solution pH). As gypsum precipitation progresses the dissolved calcium that is consumed 
is partially replenished by dissolution of slaked lime to yield calcium ions and hydroxide 
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ions. Calcium is removed from solution as a result of gypsum precipitation while hydroxide 
ion is not. As a result the concentration of hydroxide builds as dissolved sulfate is removed. 
Eventually the pH of the solution reaches a level that prevents sufficient calcium from dissolv-
ing and exceeding the gypsum Ksp. In practice as this limit is approached the rate of gypsum 
precipitation experiences a sharp decrease. The use of slaked lime to precipitate gypsum is fur-
ther complicated by the tendency for gypsum to precipitate on slaked lime particles and block 
further dissolution of calcium derived from the slaked lime. This necessitates the use of excess 
slaked lime to ensure sufficient soluble calcium to exceed gypsum solubility. In addition, the 
solubility of gypsum increases above a pH of about 11.5, reaches a maximum at a pH of about 
12.7 and then decreases at higher pH values. For example, at 35°C and pH 12.7 the solubility 
of gypsum is about 50% greater than at pH 7.0 (Yuan et al. 2010). This increase solubility may 
be due to the formation of CaOH+. Thus, the overall rate of gypsum precipitation using slaked 
lime is a function of pH and the quantity of slaked lime present.

EXPERIMENTAL METHODS

Reagent grade chemicals were used in all laboratory testing unless otherwise noted. 
Concentrated reagent hydrochloric acid used in laboratory tests and concentrated industrial 
hydrochloric acid used in field tests were each analyzed by titration prior to use to determine 
acid concentration. The laboratory concentrated hydrochloric acid was 37.1% by weight and 
the concentrated hydrochloric acid used at the mine site was 27% by weight. Laboratory test 
solutions were prepared using deionized water. The 10% slurry of slaked lime used in labora-
tory testing was prepared using deionized water and was maintained as a uniform suspension 
with constant stirring using a magnetic stirrer. Solution pH was measured using an Orion 
Model SA720 pH meter calibrated at 25°C using pH 7.0 and 10.0 calibration standards sup-
plied by VWR International. Immediate sulfate analyses of laboratory samples and of field 
samples were performed using a barium sulfate turbidity based test with aid of a Hach Model 
DR2400 spectrophotometer. Reverse osmosis 85% recovery concentrate was obtained using 
a pilot RO system operated at a mine site. Calcium analyses were performed using a Perkin 
Elmer Analyst 200 atomic absorbance spectrometer. Chloride concentrations were determined 
using a Dionex Model DX600 Ion Chromatograph.

Laboratory Gypsum Precipitation Tests

Laboratory batch studies were performed to characterize the amount of gypsum precipi-
tate formed at varying lime and hydrochloric acid dose levels in 1 liter beakers at ambient 
temperature. Solutions were filtered using a 0.45 micron filter after a 1 hour residence time 
and the sulfate level immediately analyzed. In a typical experiment, 500 mL of RO concentrate 
was placed in a 1 liter beaker and stirred with a PTFE-coated magnetic stirrer. Concentrated 
hydrochloric acid was then injected below the surface of the solution using a syringe and then 
10% slaked lime slurry was added. After 1 hour the pH of the solution was measured and the 
solution filtered under vacuum using a 0.45 micron filter. The sulfate content of the solution 
was then immediately measured and recorded. A portion of the filtered solution was then 
diluted and analyzed to determine the concentrations of chloride and calcium.

Analogous experiments were performed to characterize the kinetics of gypsum precipita-
tion. These experiments were performed in a manner similar to the precipitation experiments 
described above with the exception that portions of the stirred test slurry were removed at 
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desired time intervals using a 60 mL syringe. These slurry samples were then filtered using 
0.45 micron syringe filters and immediately analyzed for sulfate.

Carbon Dioxide Neutralization Test

A laboratory batch carbon dioxide neutralization experiment was performed to characterize 
the neutralization of the slaked lime treated RO concentrate. In a 5 liter beaker a 3 liter sample 
of RO concentrate containing 16,500 ppm sulfate was treated with concentrated hydrochloric 
acid at a dose of 46.4 pounds per 1000 gallons followed by addition of 10% slaked lime slurry 
at a dose level of 105.3 pounds slaked lime per 1000 gallons and then stirred with a PTFE 
coated magnetic stirrer for 1 hour. The suspension was then filtered using a 0.45 micron filter 
and the filtrate placed in a 5 liter beaker. A portion of the filtrate was analyzed to determine 
sulfate concentration. Carbon dioxide was added to the solution at a rate of 357 milliliters 
per minute using a gas dispersion tube and the solution pH monitored using a pH electrode. 
Samples were collected at intervals of approximately 0.5 pH units using 60 mL syringes and 
the samples were filtered using 0.45 micron syringe filters. The filtered samples were analyzed 
to determine the concentrations calcium and sulfate.

Onsite Pilot Studies

A pilot study was performed over the course of 2 months at a mine site in Latin America. A 
skid mounted RO system with cross-wound membranes was used to treat the mine wastewater. 
A sand filter and 10 micron cartridge filters were operated before the membranes to protect 
them from soil and suspended particulate material. Sulfuric acid was added to the feed water 
before the membranes to adjust the pH to 7. A calcium sulfate specific RO scale inhibitor, 
Nalco PC504T, was fed into the feed water at 2.5 ppm in order to protect against gypsum scale 
formation on the membranes. Flow rate of feed water to the membranes was maintained at 
about 340 gallons per hour throughout the study and recovery averaged a consistent 80% with 
a peak of 85%. Membrane cleaning was performed approximately every 70 hours.

Concentrated hydrochloric acid containing 27% hydrochloric acid by weight was fed to 
the concentrate from the RO unit at a level of 60.6 pounds per 1000 gallons concentrate and 
the resulting solution was delivered to a precipitation vessel. This dose is roughly equivalent to 
a dose rate of 43.6 pounds laboratory concentrated hydrochloric acid per 1000 gallons concen-
trate. Slaked lime was fed to the precipitation vessel at a level of 227 pounds slaked lime per 
1000 gallons concentrate. Residence time of the liquid in the precipitation vessel was one hour. 
The supernatant from the precipitation vessel was then treated with carbon dioxide to pH 8.1.

RESULTS AND DISCUSSION

Water Quality

The RO concentrate used for laboratory studies was obtained from a mine site in Latin 
America. The composition of the RO concentrate and diluted RO concentrate samples, as well 
as the range of composition of the RO feed water, are shown in Table 1.

High sulfate mine waste water falls within a range of concentration from 1500 to 
8500 ppm sulfate. As seen in the table, the mine water RO feedstock used in this study was 
consistently within the typical range of high sulfate mine water. The RO concentrate collected 
for laboratory gypsum precipitation studies was representative the upper limit of expected sul-
fate concentration. Similarly, diluted RO concentrate samples prepared were representative of 
the middle and lower expected sulfate concentrations of the RO concentrate.
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Laboratory Gypsum Precipitation Kinetics Tests

An investigation of the kinetics of gypsum precipitation in an RO concentrate sample con-
taining 13750 ppm sulfate in the presence of slaked lime and hydrochloric acid indicates that 
sulfate precipitation is rapid over the first 40 to 60 minutes and proceeds very slowly thereafter 
as shown in Figure 1. As seen in the figure, a total of about 9750 ppm sulfate precipitates as 
calcium sulfate under the conditions of the test. This calcium sulfate precipitation is greater 
than 95% complete within 30 minutes and is 97% complete within about an hour. After about 
two hours the precipitation is 100% complete. No further change in sulfate level occurred after 
12 hours. Under the conditions tested, a gypsum precipitation treatment system based on slaked 
lime addition can operate with 97% gypsum removal efficiency at a residence time of one hour.

Laboratory Gypsum Precipitation Tests

A series of gypsum precipitation tests were performed using RO concentrate generated at 
the Latin American mine site and diluted concentrate prepared to simulate the range of con-
centrate composition expected at the site described above. At this site the sulfate ion discharge 
limit is 1000 ppm and the chloride ion discharge limit is 500 ppm. The pH of the effluent 
must be no less than 6.0 and no greater than 9.0. For an average 80% recovery, this means that 
for the effluent to meet discharge limits the treated concentrate must contain no more than 
about 5000 ppm sulfate and no more than about 2500 ppm chloride prior to blending with 
RO permeate. Slaked lime alone fed at 82.8 pounds per 1000 gallons can only bring the sulfate 
concentration down to about 7500 ppm from a high of about 16,500 ppm. This does not meet 
the discharge limits of the mine site and is considerably higher than the 1100 ppm reported 
by Geldenhuys. In this case the solution pH reached a level of 12.59, preventing dissolution of 
sufficient slaked lime derived calcium to exceed the gypsum solubility.

Hydrochloric Acid Addition

One means of improving sulfate removal using slaked lime is to add an acid to partially 
neutralize the excess hydroxide formed during gypsum precipitation. A series of 1 hour resi-
dence time laboratory experiments were performed wherein hydrochloric acid was added to the 
RO concentrate prior to slaked lime slurry feed. The addition of acid was expected to increase 
the concentration of dissolved calcium derived from slaked lime and thus increase the quantity 
of gypsum precipitate formed. The results of experiments performed with three potential RO 
concentrate compositions at a constant concentrated hydrochloric acid feed rate of 46.4 pounds 
per 1000 gallons are summarized in Figure 2. As seen in the figure, at an initial sulfate concen-
tration of 12,500 ppm the treated sulfate level is less than 4500 ppm over the range of slaked 
lime feed levels tested. At 13,750 ppm sulfate, the expected average sulfate concentration in 

Table 1. Water composition samples used for laboratory testing

Measurement
RO Feed

Water Range
RO

Concentrate
Diluted 

Concentrate 1
Diluted 

Concentrate 2

pH 8.5 to 9.3 8.3 8.3 8.3

Sulfate 2320 to 3300 16500 13750 12500

Chloride 20 to 25 96 81 70
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Figure 1. Gypsum precipitation kinetics at 13750 ppm total sulfate with HCl and slaked lime 
treatment
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Figure 2. Sulfate removal achieved with a treatment of 46.4 pounds per 1000 gallons HCl at 
varying slaked lime dose
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the mine site RO concentrate, the treated sulfate level is less than 5000 ppm for slaked lime 
feed levels of 60.3 pounds per 1000 gallons and above. At the expected upper level of sulfate in 
the RO concentrate (16,500 ppm) the treated sulfate concentration was 5000 ppm or less only 
when the slaked lime feed was 105.3 pounds per 1000 gallons. Interestingly, in the case of this 
range of sulfate concentrations the percent total sulfate removed by this method of precipita-
tion is about the same regardless of the initial sulfate concentration as shown in Figure 3. As 
seen in the figure, the percentage of total sulfate removed differs by only a few percent at each 
slaked lime dose level. Based on the results of these experiments the slaked lime levels needed 
to consistently yield a treated solution containing 5000 ppm sulfate or less at the mine site is 
105.3 pounds per 1000 gallons.

The results of a series of experiments performed at varying concentrated hydrochloric 
acid dose at a constant slaked lime feed level of 82.8 pounds per 1000 gallons are shown in 
Figure 4. As seen in the figure, sulfate removal improves with addition of acid and the response 
is roughly linear over the range of acid levels tested.

Carbon Dioxide Neutralization Test

Neutralization of slaked lime treated RO concentrate can be readily accomplished using 
carbon dioxide. The lime treated concentrate contained approximately 5000 ppm sulfate. As 
shown in Figure 5, solution pH changes gradually between the initial value of 12.61 and 12.0. 
This is due to neutralization of the relatively high level of hydroxide and corresponding pre-
cipitation of calcium carbonate. Note that the dissolved calcium concentration dropped dra-
matically in this pH region during carbon dioxide treatment from an initial level of 1065 ppm 
as Ca2+ to 50 ppm as Ca2+ at pH 12.0. Approximately 98.5% of the dissolved calcium had 
precipitated when a pH of 11.5 was achieved. Between 12.0 and 7.5 the pH change over time 
is rapid. Interestingly, precipitation of calcium carbonate is associated with the removal of an 
additional 300 to 400 ppm sulfate from the initial slaked lime treated solution.
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Figure 3. Percent total sulfate removed as a function of slaked lime dose at 46.4 pounds per 
1000 gallons HCl treatment
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Onsite Pilot Tests

The average composition of the RO influent, permeate and concentrate at the Latin 
American mine site are shown in Table 2. The sulfate rejection rate of the RO membrane was 
99%. As seen in the table, a very high level of sulfate was produced in the RO concentrate 
throughout the test. Results of slaked lime treatment of the high sulfate RO concentrate fol-
lowed by carbon dioxide neutralization are shown in Table 3. As seen in the table, treatment 
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with slaked lime reduced the concentration of sulfate to well below 5000 ppm without exceed-
ing the chloride limit of 2500 ppm. Prior to neutralization the solution pH was 12.7 but was 
readily reduced to 8.1 with carbon dioxide. Precipitation of carbonate solids lowered the total 
hardness to about 6% of the initial value. Blending such a treated RO concentrate with RO 
permeate will generate an effluent that will meet the discharge limits of the mine site.

CONCLUSIONS

•	 A pilot test performed at a mine site shows an RO system can operate for several 
months at an average recovery of 80% generating a high sulfate concentrate contain-
ing an average sulfate concentration of 10354 ppm. Blending low sulfate RO perme-
ate with acidified slaked lime treated and carbon dioxide neutralized high sulfate RO 
concentrate yields a neutral solution containing less than 1000 ppm sulfate and less 
than 500 ppm chloride. This blend will meet mine site discharge requirements.

•	 Reverse Osmosis of a high sulfate mine water yields a very low sulfate permeate and 
a very high sulfate concentrate suitable for slaked lime treatment to remove sulfate.

•	 Addition of acid to neutral high sulfate water containing 12,500 to 16,500 ppm sul-
fate improves gypsum precipitation via slaked lime treatment. A hydrochloric acid 
level of 2570 ppm allows removal of 11,500 ppm sulfate from a 16,500 ppm sulfate 
solution in the presence of excess slaked lime.

•	 Reagent grade slaked lime treatment of acid treated high sulfate water containing 
13,750 ppm sulfate shows 97% of the total gypsum precipitation occurs within one 
hour. Within two hours gypsum precipitation is complete.

•	 Slaked lime treatment of neutral water containing 16,500 ppm sulfate precipitates 
sufficient gypsum to lower the sulfate concentration to 7,500 ppm.

•	 Excess slaked lime improves gypsum precipitation and sulfate removal.
•	 Sulfate removal using slaked lime is limited by the pH achieved as gypsum precipita-

tion occurs.

Table 2. Average RO water parameters

Measurement Influent Permeate Concentrate

pH 8.7 7 7.3

Sulfate (ppm as SO4) 2696 27 10354

Total hardness (ppm as CaCO3) 1291 79 5317

Table 3. Pilot study slaked lime treatment parameters

Measurement Concentrate Treated Concentrate 85/15 Effluent

pH 8.6 8.1 7.4

Sulfate (ppm as SO4) 11909 4555 705

Chloride (ppm as Cl) 184 2269 341

Total hardness (ppm as CaCO3) 6412 390 126
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Removal of Phosphate from Mine Water Effluents—
How to Meet Future Regulations for Effluent Waters

Mika Martikainen and Matias Penttinen
Kemira Oyj, Espoo, Finland

AbstRAct

The mining industry is facing new challenges due to increasing amount of nutrients, like 
nitrates and phosphates, in effluent waters. Nitrogen and phosphorous compounds can origi-
nate in the soil and ore itself or from chemicals used in ore processing like explosives, reagents 
used in leaching (ammonia, cyanide, etc.), flotation, solvent extraction or even to pH regula-
tion agents.

Dissolved phosphates have negative effect on nature’s aqueous systems. These negative 
effects include for example growth of algae and depletion of dissolved oxygen.

Conventional removal methods for phosphorus removal consist of biological treatments 
such as the activated-sludge process, chemical treatments such as precipitation with Al-, Fe-, 
and Ca-reagents, or a combination of treatments. When treating to low phosphate concentra-
tions, or treating complex waters like mine effluents, biological treatment is not necessarily 
an option. In very low phosphate concentrations chemical precipitation processes have some 
limitations due to solubility of precipitated phosphate species. Precipitation is not necessarily 
effective alone. Fixed-bed adsorption processes are effective removal processes for low phos-
phate concentrations, but higher phosphate concentrations require combination with conven-
tional methods.

This paper is focused on iron based phosphate removal methods; both chemical precipita-
tion methods and adsorption methods.

REMovAl oF PHosPHAtE by cHEMicAl PREciPitAtion

Phosphorous removal by precipitation is a physico-chemical process, where the addition 
of multivalent metal ion salts to the phosphorous containing solution forms insoluble precipi-
tates of phosphate. The commonly used chemicals are aluminum (Al(III)), ferric iron (Fe(III)) 
added as chlorides or sulphates, and calcium (Ca(II)) typically added as lime. Chemical phos-
phorous removal is more complex when higher dosages of Al or Fe–salt are used, since beside 
simple precipitation, more complex adsorption/precipitation process also takes place.

The chemistry of phosphorus precipitation with iron is quite complex due to the forma-
tion of various metal phosphorus complexes and metal hydroxyl complexes, as well as adsorp-
tion of phosphorus onto surfaces of precipitates. Depending on the dose ratio, either only 
metal phosphate precipitation occurs, or both metal hydroxide and metal phosphate precipita-
tion occurs. The lowest soluble phosphorus level that can be obtained is determined by the 
solubility of phosphorus, which depends on the dose ratio and pH. Residual soluble phospho-
rus less than the solubility limit have been observed as a result of adsorption of phosphorus 
onto the surfaces of precipitated ferric species.

Ferric chlorides or sulphates are all widely used for phosphorous removal. When ferric salts 
are added into wastewater for removal of phosphate ions, a large number of products, includ-
ing complexes, polymers and precipitates are formed.
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The basic reaction is:

Fe3+ + HnPO4
3–n ↔ FePO4 + nH+

However in over stoichiometric dosages precipitation combined with adsorption becomes the 
more determinant process as hydroxides and oxyhydroxides of Fe(III) are formed.

REMovAl oF PHosPHAtE by AdsoRPtion—PHosPHAtE AdsoRPtion 
on iRon HydRoxidE And oxidE suRFAcEs

Goethite (FeOOH) and other iron (III) oxides are positively charged at neutral pH 
and adsorb phosphate strongly. With pure goethite as an adsorbent one has noticed that the 
adsorption decreases with increasing pH, but is still substantial above pH 8.0, approaching the 
point-of-zero charge of goethite at pH 9.4. Presence of calcium further increases phosphate 
adsorption at high pH.

Parfitt1 has studied phosphate adsorption at pH 3.5 for several iron oxides and hydroxides. 
Amorphous hydrous iron oxide was found to have the highest capacity for phosphate adsorp-
tion. In Table 1 are shown adsorption capacities for different iron products.

Goethite’s strong affinity to phosphate is allegedly attributed to ligand exchange reaction 
on the adsorbent surface, in which phosphate ions consistently exchange with surface struc-
tural hydroxyl groups.

The active goethite (FeOOH) surface contains oxygen bound in three ways: the A hydroxyl 
bound to one iron atom (Fe–OH), the B oxygen bound to three irons, and the C oxygen bond 
to two irons. Phosphate adsorption is thought to occur by phosphate oxygen replacing an A 
hydroxyl oxygen on the goethite surface, as shown below (Fe–OH represents the A hydroxyl 
on the goethite surface):2

Fe-OH + H2PO4
– = Fe-OPO3H– + H2O (mononuclear)

(Fe-OH)2 + H2PO4
– = (Fe-O)2PO2

– + 2H2O (binuclear)

Antelo3 et al. have studied phosphate adsorption on crystalline goethite surface. The com-
bined effects of pH and ionic strength result in higher phosphate adsorption in acidic media 
at most ionic strengths, but result in lower phosphate adsorption in basic media and low ionic 
strengths.

Phosphate–goethite surface complexes are inert and desorption is slow and partly irrevers-
ible. Hence enhanced hydrolysis of organophosphates on the goethite surface does not lead 
directly to biologically available phosphate.4

Li et al. have concluded that phosphate–goethite interactions have two distinct phases; first 
phase described by adsorption by monolayer coverage and second phase by reaction occurring 

table 1. Phosphate adsorption capacities for different iron hydroxides and oxides1

Material
Capacity
(mg P/g)

Amorphous hydrous iron oxide (gel) FeOOH 29.5

Akagenite b-FeOOH 26.7

Lepidocrocite g-FeOOH 16.7

Goethite a-FeOOH 6.7

Hematite a-Fe2O3 5.3
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on the surface, most likely surface precipitation. The transition between these two reactions is 
not apparent in the adsorption isotherms, which in general follow a Freundlich-type shape.2

PHosPHoRous REMovAl by PREciPitAtion WitH FERRic sAlts

Experimental set-up

Three different commercial ferric salt products provided by Kemira Oyj were tested in 
phosphorous removal from mine water effluent. Products tested were Kemira PIX-105 ferric 
sulphate solution having 11.3% Fe, Kemira PIX-123 basic ferric sulphate FeOHx(SO4)1.5-x/2, 
solution having 11.4% Fe and Kemira PIX-111 ferric chloride solution having 13.7% Fe.

Two phosphate containing test waters, synthetic water and real mine process water, as 
well as treated water samples were analyzed by ICP-OES. The total phosphorous content of 
the synthetic water was 1500 µg/L and the mine process water 7210 µm/L. Tests were carried 
out by taking 2 L of analyzed water, followed by changing the pH between pH 4–7 by NaOH 
or H2SO4. Ferric salt was added to effluent water with different Fe:P–molar ratio, where P is 
the total phosphorous in the initial water. Tested Fe:P-molar ratios were 0.5, 1.0, 1.5, 2, 2.5 
where the ratio 1.0 represent the stoichiometric condition for FePO4 precipitation. The pH of 
the effluent water was corrected, if needed, after ferric salt dosage. After 10 min mixing time 
sample was taken and filtered thru 0.45 µm membrane filter.

Results

Based on the results from synthetic water tests it is clear that phosphate removal goes thru 
two separate steps (see Figure 1). Around stoichiometric dosages phosphate is removed mainly 
due ferric phosphate precipitation. However this is not efficient alone but considerably higher 
dosages are needed at pH 6. When over stoichiometric dosages of ferric salts are used also other 

Figure 1. Residual total P as a function ferric salt dosage (indicated as Fe:P–molar ratio) when 
precipitation is done at pH 6. synthetic test water.
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forms of precipitates, like ferric hydroxides, are formed. In this range phosphate removal is 
enhanced by adsorption processes.

In Figure 2 is shown the residual phosphorous as a function of ferric salt dosage, when pre-
cipitation is done at neutral pH. It is clear that at neutral pH overdose of ferric salt is needed in 
order to reach low levels of residual phosphorous. What comes to ferric salt type, in principle 
there is not much difference between tested 3 products; both sulphates and chlorides work the 
same way when quite pure synthetic test water is used.

In Figure 3 is shown the residual phosphorous as a function of ferric salt dosage at pH 4. 
It is clear that lowering the precipitation pH greatly enhances the precipitation of FePO4 and 
lower dosages are needed compared to experiments at pH 7. This has positive effect on residual 
waste, since less ferric salt is used in precipitation less solid waste is generated.

Real phosphorous containing process water, with phosphorous concentration of 7210 µg/L, 
was first tested as it is without pH control. All tested ferric salts worked quite well also in this 
high phosphorous loading water. However, more than two times the stoichiometric dosage is 
required in order to reach low residual phosphorous levels (see Figure 4).

When phosphate precipitation from real process water is done at pH 4, it is again seen 
that the performance of ferric salts is improved and significantly lower dosages are needed (see 
Figure 5).

It has been proven that with right dosage and pH, Kemira’s ferric salt products, both sul-
phate and chloride based products, are efficient reagents for phosphorous precipitation.

Figure 2. Residual total P as a function ferric salt dosage (indicated as Fe:P–molar ratio) when 
precipitation is done at pH 7. synthetic test water.
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Figure 4. Residual total P as a function ferric salt dosage (indicated as Fe:P–molar ratio) when 
precipitation is done without pH control at pH 8.5. Real process water.

Figure 3. Residual total P as a function ferric salt dosage (indicated as Fe:P–molar ratio) when 
precipitation is done at pH 4. synthetic test water.
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PHosPHoRous REMovAl WitH iRon-bAsEd AdsoRbEnts

Analyses of test Adsorbents

Four different iron based materials were analyzed and tested. Physical and chemical analy-
ses of adsorbents are shown in Table 2.

XRD analyses showed great difference between products (Table 3). Some of the materials 
have very crystalline structure and some are very amorphous.

Equilibrium studies

Experimental Set-Up

Isotherm tests were conducted in 200-mL bottles placed in shaker. Concentration of PO4 
was varied from test to test and the amount of adsorbent was kept constant. Each test was run 
for 7 days in order to reach equilibrium concentration. For the first couple of days pH was 
measured and adjusted if necessary to pH 6.5. Phosphorous concentration at the beginning 
and after one week reaction time was analyzed.

Figure 5. Residual total P as a function ferric salt dosage (indicated as Fe:P–molar ratio) when 
precipitation is done at pH 4.0. Real process water.

table 2. Physical and chemical analyses of adsorbents

Sample Name

Specific
Surface Area

(m2/g)

Particle Size 
D50
(mm)

Apparent 
Density
(kg/L)

Moisture
(%)

Fe
(%)

Ca
(%)

S
(%)

Sample 1  30 1.5 1.23 16.3 42.4 0.60 4.46

Sample 2  81 1.5 1.26 17.5 44.7 0.28 2.05

Sample 3 110 0.9 1.20 15.7 42.1 0.26 1.59

Sample 4  23 — 0.89 13.9 11.2 18.4 9.57
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Isotherm Results

Adsorbed phosphorous per weight of adsorbent was calculated from isotherm results and 
Figures 6–9 were drawn based to these results.

Freundlich Isotherm

Freundlich equation models multilayer adsorption and the adsorption phenomena 
on a heterogeneous surface. Values from isotherm tests were fitted to Freundlich equation. 
Freundlich’s adsorption coefficients n and K were solved from the linear equation.

q = Kf C
n

where
 Kf and n = coefficients
 q = weight adsorbed per unit weight of adsorbent
 C = concentration in solution
 Ceq = equilibrium concentration

Taking logs and rearranging:

log q = log Kf + n*log Ceq

By plotting log q as a function of log Ceq results straight line and from the intercept one 
can calculate Kf and from slope the value for n. In Figure 7 are the examples of measured data 

table 3. xRd analyses of iron-based adsorbents

Sample Name Crystallinity XRD—Main Component

Sample 1 Amorphous Schwertmannite Fe16O16(SO4)3(OH)10*10H2O

Sample 2 Amorphous Hydronium jarosite (H3O)Fe3(SO4)2(OH)6

Sample 3 Amorphous Goethite FeOOH, hydronium jarosite (H3O)Fe3(SO4)2(OH)6

Sample 4 Crystalline Gypsum Ca(SO4), goethite FeOOH

Figure 6. Phosphate adsorption capacity as a function of equilibrium concentration. Mixing time 
7 days.
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and fitting of the Freundlich model to data shown. The Freundlich adsorption model fits quite 
well to the measured data. This gives indication that studied materials have heterogeneous 
surface structures.

In Table 4 are the Freundlich coefficients (n and Kf) shown. In general, the measured data 
fits well to the Freundlich model. Based on Freundlich’s equation, adsorption capacities for low 
equilibrium concentration (0.3 mg P/L) were calculated.
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Figure 7. sample 1’s adsorption capacity as a function of equilibrium concentration of phosphorous. 
dotted line is Freundlich model fitted to measured data.
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Figure 8. sample 1’s adsorption capacity as a function of equilibrium concentration of phosphorous. 
dotted line is dubinin–Radushkevich model fitted to measured data.
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Dubinin–Radushkevich Isotherm

The Dubinin–Radushkevich (D-R) isotherm is the popular model used to estimate the 
characteristic porosity and the apparent free energy of adsorption.

q = Qm*exp(–ke2)

e = R*T*ln(1 + 1/Ceq)

where
 Qm = maximum adsorption capacity
 k = constant related to energy
	 e = Polanyi potential
 R = gas constant
 T = temperature

table 4. Freundlich coefficients Kf and n. capacity for 0.3 mg P/l equilibrium concentration is 
calculated based on Freundlich equation.

Adsorbent 1/n
Kf

(mg/g)
q0.3

(mg P/g FeOOH) R2

Sample 1 0.242 13.124 9.80 0.9970

Sample 2 0.347 6.033 3.97 0.9941

Sample 3 0.214 15.241 11.78 0.9941

Sample 4 0.393 15.009 9.36 0.9712

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 50 100 150 200 250

t [min]

C
t /C

0

0.5 g FeOOH / L

1 g/L

2 g/L

3 g/L

Sample 1

Figure 9. Phosphorous removal rate for four different adsorbents as a function of adsorption time
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By linearization

ln q = ln Qm – k*e2

Free energy of adsorption can be calculated from the k value by equation:

E = (–2k)–0.5

By plotting ln q as a function of e2 should result straight line and from the intercept one 
can calculate maximum capacity Qm and from slope the value for k. In Figure 8 are shown 
examples of measured data and fitting of D-R isotherm model to measurements. It can be seen 
that the D-R isotherm model has quite good fit to measured data.

D-R isotherm model constants are shown in Table 5. Based on results shown in the table, 
the sample 4 (gypsum containing FeOOH product) has the maximum theoretical adsorption 
capacity (Qm).

If the free energy of adsorption (E) is between 8 and 16 kJ/mol the adsorption is con-
sidered to be ion-exchange type. If the free energy <8 kJ/mol, the adsorption mechanism 
is considered to be physisorption.5 All tested adsorbents have free energy in ion-exchange/ 
chemisorption range.

Based on the results shown in Table 5 adsorbents that are more pure and crystalline have 
higher free energy of adsorption indicating stronger bond between phosphate and adsorbent.

Adsorption Kinetics

Experimental Set-Up

Three different adsorbents were selected for kinetic studies: sample 1, sample 3, and sam-
ple 4. Kinetic studies were conducted with solution containing 10 mg/L of phosphorous. 
Volume used was 4 L and the amount of adsorbent was varied between 0.5–3.0 g/L. The pH 
was controlled during kinetic studies and kept on average at pH 6.5. Initial concentration was 
determine and after that adsorbent was added to solution. Timing was started at this point. 
Samples were taken at fixed intervals in order to follow adsorption of phosphate to adsorbent as 
a function of time. Each sample was analyzed for residual phosphate. Figure 6 shows the rela-
tion of initial concentration (C0) and concentration at time t (Ct) for sample 1 as an example.

Elovich Equation

When adsorption to solid surface happens without desorption of products, the rate 
decreases with time due to an increased surface coverage. One of the most useful models for 
describing such ‘activated’ chemisorption is the Elovich equation.6 The Elovich equation has 
general application to chemisorption kinetics in gas-solid systems. The explanation for this 

table 5. dubinin–Radushkevich coefficients Qm and k. in table is also shown adsorption free 
energy E.

Adsorbent
Qm

(mg P/g FeOOH)
K

(mol2/kJ2)
E

(kJ/mol) R2

Sample 1 66.277 –0.0026 13.90 0.9877

Sample 2 56.069 –0.0034 12.20 0.9901

Sample 3 60.837 –0.0022 15.12 0.9789

Sample 4 197.359 –0.0041 11.00 0.9880

WaterMineralsProcessing.indb   332 11/22/11   1:50 PM



 reMoval of PhosPhate froM Mine Water effluents 333

form of kinetic law involves a variation of the energetics of chemisorption with the extent of 
surface coverage or that the active sites of adsorbing surface are heterogeneous and therefore 
exhibit different activation energies for chemisorption. Even though Elovich equation is well 
known in the chemisorption of gas molecules, equation has been applied satisfactorily also in 
liquid-solid systems.7

dt
dq

a et bqt$= −

After integration and linearization equation can be presented as

1 1 ( )ln lnq b ab b t t0t = + +

where
 qt = adsorption capacity
 t = time
 a = initial adsorption rate (mmol/g min)
 b =  parameter related to extent of surface coverage and activation energy for 

chemisorption (g/mmol)
 t0 = 1/(ab)

By plotting qt as a function of ln(t+ t0) measured data should fall in a straight line having 
1/b as slope and ln(ab)/b as intercept. Result for fitting measured data to Elovich kinetic data 
is shown in Table 6. One can see that for all tested materials measured data fits very well to the 
equation in a wide adsorption time frame. One can conclude from this that the all four adsor-
bents tested are heterogeneous in their surface nature what comes to adsorption of phosphate.

table 6. constants for Elovich equation

Adsorbent dosage
(g/L)

b
(g/mg P)

a
(mg P/g*min)

t0
(min) R2

Sample 1

0.5 0.6356 0.0945 16.7 0.9947

1 0.6502 0.0725 21.2 0.9931

2 1.0050 0.0698 14.3 0.9913

3 1.0681 0.0711 13.2 0.9990

Sample 3

0.5 0.5364 0.1354 13.8 0.9969

1 0.5780 0.1360 12.7 0.9960

2 0.9338 0.1833  5.8 0.9996

3 1.1962 0.1623  5.2 0.9948

Sample 4

0.5 0.5230 0.0577 33.1 0.9810

1 0.5374 0.0633 29.4 0.9960

2 0.5973 0.0507 33.0 0.9996

3 0.8250 0.0586 20.7 0.9948
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Figure 10 shows the Elovich parameter “b” as a function of dosage. As would be expected, 
the value of “b” increases as dosage of adsorbent increases as the constant “b” is the indication 
of number of active sites.

In Figure 11 Elovich parameter “a” is shown as a function of adsorbent dosage. Parameter 
“a” is related to initial adsorption rate. It seems that sample 3 has highest initial adsorption rate 
and sample 1 and sample 4 have clearly lower initial adsorption rate.

Intraparticle Diffusion Model

For intraparticle diffusivity, the adsorption rate is known to be controlled by several factors:
•	 Bulk diffusion–diffusion of the solute from the solution to the film surrounding the 

particle

Figure 10. Elovich constant “b” as a function of adsorbent dosage

Figure 11. Elovich constant “a” as a function of adsorbent dosage
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•	 External mass transfer resistance–diffusion from the film to the particle surface i.e., 
external diffusion

•	 Intraparticle resistance–diffusion from the surface to the internal sites i.e., surface dif-
fusion or pore diffusion

•	 Uptake which can involve several mechanisms: physico-chemical adsorption, ion 
exchange, precipitation or complexation.8

The mechanism of adsorption is particle diffusion controlled, when intraparticle mass 
transfer resistance is the rate limiting step. For example Demirbas et al. have estimated intra-
particle diffusivity by using intraparticle diffusion model shown in the following equation.8,9,10

R = Kid * (t)a

where
 R = percent adsorbed
 Kid = intraparticle diffusion rate constant
 t = time
 a = constant that depicts adsorption mechanism

The equation can be presented in linearized form

Log R = log kid + a*log(t)

If the adsorption is limited by intraparticle diffusion the plot log R as a function of log t 
will result straight line having a as a slope and log kid as intercept. Results for four different 
adsorbents are shown in Table 7. For adsorbents sample 1 and sample 3 the intraparticle diffu-
sion model fits quite well to the measured data. In the case of sample 4 the fit is not very good, 
indicating that the adsorption mechanism is not diffusion controlled.

table 7. constants for intraparticle diffusion model

Adsorbent Dosage
(g/L)

a
(–)

Kid
(1/min) R2

Sample 1

0.5 0.454 1.69 0.9074

1 0.481 2.78 0.9940

2 0.481 4.57 0.9916

3 0.455 7.33 0.9980

Sample 3

0.5 0.439 2.56 0.9943

1 0.432 5.10 0.9980

2 0.413 9.42 0.9942

3 0.344 15.70 0.9944

Sample 4

0.5 0.705 2.07 0.9592

1 0.829 1.73 0.9704

2 0.725 1.65 0.9840

3 0.691 2.64 0.9743
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Results for constant “a” as a function of adsorbent dosage is shown in Figure 12. In case of 
sample 1 and sample 3 one can conclude that beside the chemical adsorption/ion-exchange the 
intraparticle diffusion is also partly a limiting step. In the case of gypsum containing FeOOH 
diffusion is not the rate limiting step; instead adsorption is limited by the rate of chemisorp-
tion or ion-exchange.

In Figure 13 the rate constant is shown as a function of adsorbent dosage. Higher values 
of kid indicate enhancement of the rate of the adsorption process. Results are logical regarding 
granule size; smaller the granule size higher is kid.

continuous Filtration studies

Full scale phosphate polishing trial has been conducted with sample 1 using the treated 
waste water from city of Las Vegas. Results are shown in Figure 14. It is clear that sample 1 can 
be used for phosphate polishing in order to reach very low residual phosphate levels in effluent 
waters.

conclusions

It was shown that both ferric sulphate and ferric chloride salts are efficient for treating 
phosphorous containing effluent waters to low residual phosphate concentrations. However, in 
the range of neutral pH over dosage is needed compared to the stoichiometric dosage, result-
ing more iron hydroxide sludge. By lowering the phosphorous treatment pH, less ferric salt is 
needed resulting less solid waste. Alternatively combination of phosphate precipitation with 
adsorption as a polishing step could result less waste.

Four different iron based adsorbent were studied in phosphate removal. It was shown that 
in all tested adsorbents the adsorption mechanism was thru heterogeneous surface with sup-
porting multilayer adsorption. Also it was shown that in all cases the phosphate was bound by 
ion-exchange/chemisorption. The Dubinin-Radushkevich isotherm results indicate a strong 
bond between phosphate and adsorbents. In the case of samples 1 and samples 3 there is 

Figure 12. intraparticle diffusion model constant “a” as a function of adsorbent dosage
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evidence that beside chemisorption the intraparticle mass transfer is a rate limiting step. In the 
case of sample 4 it is clear that adsorption is only limited by the chemisorption step.

Continuous filtration experiments proved that the iron based adsorbents tested are an 
efficient treatment step for low influent phosphate concentrations. Application for adsorp-
tion process could be for example after ferric precipitation as a polishing step, when very low 
residual phosphate levels are needed. In some special cases iron based adsorbents could be used 
alone to treat waters having even higher concentrations of phosphates. Application for adsor-
bents in high influent phosphate concentrations could be for example an emergency backup 
treatment method.

Figure 13. intraparticle diffusion model rate constant kid as a function of adsorbent dosage
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Mitigation Strategies to Reduce Diethylenetriamine (DETA) 
Residual in Tailings Water at Vale’s Sudbury Operation

Jie Dong and Manqiu Xu
Vale Base Metals Technology Development, Mississauga, Ontario, Canada

ABSTRACT

Diethylenetriamine (DETA) has been used as an effective pyrrhotite depressant at Vale’s 
Clarabelle Mill for more than a decade. In the fall of 2004, DETA started showing up as 
copper-DETA complexes in the effluent of the waste water treatment plant. Sporadic monthly 
copper exceedances have been observed since. DETA is a strong chelating agent and forms 
stable complexes with heavy metal ions (Cu2+

 
and Ni2+), leading to an ineffective removal of 

the DETA-metal complexes by conventional lime precipitation method. In the future, more 
challenging ores will be processed and will require more DETA to be added in order to achieve 
the grade/recovery target. To avoid the exceedances of heavy metals in effluent due to DETA-
metal complexation, effective mitigation strategies are being developed to reduce DETA level 
in the tailings water. These strategies include: (1) maximizing adsorption of DETA onto pyr-
rhotite and rock tailings while minimizing desorption during processing and disposal of tail-
ings, (2) adding natural zeolite as extra sorbents to capture additional free or complexed DETA 
in the tailings water if necessary, and (3) finding DETA replacements as pyrrhotite depressants. 
In this paper, DETA adsorption and desorption properties are studied on pyrrhotite and rock 
tailings, natural zeolite and the mixture.

INTRODUCTION

In the processing of Cu/Ni ore at Vale’s Sudbury Operation, pyrrhotite (Po) is the major 
sulphide gangue mineral. Po is very easy to float thus reducing concentrate grade. Po rejection 
is an integral part of sulfur dioxide abatement in Copper Cliff. About 15 years ago, diethylene-
triamine (DETA) was introduced as an effective Po depressant at Clarabelle Mill (Marticorena 
et al. 1994; Xu et al. 2000). With DETA, the nickel recovery and concentrate grade are signifi-
cantly improved. However, an environmental issue started showing up in the fall of 2004 at 
the waste water treatment plant, almost a decade after DETA was introduced into Clarabelle 
Mill. It is speculated that the copper exceedances in the effluent is related to DETA-Cu com-
plexes, which are very stable and cannot be precipitated by raising the pH above 11 using lime. 
While the problem appeared to abate in 2005, it returned again in the winter of 2006 and 
2007. To ensure no metal exceedance (i.e., Cu < 0.3 mg/L and Ni < 0.5 mg/L) in the effluent, 
DETA dosages at the Mill had to be reduced and this negatively impacted on the grade and 
recovery. In the future, it is expected that more challenging ores will be processed and that will 
require even more DETA. In order to avoid the heavy metals exceedances from DETA-metal 
complexes, effective mitigation strategies are being developed to reduce the DETA residual in 
the tailings water.

As shown in Figure 1, there are four streams generated at Clarabelle Mill: two concen-
trate streams, Cu and Ni concentrates, and two waste streams, Po and rock (Rk) tailings. The 
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concentrations of DETA in each stream can be quite different. Rock tailings are DETA free, 
and DETA in Po tailings and concentrates varies according to the DETA dosage. The con-
centrate thickener overflow is mixed with Po and Rk tailings and the tailings are discharged 
into the tailings pond after pumping through a long pipeline. The process water from the tail-
ings pond is treated at the waste water treatment plant using lime precipitation before being 
discharged to the environment. A portion of the process water that is recycled to the Mill is 
treated at the upper pond with lime addition.

It was determined that the increases of Cu level (as DETA-Cu complex) in the effluent 
corresponded to changes of tailings disposal in 2005. Rk tailings were used for backfill and 
dam construction, while Po tailings were entirely or partially beached. In 2005, when the 
previous tailings area reached its capacity limit, Po tailings were re-arranged to a larger tailing 
pond, where they were discharged into water cover and settled at the bottom of the tailings 
pond (Devuyst and Kerr 2008).

It was suspected that Po and Rk in tailings have some DETA adsorption capacity. During 
the pumping through the pipeline, DETA can be adsorbed onto the surface of the Po and Rk 
in tailings. However, the stability of the adsorption is not known. The best tailings disposal 
method is to retain DETA on the Po and Rk surfaces. Otherwise, it could be released into the 
tailings water upon dilution, form soluble Cu/Ni-complexes, and increase the difficulty of 
removal at the waste water treatment plant.

In this paper, the DETA adsorption and desorption characteristics on Po and Rk in tailings 
are studied. The addition of a natural zeolite to increase the capacity and stability of DETA 
adsorption from the tailings is investigated. To closely simulate the tailings disposal scenario, 
column settling tests were performed to demonstrate the differences in desorption during set-
tling with/without zeolite.

Effluent

Cu Conc
(sold separately)

Upper Pond

Lime

Lime

Process 
Water Clarabelle Mill

"A" Sump“B" Sump

Tailings Area

Ni ConcPo tails

Upper Pond

Clarabelle Mill

Tailings Area

Rk tail

Figure 1. Tailings and process water management system at Vale’s Sudbury operation
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EXPERIMENTAL

Materials

Clarabelle Mill Rk and Po tailings are used directly. Zeolite granules from the 
deposit at Bowie, Arizona are obtained from Zeox Corp. and used as received. DETA 
(H2N(CH2)2NH(CH2)2NH2), from MP Biomedicals Ltd., are used to prepare the adsorp-
tion solutions.

CaSO4·2H2O (Alfa Aesar), MgCl2·6H2O (Fisher Scientific) and MgSO4·7H2O (J.T. 
Baker) are used to prepare the synthetic process water to simulate the Clarabelle Mill flotation 
process water. Ca(OH)2 (J.T. Baker), NaOH (Fisher Scientific) and H2SO4 (EMD) are used 
to adjust the pH to a designated value.

Characterization

The concentration of DETA is determined by ion chromatography (IC) DX120 and DX 
500 from Dionex Corporation for 2~20 mg/L and 0.02~2 mg/L range, respectively. The con-
centrations of Cu2+ and Ni2+ are determined using a Varian atomic absorption spectropho-
tometer (Varian AA 200).

Procedure and Methods

Adsorption

In the adsorption kinetics studies, the substance (Po, Rk or zeolite) is added into the 
adsorption solution and mixed by a mechanical stirrer or on a shaking table. A sample solu-
tion is taken at different time intervals or at the end of the tests for analysis. The adsorption 
quantity Γ (mg/g of the substance) is calculated by the following formula:

m
(C C )

Vi e
s#Γ =

−
 (1)

where Ci (mg/L) is the initial concentration of DETA, Ce (mg/L) is the equilibrium concentra-
tion, Vs (L) is the volume of adsorption solution, and m (g) is the mass of the substance added.

Desorption

Before starting the desorption study, a known amount of DETA is adsorbed onto the 
substances (Po, Rk or zeolite) (following the procedure in “Adsorption”  ). The loaded solids 
are filtered and subject to various levels of dilution to different solids percentage by synthetic 
process water at different pH values. DETA contained in the moisture of the filtered solid is 
subtracted in the calculation of desorption percentage using Equation 2.

desorption% DETA adsorbed  on  solids  before  desorption
(DETA  in solution after desorption DETA carried  from  the  moisture  of loaded solids)

100%#=
−  (2)

DETA Removal from Po Tailings Slurry by Zeolite

Po tailings are doped with DETA solution and mixed for one hour to obtain an approxi-
mate loading capacity of 150 g/t DETA on Po tailings and 20 mg/L of DETA in the aqueous 
phase. Different percents of zeolite (0, 0.5%, 1% and 1.5%) to the Po solids (dry weight based) 
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are added into the DETA doped Po tailings slurry. DETA concentration in the aqueous phase 
is measured as a function of time.

DETA Desorption from Po Tailings With/Without Zeolite

Po and zeolite are loaded with DETA as described in “DETA removal from Po tailings slurry 
by zeolite.” With a known amount of DETA loaded, the mixture of Po tailings and zeolite is 
diluted with simulated process water at pH 8.5 to different solids percentage to determine the 
desorption percentage based on Equation 2.

DETA Desorption from Rk/Po Tailings With/Without Zeolite During Settling

In order to simulate the scenario of tailings disposal, a column filled with process water 
(as shown in Figure 2) is used to perform the desorption tests during settling. The tailings 
(~30% solids) loaded with DETA are pumped into the column and during this process experi-
ence dilution and settling. Liquid samples are taken at different time intervals from the three 
sampling ports. The desorption percentage is calculated by Equation 2. The effect of pumping 
rate, pH of process water in the column and zeolite addition on DETA desorption from Rk 
and Po tailings during settling is studied.

RESULTS AND DISCUSSION

Adsorption/Desorption of DETA on/from Po and Rk Tailings

The studies of DETA adsorption/desorption by Po and Rk tailings have been performed 
over a number of years by several different researchers. Due to the variation in tailings’ mineral-
ogy, particle size and the oxidation level, the data obtained are quite scattered. The equilibrium 

2 m

Sampling 
port

Sampling 
port

Sampling 
port

Solids discharge

Figure 2. Experimental set-up of DETA desorption from Rk/Po tailings during settling
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DETA concentration in solution vs. the amount of DETA adsorbed on Po and Rk solids are 
shown in Figures 3 and 4. An average trend line is fitted with Langmuir adsorption isotherm. 
The maximum adsorption capacity (Γmax) is 225 g/t for Po tailings and is expected to approach 
~400 g/t for Rk tailings, and the Langmuir constant (k) is 0.083 for Po tailings and 0.022 for 
Rk tailings. If the equilibrium DETA concentration is around 10 ppm, about 100 g of DETA 
can be adsorbed on one tonne of Po tailings and 70–80 g/t for Rk tailings (Santos 2009).

At Clarabelle Mill, Rk tailings (scavenger tailings) are DETA-free (DETA is only added 
in cleaners and scavenger cleaners). The mass of Rk tailings is about three times greater than 
the mass of Po tailings. Therefore, the Rk tailings can be used for DETA adsorption from Po 
tailings and the concentrate effluent.

Once the tailings loaded with DETA are disposed into tailing ponds, DETA desorption 
from the solids can be a concern. Depending on the disposal method, the tailings may experi-
ence various level of dilution. The desorption tests are performed on a shaking table and the 
results are shown in Figure 5. It is clear that with the decrease of solids percentage, the desorp-
tion percentage of DETA increases. However, DETA does not completely desorb, even at 
infinite dilution, especially for Rk tailings. This indicates that some DETA adsorption on Rk 
tailings is irreversible, presumably for the monolayer. In order to minimize DETA desorption 
from the tailings, dilution should be minimized. This could be the reason why there weren’t 
DETA issues in the waste water treatment plant when the Po tailings were disposed on the 
beach with very high solids percentage.

Adsorption/Desorption of DETA on/from Zeolite

In the previous publication (Dong and Xu 2010), the adsorption properties of DETA 
or DETA-metal complexes on zeolite at different pH values were reported. Based on ion 
exchange mechanism (Breck 1974), sodium in zeolite is exchanged with DETA/Cu/Ni, and 
calcium and magnesium which are the major components in process water. Zeolite has a much 
higher DETA/Cu/Ni adsorption capacity (Γmax=9.35 kg/t for free DETA and 1.91 kg/t for 
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Figure 3. Adsorption isotherm of DETA on Po tailings at 20°C and natural pH
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the complexed DETA) than Po and Rk tailings, leaving very low DETA concentration in solu-
tions, as shown in Figure 6. The DETA adsorbed on zeolite is very stable over a wide range of 
pH (2~12). Even with high dilution there is no more than 2% of DETA desorbed from zeolite 
(Figure 7). Despite these advantages of zeolite, it is not economical to use zeolite to treat all of 
the tailings water, because of the large volume of tailings water that needs to be treated every 
day. One practical method is to add some zeolite into Po tailings when the DETA concentra-
tion in the Po tailings water exceeds the normal value (>15 mg/L).
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Figure 5. DETA desorption data from Po and Rk tailings
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Figure 4. Adsorption isotherm of DETA on Rk tailings at 20°C and natural pH
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DETA Adsorption from Po Tailings Slurry with Zeolite

Currently, Po tailings are the major stream carrying DETA and experiencing dilution. 
Therefore, the differences in DETA adsorption/desorption from Po tailings with/without zeo-
lite are compared.

Initially, about 150 g/t of DETA is adsorbed on Po tailings after one hour of mixing, with 
16 mg/L equilibrium DETA concentration in the Po tailings water. Different percentages (0%, 
0.5%, 0.9% and 1.4%) of zeolite to the dry weight of Po tailings are added into the slurry of Po 
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Figure 6. Adsorption isotherm of DETA and DETA-metal complex on zeolite
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tailings. The total solids percentage is maintained at 30%. The change in DETA concentration 
in Po tailings slurry with time and pH is shown in Figure 8.

The pH of Po tailings without zeolite (red circles) gradually decreases from initial 8.5 to 
7.0 after 91 hours of mixing due to pyrrhotite oxidation. The DETA concentration in tailings 
water also decreases from 16 mg/L to 8 mg/L, indicating more DETA adsorbed by Po tailings 
at lower pH. Earlier research work showed that acidic pH enhances DETA adsorption onto Po 
tailings. DETA carries positive charges through an acidification reaction as pH decreases. This 
can be calculated with the equilibrium constants (Shi, et. al 2011). For example, at pH 9.5, 
11% of total DETA is neutral, while 52% is DETA•H+ and 38% DETA•H2+. At pH 5, about 
83% of total DETA is DETA•H2+ and 17% DETA•H3+ without any neutral DETA. It also 
shows that in simulated process water, the surface of Po is negatively charged over pH from 4 
to 12. Therefore, lower pH is favorable for DETA adsorption on Po tailings.

With a small amount of zeolite added into Po tailings (0.5, 0.9 and 1.4%), DETA concen-
tration decreases much faster than the case without zeolite at any time interval. With >0.9% 
zeolite mixed with Po tailings slurry, DETA concentration is reduced to 1.5 mg/L. The calcu-
lated DETA adsorbed by zeolite is about 830 g/t, after subtracting the DETA adsorbed by Po 
tailings.

DETA Desorption from Po Tailings Slurry with Zeolite

When Po tailings (with/without zeolite) loaded with DETA are diluted to lower solids 
percentages with simulated process water at pH 8.5, DETA desorption is expected. As shown 
in Figure 9a, with increasing dilution (i.e., decreasing solids percentage), the DETA desorption 
percentage increases as expected. Without zeolite, DETA desorption slightly decreases from 
1.5 h to 91 h. This is due to the decrease in pH by the acid generated from Po tailings and con-
sequently enhanced DETA adsorption on Po tailings. The pH change in Po tailings with time 
is shown in Figure 9b. As shown in Figure 9a, even at very high dilution (1% solids), DETA 
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desorption did not reach 100%, indicating that DETA adsorption on Po tailings is not only 
physisorption by electrostatic force, and some chemical bonding may also occur.

With some zeolite added into Po tailings, the overall DETA desorption over time at the 
same solids percentage is much lower (Figure 10). The decrease in DETA desorption with time 
is attributed to zeolite. It is quite possible that some of the DETA desorbed from Po tailings is 
re-adsorbed by zeolite.

Simulation of a Settling Disposal Scenario

Tailings disposal into a tailings pond most likely experiences high initial dilution with little 
or mild mixing. After settling, it will eventually reach the terminal slurry density in the range of 
60–80% solids at the bottom of the pond. It is important to know if DETA desorption takes 
place during a short settling period with high initial dilution.

0

10

20

30

40

50

60

0 2 4 6 8 10 12 1
Solid percentage (%)

D
ET

A
 d

es
or

pt
io

n 
pe

rc
en

ta
ge

 (%
)

4

0% zeolite, 1.5h
0% zeolite, 24h
0% zeolite, 91h

(a)

6

6.5

7

7.5

8

8.5

0.9 4.4 8.7 13.0

Diluted Solids Percentage (%)

pH

1.5 h 24 h 91 h(b)

Figure 9. (a) DETA desorption from 0% zeolite in Po, and (b) the change of pH with time
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The tailings (Rk and Po) loaded with DETA at 30% solids are pumped into the column 
(~2 m high) from the top, which is filled with simulated process water. It takes about two hours 
to reach terminal settling density and the supernatant is almost clear. The measured DETA 
desorption percentage does not change significantly after two hours. The pumping rates 
(50 mL/min or 200 mL/min) do not affect the DETA desorption percentage at equilibrium.
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Figure 10. DETA desorption from Po tailings mixed with zeolite after 24-h shaking. The results 
are similar to that after 1.5-h or 72-h shaking.
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After 4 hours settling, the average DETA desorption percentage is plotted in Figure 11 and 
compared with the desorption data obtained previously from the dilution and shaking tests. 
The DETA desorption value obtained from the settling tests is about half of the previous value 
for both Rk and Po tailings at about 6% of solids. Further diluting the tailings to 3% solids 
does not change DETA desorption percentage much. It is speculated that under the gentle 
settling conditions, DETA or DETA-metal complexes remains on the solids in tailings and, 
consequently, higher dilution has a less impact on DETA desorption, as compared to vigorous 
shaking. This may more closely reflect the actual tailings disposal situation.

The effect of zeolite addition (1%) on DETA desorption during settling is also shown in 
Figure 11 (solid triangles and circles). The DETA desorption percentage is further reduced 
with zeolite addition. The reduction in DETA desorption with zeolite is more pronounced at 
low pH (4.0) at which DETA is much more readily adsorbed by zeolite due to the enhanced 
protonation reaction. Figure 12 presents the DETA concentration of the tailings slurry at the 
initial solids percentage (~30%) before deposition vs. the DETA concentration of the solution 
in the column after 4 hr settling at equilibrium. It clearly shows that there are two different 
regions with and without zeolite. Zeolite addition substantially decreases the DETA concen-
tration at equilibrium, as demonstrated in earlier adsorption testwork (Figure 8).

Implementation Strategy

In the DETA mitigation study, the primary strategy is to enhance DETA adsorption on 
Rk and Po tailings while minimizing desorption during tailings disposal. Rock tailings are a 
large mass and DETA free. With a thickener and a clarifier, its effluent can be recycled directly 
to the Mill without having to go through tailings pond. The thickened rock tailings can act as 
an additional reservoir to adsorb DETA from the Po tailings and concentrate thickener over-
flow. Maintaining a high solid percentage during deposal is required to minimize desorption. 
Occasionally adding zeolite (1% of Po tailings) into Po tailings when high DETA dosage is 
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used (i.e., >60 g/t) would further reduce the risk of having high DETA-metal complex con-
centrations in the tailings water.

Table 1 shows an estimate of the cost of using zeolite. Zeolite is about $300/t. When the 
DETA dosage is below 60 g/t, no exceedances are expected to occur since the Rk and Po tail-
ings have the ability to adsorb DETA-metal complexes, so no zeolite is needed. When DETA 
dosage is above 60 g/t for metallurgical reason, which may be the case during 15% of the oper-
ating time, zeolite can be added into the Po tailings to adsorb the extra DETA-metal complexes 
at the dosage of 1% of Po tailings. Approximate 1920 t of zeolite is needed per year and the 
cost will be $576,000/y.

CONCLUSIONS

This paper demonstrates the adsorption/desorption of DETA on/from Po and Rk tailings. 
Natural zeolite is an effective sorbent for DETA and DETA metal complexes. By adding a 
small amount of zeolite (1%) into Po tailings, it can adsorb extra DETA or DETA-metal com-
plex by ion exchange and reduce the DETA desorption percentage during disposal dilution. 
Simulation of disposal by column test shows that the DETA desorption during settling (expe-
riencing high dilution) is not as large as expected from shaking desorption tests. Zeolite mixed 
with Po tailings to adsorb DETA is a simple and cost-effective way to implement in practice.
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Table 1. Estimate of the cost of using zeolite

Zeolite Price ($/t)  300

Po Tailings Solids (mtpd) 4000

Total Operation Time (d)  320

DETA Dosage
(g/t)

Operating Time
(%)

Zeolite Added
(% of Po solids)

Zeolite Needed
(t/y)

Zeolite Cost
($/y)

<60 85% 0 0 0

>60 15% 1% 1920 576,000
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Managing Our Most Precious Resource—Quality and Quantity 
Issues with Water for Mineral Processing in Western Australia

Damian Connelly
Mineral Engineering Technical Services Pty Ltd (METS), Perth, Western Australia, Australia

ABSTRACT

Water for mineral processing is in short supply. Water is a precious resource in Western 
Australia because there are few large rivers available and groundwater has sustainability issues 
associated with it. Desalination is increasingly used but environmental concerns have been 
raised regarding the waste stream impact on the marine environment. The resource sector is 
growing at such a rate that new water resources will become critical and the subject of compet-
ing interests.

The history, quality and quantity, sustainability, issues and approaches, water use, balances 
and audits, the challenges ahead and environmental considerations are considered in relation 
to water in mineral processing. The presence of inorganic salts either naturally occurring or 
dissolved from the ore (gypsum, magnesia) has an effect on mineral processing unit operations.

Technologies such as filtering, sedimentation, clarification and microfiltration are 
considered.

The need to characterise the water (i.e., the alakalinity, TDS, pH, hardness, full elemental 
analysis and organic content of the water being used) is discussed. The impacts of poor quality 
process water, such as saline waters include precipitation of calcium carbonate or sulphate or 
iron hydroxide resulting in reduced floatability and inadvertent activation of gangue minerals 
resulting in loss of selectivity. Common foulants include scale, biofouling and suspended sol-
ids. Antiscalants are widely and successfully used under such circumstances.

For sustainable mineral processing water audits are necessary based on actual water bal-
ances. This will highlight balancing water quality and optimise the use of recycling. The 
requirements for iron ore processing are far more stringent in comparison with other com-
modities such as gold ore processing. A number of case studies are used as examples.

HISTORY

The history of water use in the Australian resource sector was upon small projects and low 
throughput. The cost of water was low and environmental aspects were not an issue. Tailings 
dams were crude and water recovery was unimportant and there was very little government 
legislation in the area. The Mundaring to Kalgoorlie water pipeline was critical to the develop-
ment of the Western Australian Goldfields, improving the supply of water in Kalgoorlie and 
by 2007 9 million gallons were supplied daily (Ewers 2007).

WATER AND MINERAL PROCESSING

Quantity and Quality

Australia has an arid climate with few large rivers to supply the growing demand for water 
particularly for large projects. Water has become a scarce resource with farmers and miners 
competing for limited resources. Whilst groundwater is one option draw down of the aquifer 
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limits the quantity of water that can be extracted. Seasonal climatic variations impact on the 
recharge rate. The quality varies from brackish to hyper saline. Quality is based on a standard 
laboratory water analysis referenced to World Health Organisation (WHO) potable water.

Uses and Sources

There are no large rivers in Western Australia capable of supplying water for processing 
ores. If sea water is used there are severe corrosion issues and the requirement to wash the 
concentrates with potable water. If groundwater is used there is a need to treat the water and 
sustainability is an issue for large projects because of the potential drawdown of the aquifer.

If sea water is desalinated the cost of the water is high because of the power requirement. 
At the same time the necessity to conserve water has led to flowsheets where all of the tailings 
have to be filtered to minimise the water requirement.

Water is used for resource projects to wet roads for dust suppression, for grinding ores, for 
beneficiation plants, for roasting and smelting as well as camps and cooling for power stations.

Water Conservation and Water Balances

Water recovery, recycling and conservation is determined by undertaking a water balance 
analysis and ranking water according to type and quality with respect to use. Seasonal variations 
can upset the balance. The increasing cost of water and water scarcity is driving the process in 
the Australian resource sector. Finding water and developing bores is expensive, the capital cost 
of equipping bores, pumps and gensets and operating costs continues to rise. The capital and 
operating costs of tailings dams have increased and water recovery is generally low. A water risk 
management process is now critical to resource projects. This also simplifies the environmental 
aspects of operating conventional tailings dams.

Environmental Considerations

Acid Mine Drainage (AMD) corrosion, scale formation and the increasing requirement 
for non-release systems and plastic lined tailings dams is increasing the way we value water. 
Contamination of groundwater with salt or heavy metals is not acceptable. A draw down of the 
aquifer is also not allowed and the extraction rate must be the same as the recharge rate. The 
annual reporting and monitoring obligations are stringent. Currently, large magnetite projects 
employing tailings filtration and dry stacking on a large scale all aim to reduce water consump-
tion as a result of water scarcity.

Mineral Processing

Water quality impacts on flotation in both positive and negative terms and is project spe-
cific. The Ian Wark Research Institute in Adelaide has undertaken work in this area looking at 
the impact of water quality on ore processing (Ian Wark Research Institute 2009). Water qual-
ity impacts on viscosity and gold leaching particularly with respect to buffering. Thickening, 
filtering and stripping are all impacted by water quality.

Licenses and Regulations

No processing of minerals operates in a vacuum. An operation must be scrutinised under 
the environmental, land ownership and heritage acts and approved once it is clear that there 
is no contradiction between the acts and the future activity of the operation. In allowing an 
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operation to go ahead, a water licence quota as well as an operational licence must be issued 
stipulating the amount of water that can be drawn for the operation over a period of time and 
from where, as well as the standards the operation should meet in regard to the environmental 
discharges. A series of monitoring and reporting procedures are also put in place in parallel 
to issuing those licences, to insure that the operation is being carried out according to them. 
Seepage monitoring bores adjacent to tailing dams, for example, ensure that the underground 
water is not being polluted by the tailing dams.

DRY PROCESSING

Currently, the price of water fluctuates according to supply and demand conditions, with 
the average price of water in Australia being about A$1/kL or A$1000/ML (Urban Ecology). 
Pressures on water supply are anticipated to result in water supplies for the minerals indus-
try becoming increasingly compromised. Thus water availability and cost are likely to drive 
changes in water consumption within the minerals industry. While increased water recycling 
is an obvious candidate to help reduce the water consumption of mineral processing plants, 
there may be a more radical solution to the problem—the use of dry or near-dry processing 
technologies, for which the demand for water is small or zero, may offer a solution to the water 
consumption problem, however the introduction of dry processing will bring with it a new set 
of problems, including dust.

Water Treatment

The vast majority of streams in need of treatment are the result of their dissolved chemical 
content and not because of their appearance. Therefore, one of the first attempts in rectifying 
the contents of a stream is by chemical treatment. This involves pH adjustments, oxidation or 
reduction of ingredients, disinfection, gas/odour scrubbing and neutralisation, precipitation 
of ingredients, etc. On the other hand, there are streams that can be made reusable only by 
eliminating part of the containing salts via fine filtration like micro, ultra and nano filtration 
or reverse osmosis or via biological means. A list of treatments and achievements that can and 
have been produced through water and wastewater treatment follow.

Filtration, Sedimentation, Clarification

Process involves the use of multi-media filters which are deep bed, vertical or horizontal to 
gain 20–30 micron removal. This method allows for low capital and operating costs.

Clarifiers and Thickeners

Clarifiers and thickeners can also be used to encourage waste water re-use, as can ponds 
which have a large residence time and act as a repository for solids.

Reverse Osmosis (RO)

RO is used to separate dissolved solids and occurs in many Western Australian plants. 
Uses selective separation based on ionic radius and molecular charge, while also removing non-
selective soluble salts. Water recovery is 50–95% vol, is limited by SiO2 and gypsum, etc. Salt 
rejection is generally 95–99.8%. The capital and operating costs of this process is provided in 
Table 1.
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Table 1. Costs of process

Brackish Seawater

Capital cost $600/Ml/day product water $1,200/Ml/day product water

Operating cost $0.40/kl produced $0.70/kl produced

Electrodialysis Reversal (EDR)

EDR combines membrane and electric current to achieve intermediate product water 
quality (1,000–2,000 ppm) and also brackish water for process or potable water. The feed 
water stream is drawn across the membrane and then an electric current is used to remove the 
anions and cations to produce a process channel and a brine channel (waste). The channels are 
reversed to prevent scale formation on the brine side of the membrane.

The process is particularly effective for the de nitrification of drinking water.

Electrode-Ionisation (EDI)

Unlike the EDR, EDI does not incorporate a reversal component. The feed water channel 
passes through the mixed bed resin in order to remove the anions and cations. The charged 
particles are then concentrated into the brine channel using an ion-selective membrane and 
rejected.

The process is very intolerant to hardness in the water.

Evaporation Ponds

The evaporation of water through the addition of heat to a water source. The major 
operational impediment is the formation of scale—e.g., magnesium silicate at the heat source/
water contact point. They can be off line for significant time periods to deal with the removal 
of scale and are suffer from slow start-up time after interruptions.

Sludge Dewatering

Water can be recovered from a range of waste process streams. Based on a typical lime 
neutralised acid effluent, pH <2.0 the following processes can be incorporated to recover the 
water:

•	 Vacuum filter belts
 – 40–60% moisture in cake

•	 Belt filter presses
 – 25–45% moisture in cake

•	 Tube presses
 – 5–15% moisture in cake

•	 Centrifuges and Decanters
 – >30%

The disadvantage of using what would otherwise be a waste stream (i.e., low value) is the 
need for high capital and operating costs for the maintenance, wear, belt tracking, etc. This 
makes the use of sludge dewatering application specific.
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Specific Australian Examples

1. Citic Pacific Magnetite project using desalination of seawater for process water (Citic 
Pacific 2010).

2. Gindalbie-Whole tailings are filtered to minimize water groundwater consumption 
from the Tathra bore field. Dry stacking of tailings was chosen so as to minimise water 
consumption.

3. The Southdown Magnetite Project comprises a greenfields magnetite mine 90 km 
northeast of Albany, a 120 km slurry pipeline and expansion of Albany port to export 
the ore. Surface runoff and groundwater are used to supply water for the project 
(Grange Resources 2011).

4. Olympic Dam, South Australia at the time it was commissioned in the 1980s was the 
largest RO plant in Australia producing around 12 ML per day (The Melbourne RO 
plant when fully commissioned will be the second largest in the world at 450 ML/
day). The process uses cooling sand filters RO and ion exchange to produce both 
potable and high quality process water (BHP Billiton).

CONCLUSIONS

Water has become a critical resource for resource projects and there are competing demands 
from a number of sources. Groundwater is a limited resource and if drawdown of the aquifer 
occurs then the licence is reduced to ensure sustainability.

The history of development of the Western Australian Goldfields resulted in a 600 km 
pipeline being constructed from Mundaring to Kalgoorlie for potable water and mineral 
processing.

The increasing cost and value of water has resulted in water re use, water conservation 
and strategic management initiatives being put in place. A number of technologies including 
desalination of sea water are being included in the project design.
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Using Spreadsheets to Evaluate the Effects of Mine 
Water Disposal on Surface and Ground Water

Lisa M. Boettcher
Montana Department of Environmental Quality, Helena, MT, USA

ABSTRACT

Spreadsheets can accurately model effects on water quality resulting from the disposal of 
treated and untreated mine waters by percolation or land application disposal. User-friendly 
spreadsheets are a valuable tool to evaluate potential effects of a new mine, proposed revisions 
to an operating permit, disposal of adit water, and water disposal options when closing tailings 
impoundments. The spreadsheet models use basic data (hydrogeologic, wastewater quality 
and quantity, treatment, storage, and disposal system capacities), Darcy’s equation, standard 
mixing zone calculations, and weighted-average equations in calculations that are consistent 
with NPDES permitting calculations. Formulas and input values may be adjusted to reflect 
life-of-mine changes in water quality/quantity, hydrogeologic data, water treatment efficiency, 
disposal method, volume, etc. The use of spreadsheets is an innovative approach to identify 
water disposal requirements and the more critical elements of a water management system so 
that the most effective capital investment can be made during operations and to identify opera-
tional mitigations that should be implemented to avoid costly issues during closure.

InTRoDUCTIon

Spreadsheet models were created for a closure water management plan draft environmen-
tal impact statement (DEIS) for two underground platinum group metal mines in Montana 
[Montana Department of Environmental Quality (DEQ) and US Forest Service (USFS) 
2010]. The DEIS evaluated and disclosed the effects of the disposal of mine adit and tailings 
waters on surface and ground water. Earlier analyses did not adequately address the method(s), 
duration, and management of all mine water streams at closure and post-closure (Montana 
Department of State Lands [DSL] and USFS 1985; DSL and USFS 1989; DSL and Montana 
Department of Health and Environmental Services [DHES] 1992; DSL, USFS, and DHES 
1992; DEQ and USFS 1998).

The mines are operated near Nye and Big Timber, Montana. Operations at the first mine 
began in 1985 and ore production is approximately 777,100 tons per year. Although permit-
ted in 1993, operations at the second mine did not begin until 1998, and is approximately 
407,400 tons per year. The company mills the ore at each mine by crushing, grinding, flota-
tion, and filtration to produce a concentrate. This concentrate is shipped by truck to a base 
metal refinery in Columbus, MT for further processing. From the base metal refinery, the 
product is shipped to one of two U.S. facilities for final refining (DEQ and USFS 2010).

For both mines, every 100 tons of ore fed to the mill generates 99 tons of tailings. These 
tailings are pumped from the mill to underground sand and paste plants where the coarse 
sand fraction of tailings is separated from the slimes fraction (finest-sized particle). The sand 
is dewatered, cement is added, and about 58 percent of the total tailings is used to backfill 
underground workings. The remainder of the tailings are pumped to the respective tailings 
impoundments at the mine and at an off-site land application disposal (LAD) facility. The 
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tailings impoundments at both mines are used to balance water storage (DEQ and USFS 
2010).

While mine operator and the agencies had considered various disposal scenarios for clo-
sure, the spreadsheet models helped to identify which disposal methods were optimal for the 
mine water constituents, where shortcomings lay in the water management plan, and how 
adjustments to the treatment system(s) would affect the quality of adit and tailings water at 
closure. The spreadsheet models provided the mine and the agencies a venue to better evaluate 
operational water management throughout mine life to develop mitigations that would mini-
mize costly issues at closure.

For this DEIS, the spreadsheet models evaluated the disposal of treated and untreated 
mine waters using percolation and land application (specifically center pivots [Figure 1], evap-
orators [Figure 2], and snowmaking) during operations and at the eventual closure of two 
mines. The sources of water that would need to be addressed at closure were water discharging 
from the adits and waters removed from three tailings impoundments prior to the placement 
of reclamation covers (capping).

Both mines use semi-passive, fluidized bed/fixed-film biological treatment systems (BTS) 
for primary treatment (denitrification) of the nitrate+nitrite nitrogen that is derived from 
ammonia-based blasting agents (ammonium nitrate and fuel oil—ANFO). Up to 95% of the 
nitrate+nitrite nitrogen is removed by the BTS (SMC 2006). The second mine has a separate 
biological system to treat ammonia (Anox system). The first mine uses growing season LAD 
as a polishing treatment for nitrogen. Both mines can employ percolation for water disposal 
(Figure 3).

The mine water contains salts (i.e., sulfate and chloride derived from reagents added dur-
ing the milling process) that are not treated in the BTS, by LAD, or percolation. Due to the 
nature of the ore body, the metals cadmium, chromium, copper, lead, and zinc are present in 
the mine water at concentrations less than human health standards or at non-detectable con-
centrations (the mines’ water quality database). Metals are not treated in the BTS, by LAD, or 
percolation.

Figure 1. The off-site land application disposal (LAD) facility center pivot system. The center 
pivots are used to provide a polishing treatment for nitrate and dispose of excess mine waters. 
These center pivots use high pressure nozzles and “drops” that are oriented upward to evaporate 
as much water as possible, rather than deliver it to soil. This orientation evaporates an average 
of about 30 percent of the end-of-pipe water volume. An additional 85 to 90 percent removal of 
nitrate is achieved during polishing treatment by LAD (SMC 2006). (DEQ photo)
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For the past 10 years, one of the mines has been using a 107.2 hectare (265-acre) LAD 
system for the operational disposal of up to 851,720 m3 (225 million gallons) during one 
LAD season. The DEIS spreadsheets analyzed the existing LAD system, a new LAD system 
that is proposed for use at the other mine, and disposal of treated mine water by percolation to 
ground water at both mines. The spreadsheets also modeled the direct discharge of untreated 
adit water to surface water at post-closure.

Although the parameters evaluated in this DEIS were nitrogen and salts, other parameters 
(e.g., metals) could also be evaluated using attenuation factors. The approach used by the 
agencies is unique in that the DEIS analyses were not prescriptive, but considered a range of 

Figure 2. Evaporators/snowmakers can be used to provide a polishing treatment for nitrates and 
dispose of excess mine waters in the on-site LAD area. The evaporators can be used on uneven 
terrain to dispose of water by land application in summer and continue to provide disposal and 
nitrogen polishing treatment by snowmaking in winter (SMC, HKM Engineering Inc., and 
Knight-Piésold 2004). (DEQ photo)

Figure 3. Percolation pond used for disposal of treated mine water. Treated water is discharged to 
the percolation pond where it infiltrates subsurface to ground water, mixes and eventually flows to 
surface water. The percolation ponds at both mines are nPDES-permitted outfalls. (DEQ photo)
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adit discharge flow rates using different disposal options, thereby permitting the mine to retain 
water management flexibility during operations and closure. These spreadsheet models are a 
valuable tool that can be used throughout life-of-mine to assess the elements of a water man-
agement plan, evaluate changes in water treatment methods or efficiencies, appraise potential 
improvements or additions to the primary treatment system(s), and include refinements in 
hydrologic data.

METHoDS

The Microsoft Office Professional Excel spreadsheet program was used to construct the 
models. The spreadsheet models consisted of several sections that included the following:

•	 a list of the assumptions used when evaluating the alternative;
•	 the option analyzed (i.e., specifics of water routing);
•	 a list of the input parameters including citations for the data that were used in the 

analyses;
•	 an evaluation of the hydraulic capacity of the treatment system(s) and disposal 

method(s) considered in that option (e.g., whether the percolation pond capacity was 
sufficient to manage the volume of water to be disposed of );

•	 a calculation of surface and ground waters available for mixing;
•	 the projected constituent loading in surface and ground water; and
•	 the projected constituent concentration in surface and ground water.

Assumptions and Equations

The spreadsheets list the assumptions for each analysis that dictate how certain parameters 
were handled in the equations. For example, primary treatment of nitrogen (nitrate+nitrite) 
occurs in the fixed-film BTS in use at both mines where up to 95 percent of the influent 
nitrate+nitrite is removed (SMC 2006). The waste streams that were evaluated consisted of 
adit water (i.e., ground water inflow to the mine that is mixed with water used in the under-
ground operations such as muck pile washdown water and excess drilling water) and treated 
and untreated tailings waters (i.e., the volume of supernatant plus tailings mass waters that 
would be removed from the impoundment so that the reclamation cover could be emplaced). 
The analyses considered a range of adit water flow rates from the current operational rate to 

Percola�on PondAdit 
water

Tailings 
waters

Surface 
Water

LAD 
Storage 

Pond

Ground 
water

BTS
Land 

Applica�on 
Disposal

Figure 4. Typical mine water routing schematic. The mine water streams mix in the biological 
treatment system (BTS) during nitrate treatment, then are routed for disposal in the percolation 
pond and/or LAD systems, and would eventually reach ground water then surface water. This 
schematic does not show the routing of recycle water or assumed leakage from impoundments 
that were included in the agency analysis.
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the maximum anticipated rate. The BTS efficiency data were available for the current opera-
tional rate. Assumptions were made to address questions raised regarding the treatment sys-
tem capacities and efficiencies if the maximum anticipated adit flow rates were reached. The 
assumptions also described how water would be routed for each mine and each alternative 
considered (Figure 4).

BTS-Treated Adit Water Nitrogen Concentration

To determine the concentration of nitrogen in adit water at closure, the agencies assumed 
that, regardless of adit water flow rate, the BTS would achieve nitrogen removal equivalent 
to at least the historic maximum nitrogen load discharged at the mines. A standard load-
ing Equation 1 was solved for concentration (mg/L), using both the current operational and 
anticipated maximum adit water flow rates (volume/time) with historic maximum nitrogen 
load (mass/time) to find the treated adit water concentration, CTA (mg/L). A conversion factor, 
CF, may be needed to obtain consistent units.

CF   ( )Load Flow rate CTA # #=  (1)

BTS-Treated Tailings Waters Nitrogen Concentration

It was assumed that at least 80 percent of the nitrogen in tailings waters would be removed 
by the BTS based on water quality data submitted by the mines (SMC 2006). To calculate 
the concentration of treated tailings waters, CTTW (mg/L), the median nitrate+nitrite nitro-
gen concentration of untreated tailings waters, CUTW (mg/L), was multiplied by 20 percent 
(Equation 2).

  0.2   C CTTW UTW=  (2)

Mixing Treated Adit and Tailings Waters

The adit and tailings waters would be routed to the BTS, mixed, and treated before being 
routed to the percolation ponds or LAD storage pond for later disposal. A standard weighted-
average calculation was used to determine the resulting concentration of nitrogen or salts in 
the mixed waters in the LAD storage pond. Equation 3 calculates the concentration of mixed 
treated mine waters, CTMW (mg/L), where CTA is the concentration of treated adit waters in 
mg/L from Equation 1, QTA is the flow rate of treated adit waters (volume/time), CTTW is the 
concentration of treated tailings waters in mg/L from Equation 2, and QTTW is the flow rate 
of treated tailings waters in volume/time. This weighted-average equation may be expanded 
by additional terms to account for other sources of water, such as water residing in the LAD 
storage pond over the winter, if needed.

C Q Q
C Q C Q

 
   

TMW
TA TTW

TA TA TTW TTW= +
+

 (3)

Concentration of Nitrogen in LAD-Treated Water

A polishing treatment for nitrogen occurs during growing season land application disposal 
where, based on a study performed by the mine, plants use at least 80 percent of the applied 
ammonia and nitrate+nitrite nitrogen (SMC 2006). The mine performed a study in 2002 that 
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showed during snowmaking, 80 percent of the applied nitrogen was removed by natural pro-
cesses during crystallization and sublimation of the snowpack (Cascade Earth Sciences 2008). 
The nitrogen not removed by plant uptake or snowmaking was assumed to enter the aquifer 
(Stevenson 1986), where it would mix with ground water, and eventually discharge to sur-
face water. The concentration of nitrogen entering the aquifer from land applied water, CLAD 
(mg/L), was calculated by multiplying the concentration of treated mine waters, CTMW (mg/L) 
from Equation 3, by 20 percent, using Equation 4.

  0.2 C CLAD TMW=  (4)

Percolated Waters

No nitrogen treatment occurs during percolation, so no treatment credit was given in the 
analyses or the mine NPDES permits. No treatment of calcium and magnesium salts occurs 
in the BTS or during land application. All of the salts plus the nitrogen that was not removed 
by plant uptake or snowmaking was assumed to enter the aquifer, mix with ground water, and 
eventually discharge to surface water (Stevenson 1986).

Load to Ground Water

The NPDES permits for both mines have an effluent limit for nitrogen loading to ground 
water. Both mines employ a BTS. The spreadsheets modeled the nitrogen load for percolated 
and/or land applied waters using Equations 1, 2, 3, and 4, as appropriate to the routing for the 
alternative. The salts load to ground water was calculated using median adit and tailings waters 
concentrations in Equation 1.

Precipitation

The agencies conservatively chose not to add precipitation to the spreadsheets. The dilu-
tion effect of precipitation on land applied waters may be added to a spreadsheet model using 
the effective precipitation rate (i.e., precipitation that reaches the soil and does not run off or 
evaporate but remains in the soil for plant use). The DEQ draft technical guidelines for the 
land application of municipal wastewater (DEQ 2005) describe the effective precipitation rate 
as 70 percent of the total rainfall (fR = 0.7), or 50 percent (due to wind drift and sublimation) 
of the snowfall water equivalent (fS = 0.5) where 2.5 cm of snow equals 1 cm of rain (US 
Department of Agriculture Natural Resources Conservation Service). The total depth of mea-
sured precipitation, Pm, then may be converted to volume, PV, using Equation 5, where f is the 
appropriate correction factor for effective precipitation, and A is the area (hectares) over which 
LAD is applied. A conversion factor, CF, may be needed to obtain consistent units.

CF( )  P P fA  V m=  (5)

Unsaturated Zone

Nitrogen and salts are conservative parameters. That is, below the root zone no attenua-
tion occurs. For the DEIS analyses, the water that percolates below the root zone was assumed 
to immediately enter the aquifer. The unsaturated zone was not modeled in these analyses.
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Nitrogen or Salts Concentration in Ground Water from LAD-Treated Waters

To project the concentration of nitrogen or salts in ground water after LAD, a ground 
water mixing zone was first calculated. In Montana, the calculation for a standard ground 
water mixing zone is prescribed by regulation (Administrative Rules of Montana 17.30.517). 
The depth extends 4.6 m (15 ft) below the water table, and the width of the mixing zone is the 
width of the source plus a geometric factor that takes into account advection and dispersion 
along the length of the flow path. The depth times the width of the mixing zone defines the 
area, A (length2), that is used in Darcy’s equation (Freeze and Cherry 1979) (6), where QA is 
the flux of water in the aquifer available for mixing (volume/time), k is the hydraulic conduc-
tivity of the aquifer (length/time), and I is the hydraulic gradient (length/length).

    Q k I AA =  (6)

After calculating the flux of water in the aquifer available for mixing, a standard weighted-
average calculation was used to determine the resulting concentration of the constituent in 
ground water after land application. This approach is consistent with NPDES permit calcula-
tions. Equation 7 calculates CMZ, the concentration in mg/L of the constituent in the aquifer 
after mixing, where CLAD is the maximum projected concentration in mg/L of the constituent 
(after plant uptake or snowmaking) in the applied water from Equation 4, QLAD is the volume 
of water land applied per time, CA is the ambient concentration in mg/L of the constituent 
in the aquifer, and QA is the flux of water in the aquifer available for mixing per time from 
Equation 6.

 
 

C Q Q
C Q C Q

MZ
LAD A

LAD LAD A A= +
+

 (7)

Nitrogen or Salts Concentration in Ground Water from Percolation

To project the concentration of nitrogen or salts in ground water from percolation, CP 
(mg/L), a ground water mixing zone was calculated for the aquifer beneath the percolation 
pond as described above, using Equation 6. Once the flux of water in the aquifer available for 
mixing beneath the percolation pond was known, QAP (volume/time), a standard weighted-
average calculation was used to determine the resulting concentration of the constituent in 
ground water, CAP, in mg/L. This approach is consistent with NPDES permit calculations. 
Equation 8 is the weighted-average calculation for disposal of both treated adit and tailings 
waters by percolation. Additional terms may be included, as necessary, to construct a mixing 
zone calculation that includes all sources of percolated water.

C Q Q Q
C Q C Q C Q

  
    

P
TA TTW AP

TA TA TTW TTW AP AP

 
= + +

+ +
 (8)

Multiple Contributing Areas for Ground Water

In the analyses for the DEIS, there were several areas that contributed flow and con-
stituents prior to discharge to the receiving stream. For example, the ground water flow path 
of interest might flow from beneath the percolation pond, under a tailings impoundment, 
beneath a LAD storage pond, under a LAD area, below a buffer area, then discharge to a 
receiving stream. After determining and describing the flow path for the contributing areas 
in the assumptions section, the ground water volumes available for mixing for each area were 
calculated using Equation 6. These areas may have contributed constituents (e.g., percolation, 
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leakage from impoundments or storage ponds, LAD) or provided dilution (e.g., precipitation, 
buffer areas, or leaking irrigation ditches). A weighted-average calculation that included the 
terms for all contributing areas was used to project the final concentration of the constituents 
in ground water along the flow path of interest.

Such a calculation would resemble Equation 9, expanded as needed to include terms for 
each contribution area along the ground water flow path. Each contributing area would have 
terms for volume or flux, Q, and concentration, C, for both the ground water (listed below 
with subscript beginning with A) and constituent addition or dilution. All Q terms would be 
in volume/time and all C terms in mg/L.

Equation 9 would yield the ground water concentration of a constituent, CD, as a result 
of water disposal from LAD (terms with subscript LAD), percolation (terms with subscript 
P), and leakage from tailings impoundments (terms with subscript I) and LAD storage ponds 
(terms with subscript SP). Parentheses can be useful to separate the terms for each contribut-
ing area.

( )  ( ) ( )
     

C Q Q Q Q Q Q Q Q
C Q C Q C Q C Q C Q C Q C Q C Q

D
ALAD LAD AP P AI I ASP SP

ALAD ALAD LAD LAD AP AP P P AI AI I I ASP ASP SP SP= + + + + + + +
+ + + + + + +

^
^ ^ ^ ^

h
h h h h

 (9)

Nitrogen or Salts Concentration in a Receiving Stream

Both mines and their LAD facilities are near surface water and a significant amount of 
hydrogeologic data have been collected. The spreadsheets modeled the ground water flow paths 
to their discharge points into the respective receiving streams. The approach used is consistent 
with NPDES permit calculations. The flux of ground water discharging to the stream is the 
sum of the volumes of the contributing areas and is equal to the denominator of Equation 9. 
A conversion factor, CF, may be necessary to obtain consistent units. Equation 10 is used to 
calculate QD in cfs, the ground water discharge to surface water.

   [( ) ( ) ( )]Q CF Q Q Q Q Q Q Q Q D ALAD LAD AP P AI I ASP SP # + + + + + + += ^ ^h h  (10)

Equation 11 calculates the concentration of the constituent in the receiving stream, CRS 
in mg/L, after mixing with discharging ground water, where CD is the concentration of the 
constituent in the ground water in mg/L discharging to the stream from Equation 9, QD is 
the volume of ground water discharging to the stream per unit time from Equation 10, CS is 
the ambient concentration of the constituent in the stream in mg/L, and QS is the receiving 
streamflow (volume/time).

   
  

C Q Q
C Q C Q

RS
D S

D D S S= +
+

 (11)

The agencies used the 10-year, 7-day lowest streamflow value (7Q10) cited in the NPDES 
permit when calculating receiving stream concentrations. The 7Q10 streamflow would provide 
the least dilution for wastewater effluent (i.e., cause the highest concentration of a constituent 
in the stream) and as such, is a conservative choice for most streams, except when using actual 
streamflow during drought conditions. Depending on the intended use of the spreadsheet 
models and the constituent considered, it may be more appropriate to use a larger streamflow 
value than the 7Q10. One suitable choice for nutrients, for example, might be based on longer 
annual low streamflow periods in late summer, such as the 10-year, 30-day lowest streamflow 
value (30Q10). Algae grow throughout the summer months, and the discharge of nutrients 
during this low flow late summer period would provide the greatest potential for nuisance 
growth, hence the greatest potential impact to streams.
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Direct Discharge of Adit Water at Post-Closure

Equation 10 may also be used to calculate the concentration of a constituent in a receiving 
stream, CRS in mg/L, when treated or untreated adit water is discharged directly to the receiv-
ing stream. This approach is consistent with NPDES permit calculations. For this calculation, 
QS is the receiving streamflow (volume/time), CS is the ambient concentration of the constitu-
ent in the stream in mg/L, QD is the volume of adit water discharging directly to the stream 
(volume/time), and CD in mg/L, is the concentration of constituent in ground water discharg-
ing directly to the stream.

CoMPARISon oF SPREADSHEET RESULTS To REAL-TIME DATA

The values generated by the spreadsheets were compared to surface and ground water data 
collected by the mines. In general, the results were conservative with respect to real surface 
water data, and consistent with ground water data. That is, the spreadsheets over-predicted the 
concentrations of constituents in surface water and were within the observed range of constitu-
ent concentrations in ground water.

The over-prediction of surface water values is reasonable and expected because the 
assumptions made for surface water analyses were conservative. The spreadsheets used the 
7Q10 (10-year, 7-day lowest streamflow value) for the receiving streams to account for closure 
during a dry or droughty year. During wetter years when the 7Q10 streamflow is likely to be 
met or exceeded every month of the year, more water is available for dilution of the constitu-
ent, and the in-stream concentration is over-predicted by the spreadsheet models.

Predictions for Disposal of Water Using LAD

At the LAD facility, the spreadsheets had a fairly accurate rate of prediction for constituent 
concentrations in ground water when compared with operational data collected between 2005 
and 2009. For example, the spreadsheets predicted a ground water concentration of 1.3 mg/L 
nitrate+nitrite nitrogen at the compliance well, which agreed well with actual ground water 
nitrogen concentrations that ranged from 0.3 to 1.6 mg/L. The spreadsheets predicted a salts 
(total dissolved solids, TDS) concentration of 368 mg/L in ground water and a corresponding 
electrical conductivity of 575 µmhos/cm. Actual ground water data were about half the pre-
dicted concentration and ranged from 123 to 207 mg/L TDS with conductivity measurements 
from 192 to 323 µmhos/cm. The spreadsheets predicted 0.5 mg/L nitrate+nitrite in surface 
water, and the actual concentration of nitrogen varied between 0.1 to 0.2 mg/L. The spread-
sheets predicted an in-stream salts concentration of 96 mg/L TDS, and actual concentration 
varied between 67 to 240 mg/L.

Predictions for Disposal of Water Using Percolation

At the second mine, where treated water is percolated, the spreadsheets were fairly accurate 
in their prediction when compared to operational surface and ground water data collected 
between 1999 and 2009. For example, the spreadsheets predicted a ground water concentra-
tion of 1.7 mg/L nitrate+nitrite nitrogen at the compliance well, which was within the actual 
ground water nitrogen concentration range from 0.2 to 2.7 mg/L. The spreadsheets predicted 
a TDS concentration of 227 mg/L in ground water and a corresponding electrical conductiv-
ity of 354 µmhos/cm. Actual ground water data were about 20 percent less than the predicted 
concentration and ranged from 142 to 218 mg/L TDS with conductivity measurements from 
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265 to 368 µmhos/cm. The spreadsheets predicted 0.5 mg/L nitrate+nitrite in surface water, 
and the actual concentration of nitrogen varied between 0.1 to 0.2 mg/L. The spreadsheets 
predicted an in-stream salts concentration of 108 mg/L TDS, and actual concentration varied 
between 24 to 128 mg/L.

Overall, the predicted values had reasonable agreement with actual concentrations. The 
difference between predicted and actual concentrations in ground water may be due to pre-
cipitation (which the spreadsheet model did not take into account), the factor used to address 
evaporation of LAD waters resulting in concentration of the salts, or to different volumes of 
water disposed of at the LAD facility than those modeled. The difference between predicted 
and actual concentrations of nitrogen and salt in surface water is likely due to the use of the 
7Q10 streamflow value instead of the actual streamflow values.

LIMITATIonS

The spreadsheet models are best suited to less complex scenarios. Spreadsheets have limi-
tations when aquifers are heterogeneous on a scale such that any of the following conditions 
are met: differences in permeability along the flow path are significant and difficult to describe 
geometrically or cannot be generalized; hydrogeologic parameters and ground water flow paths 
are unknown; a three-dimensional approach is needed; or constituents are attenuated and the 
attenuation cannot be addressed by retardation factors (Bair and Lahm 2006). In general, the 
unsaturated zone is quite complex, requiring the use of nonlinear functions (Schwartz and 
Zhang 2003), and is, therefore, not well-suited to spreadsheet modeling.

SUMMARy

Based on the spreadsheet modeling analyses in the DEIS, the agencies have concluded that 
these two mines have the water management systems available to adequately discharge water 
at closure to prevent violation of water quality standards. The analyses identified the critical 
elements of the water management systems, indicated where the systems have the potential 
for improvement, and spotlighted the flexibility of the water management systems to address 
contingencies at closure. The results of these calculations were consistent with observed con-
centrations of constituents from surface and ground water monitoring data.

As a result of the spreadsheet models, the DEIS agency-mitigated alternatives have added 
mitigations such as operational monitoring and annual reporting of changes in the volumes 
of tailings supernatant and water in LAD storage ponds; tracking the trend of salt and nitrate 
loading in adit and tailings waters; identifying efforts made by the mine to reduce salts and 
nitrogen concentrations each year; and monitoring soil health in the vicinity of the LAD areas. 
The usefulness of the spreadsheets extends throughout mine life and provides the mine and the 
agencies a venue to better evaluate operational water management and minimize costly issues 
at closure. A pdf version of the spreadsheet models is included as Appendix C of the DEIS 
(DEQ and USFS 2010).

While the mine operator and the agencies had considered various disposal scenarios for 
closure, the spreadsheet models identified some potential inaccuracies. One inaccuracy was in 
regard to which disposal methods were optimal for a constituent. In comparison to percola-
tion, which is strictly a disposal option, LAD provides a polishing treatment for nitrogen, and 
would be a preferable disposal method to reduce the load of nitrogen to ground water. The 
spreadsheet analyses indicated that percolation is a preferable disposal method for salts because 
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of the reduced potential for soil salinization and sodium-adsorption issues that can occur dur-
ing LAD.

Another inaccuracy was identified with respect to the optimal disposal rate for LAD. An 
agronomic application rate may be preferable to maximize the LAD polishing treatment effi-
ciency for nitrogen. A greater-than-agronomic application rate may be needed to leach accu-
mulated salts and minimize soil salinization and sodium-adsorption.

The spreadsheets helped identify shortcomings in the water management plan, such as 
the hydraulic capacities of water storage and treatment systems, and increased constituent 
concentrations in recycled process waters. The spreadsheets can be used during mine life to 
evaluate how adjustments to the treatment system(s) (e.g., the addition of reverse osmosis to 
further reduce ammonia and its subsequent effect from disposal of brines on the salinity of 
mine waters) would affect the quality of adit and tailings water at closure.
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ABSTRACT

The effect of water quality, such as hardness, ionic strength, residual reagents and recycling 
water on flotation behavior of galena, zinc and pyrite was examined. To explain the flota-
tion mechanism, electrochemical measurement and FTIR analysis were performed. Results 
of sedimentation and flotation experiment showed that the sedimentation time of wastewa-
ter increased with the increase of solid concentration. Dilution and addition of flocculants 
decreased the sedimentation time. Lead concentrate water could improve the flotation of 
galena while restrained the flotation of sphalerite activated by copper ion. Pyrite showed bet-
ter floatability in sulfur concentrate water, zinc concentrate water and sulfur tailing water, 
while the flotation behavior of pyrite would be slightly depressed in galena concentrate water, 
zinc tailing water and sewage. Electrochemical measurement and FTIR analysis showed that 
between residual collector and galena, sphalertie and pyrite had different interaction mecha-
nism and formed different surface species.

INTRODUCTION

Closely related to human life and environment, water resources have received much more 
concern around the world. A lot of water has been consumed and wasted in mining to obtain 
metal resources, which also play a very important role in the development of human society. 
Wastewater discharged from mines makes up 10% of the total amount of industrial wastewater 
discharge in China (Environment statistics communique of nation 2004). Fankou Mine is the 
biggest lead-zinc mine in China with a capacity of 6000 t/d. The ore of Fankou Mine is finely 
disseminated and complicated and the flotation technology to treat the ore is so complex that 
makes wastewater reuse difficult. A lot of suspended particles, heavy metal ion and residual 
flotation reagents have been found in it which shows a high pH value. For this reason, 7.5 mil-
lion ton water has been discharged every year, resulting in waste of water and environmental 
pollution (Broman 1980; Forssberg, Jönsson and Püalsson 1985; Rao and Finch 1989; Basilio, 
Kartio and Roon 1996; Levay, Smart and Skinner 2001). Therefore, wastewater treatment 
and recycling have gained academic and practical support.In this paper, water treatment was 
conducted and the effect of water quality, such as hardness, ion strength, residual reagents 
and recycling water on flotation behavior of galena, zinc and pyrite was examined. The flota-
tion mechanism was also revealed based on electrochemical measurement and FTIR analysis. 
A wastewater recycling technology including settlement, flocculation and usage for different 
circuits according to wastewater sources was developed, with which about 75% of wastewa-
ter can be reused in flotation plant. After successful pilot plant and industrial scale tests, this 
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technology has been put into use since 2006, as a result, good economic and environmental 
efficiency have been obtained.

EXPERIMENTAL

Materials

Galena, pyrite and sphalerite samples used in this study were taken from Pb/Zn mine 
of Fankou. These mineral samples were first crushed to below 3 mm and then sent to porce-
lain mill where fraction of 0.147–0.045 mm was obtained by screening as flotation samples. 
Polyacrylamide buys form Tianjing Guangfu fine chemical reasearch institute, the molecular 
is about 15~80 million.

Wastewater sample was directly taken from production site, settled for some time to 
remove precipitated solids, and then the upper liquor was taken as flotation experimental water 
sample according to the experimental requirements. After treatment, wastewater could be used 
as sample of the site since little solid particles and suspended solid were found in it.

Flotation

Flotation was conducted in a 40 mL hitch groove flotation machine at a rotating speed of 
1600 r/min. In flotation process, 2.0 g mineral sample was added into a CQ50 type ultrasonic 
cleaner to remove the surface oxide. The sample was then transferred into the flotation cell for 
further processing. Water used in the process was recycled wastewater. Reagents were added 
following the sequence of regulator, collector and frother. The conditioning time for collector 
and frother was 2 min and 1 min respectively. The flotation time was 4 minutes.

Infrared Spectrum Examination

A 1.0-g sample was immersed in 25 mL collector solution, ground with an agate pestle and 
mortar hand for 15 min, settled for 30 min, and then filtrated, and flushed 2~3 times using the 
previously recycled wastewater, after this, solid could be obtained with a vacuum drier. Infrared 
spectrum examination was then performed using reflection method in NEXUS-470 infrared 
spectrum apparatus.

Electrochemical Test

A conventional three-electrode system was used in electrochemical test. A piece of carbo-
naceous electrode severed as the counter electrode, Ag/AgCl electrode as the reference elec-
trode, and a mineral electrode of 1 cm2 was used as working electrode. Surface of the working 
electrode was gently polished by 600-grit silicon carbide papers. After that, the electrode was 
rinsed with distilled water and transferred quickly to the cell. The electrochemical measure-
ments were performed at a scan rate of 50 mV/s with a Potentiostat/ Galvanostat Model 283A. 
All potentials reported in the paper were converted to the standard hydrogen electrode (SHE).

RESULTS AND DISCUSSION

Effect of Sediment Particles Concentration and Adding Flocculants  
on the Setting Velocity

Figure 1 was natural sedimentation velocity of beneficiation wastewater as a function of 
sediment concentration, which showed that when sediment concentration was 15.56%, the 
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settlement would be divided into two stages. In the first twenty minutes, a linear relationship 
between the increase of sedimentation height and time was found, then the settlement process 
became stable and the sedimentation height rose slowly until it remained stable after 90 min-
utes. When the sediment concentration increased to 20.45% and 26.32%, the settlement 
process was different. The increase of the sediment concentration decreased the sedimentation 
height, so the whole process did not become stable in the first 20 minutes. As the sedimenta-
tion process went on, wastewater of 20.45% became stable up to 2 hours, and wastewater 
of 26.32% became stable up to 24 hours. The results indicated that wastewater contained 
amounts of fine particles so the sediment concentration was high, which would directly influ-
ence the efficiency of wastewater treatment. So, the dilution tests were carried out.

Figure 2 was the settling curve of wastewater diluted to 4.02%. The settling curve showed 
that compared with the settling time of wastewater of 15.56% being 90 minutes, the settling 
time of wastewater of 4.02% decreased to 12 minutes. The results indicated that with the 
decrease of the solid concentration of wastewater, the sedimentation time dropped sharply till 
it was stable.

Figure 3 showed that 30 minutes was needed for zinc wastewater to become stable without 
adding polyacrylamide. While 5 g/t polyacrylamide was added to the water, only 9 minutes 
were needed. When the dosage of polyacrylamide kept increasing, the sedimentation time 

Figure 1. Sedimentation velocity of beneficiation wastewater as a function of sediment concentration

Figure 2. Sedimentation velocity of beneficiation wastewater diluted to 4.02%
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would continue decreasing. When the polyacrylamide dosage reached 40 g/t, only 2 minutes 
was needed for wastewater to become stable. The results indicated that the sedimentation time 
of zinc wastewater became shorter following the increase of polyacrylamide dosage.

Effect of Water Hardness on Flotation Behavior of Sulfide Minerals

As we all know, water can be divided into hard water and soft water. Water with its hard-
ness below 8 degrees is soft water, between 8 and 16 degrees is reclaimed water. Water above 
16 degrees is hard water. Water that exceeds 30 degrees is very hard water. The average hardness 
of production water supply in Fankou is 40.7. It belongs to very hard water. Because a lot of 
lime has been added in flotation and ores of Fankou contain considerable part of carbonate, 
this part of the minerals will dissolve in the solution due to the low pH value in pyrite flota-
tion. So the total hardness of the final backwater is very high. The hardness of zinc tailing water 
is 349.1 which is far beyond the scope of normal water, thus affects the flotation of sulfide 
minerals. Figure 4 showed flotation recoveries of galena and copper ion activated sphalerite 
as a function of water hardness under high alkali conditions. Figure 5 showed pyrite flotation 
recovery as a function of water hardness under weak acid conditions. These two figures showed 
that water hardness had little effect on floatability of galena and copper ion activated sphaler-
ite, while had great influence on floatability of pyrite. The recoveries of galena and sphalerite 
were about 82% and 85% respectively in the tests. When water hardness was more than 100, 
pyrite was suppressed obviously and the recovery decreased from 86% to 60%. This might be 
related to pyrite surface electrochemical reaction. The results showed that the higher the water 
hardness, the easier to separate lead and zinc from pyrite, but the worse for pyrite recovery, 
namely, backwater with high basicity was favorable for separation of lead-zinc and pyrite but 
unfavorable for pyrite flotation.

Effect of Ion Strength on Flotation Behavior of Sulfide Minerals

The influence of ionic strength on the flotation behavior of galena, pyrite and sphalerite 
activated by Cu2+ under high alkali conditions was shown in Figure 6. The ionic strength of 
the solution was prepared according to the molar ratio of sodium chloride to sodium sulfate, 

Figure 3. Sedimentation velocity of zinc wastewater as a function of polyacrylamide dosage, solid 
concentration of 11.03%
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which was designed by reference to the ion weight ratio of Cl– and SO4
2–, because the concen-

tration of Cl– and SO4
2– in zinc tailing water reached 303.7 mg/L and 1258 mg/L respectively. 

This ionic strength didn’t consider the contribution of Ca2+ and Mg2+ influence of which 
had be investigated in the influence of hardness factors. Figure 6 showed that the recovery of 
galena was increasing gradually with the increase of the ionic strength. The flotation recovery 
reached the highest 85% when the concentration of ionic was 10–3 mol/L, then remained 
gentle. Promotion of the floatability of galena might be due to the agglomeration of hydro-
phobic particles caused by the neutralization of surface electrical property. For sphalerite, the 
flotation rate decreased with the increase of ionic strength, because the electric double layer 
was compressed, and Na+ of high concentration could resist Cu2+ adsorption on the surface 
of sphalerite, which influenced the activation effect and led to poor flotation behavior. For 
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Figure 4. Flotation recoveries of galena and copper ion activated sphalerite as a function of water 
hardness under high alkali conditions, C(KBX)=1×10–4 mol/L
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Figure 5. Flotation recovery of pyrite as a function of water hardness under weak acid conditions, 
C(CuSO4)= 1×10–4 mol/L
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pyrite, it showed a slight activation with the increase of ionic strength. The recovery was less 
than 20% in distilled water under high alkali conditions, but with ionic strength increasing 
gradually, the recovery increased to about 40%, which was related to the variation of transfer 
properties of interface.

Effect of Residual Reagent on Flotation Behavior of Sulfide Minerals

The reagent in the wastewater had two sources. One was the collector and inhibitor added 
in the process of flotation. The other was water treatment agent added in the water treatment 
process. In order to eliminate the suspended and residual solid, flocculants were added into 
wastewater, so there was residual flocculants in wastewater.

Figure 7 showed the influence of polyacrylamide on the flotation of three minerals. It 
could be seen that when polyacrylamide was used as the flocculants with a dosage of less than 
5 g/t, the effect on the floatability of three minerals was not obvious and the recovery changed 
little. When the dosage was more than 5 g/t, galena was restrained. These results indicated that 
low dosage of polyacrylamide was ideal for water treatment agent, which not only guaranteed 
better backwater, but also had no effect on separation of PbS, ZnS and FeS2.

Effect of Recycling Water on Flotation Behavior of Sulfide Minerals

Figure 8 showed the result of galena flotation test carried out in different concentrate 
water. The dosage of collectors used in the test was 20% less than that in distilled water. 
Figure 8 showed that, following the increase of pulp pH, the recovery of galena decreased. 
More than 90% of galena recovery would be realized before the pulp pH reached 8. The recov-
ery decreased from 90% to 80% when pulp pH rose from 8 to 12. The changing tendency 
of galena flotation behavior was similar in the three concentration water. And the recovery of 
galena decreased with the increase of pulp pH. The three concentrate water would influence 
the flotation behavior of galena differently. The flotation of galena in lead concentrate water 
could get higher recovery than in distilled water. On the contrary, the addition of other two 
concentrate water would slightly depress the flotation of galena. The floatability of galena in 
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Figure 6. Flotation recovery of three kinds of sulfide minerals as a function of ionic strength under 
high alkali conditions, C(KBX)=1×10–4 mol/L

WaterMineralsProcessing.indb   376 11/22/11   1:50 PM



 WasteWater recycling technology in fanKou lead-zinc Mine of china 377

these four water systems was: lead concentrate water > distilled water > zinc concentrate water 
> sulfur concentrate water.

Figure 9 showed the result of galena flotation test in tailing water and sewage. From the 
result we could see that the flotability of galena would grow worse by adding sulfur tailing 
water, zinc tailing water and sewage in the test. Therefore, the flotation behavior of galena 
would be depressed by adding tailing water.

Figure 10 showed the recoveries of pyrite in concentration water as a function of pH, 
from which we could see that the floatability of pyrite was good, with a recovery of more 
than 83% under acid and alkalescent conditions in distilled water. After the pulp pH reached 
8, the recovery of pyrite decreased sharply with continuous increase of pH. When the pulp 
pH reached 12, recovery of pyrite was only about 20%. The flotation behavior of pyrite in 
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Figure 7. Flotation recovery of three kinds of sulfide minerals as a function of the dosage of 
polyacrylamide under high alkali conditions, C(KBX)=0.25×10–4 mol/L
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Figure 8. Flotation recovery of galena as a function of pH in different concentrate water, 
C(KBX)=1×10–4 mol/L
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different concentrate water was similar to that in distilled water. While in zinc and sulfur con-
centrate water, the floatability of pyrite was better than that in distilled water. On the contrary, 
when the test was carried out in galena concentrate water, the floatability of pyrite would get 
worse, opposite to the floatability of galena affected by adding different concentrate water. 
Therefore, it would be good for the separation of PbS and FeS2 by adding galena concentrate 
water, while adding sulfur concentrate water, adverse effect on the separation of PbS and FeS2 
could be seen. This should be considered in the mixing of wastewater test. Figure 11 showed 
the floatability of pyrite in different tailing water and sewage. The flotation behavior of pyrite 
in the four kind of water had similar change tendency. Pyrite showed better floatability in sul-
fur tailing water, while flotation behavior of pyrite would be slightly depressed in zinc tailing 
water and sewage.
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Figure 9. Flotation recovery of galena as a function of pH in tailing water and sewage, 
C(KBX)=1×10–4 mol/L
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Figure 10. Flotation recovery of pyrite as a function of pH in different concentrate water, 
C(KBX)=1×10–4 mol/L
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The recovery of sphalerite activated by copper ion as a function of pH in different con-
centrate water systems was shown in Figure 12. In the whole pH range the activated sphalerite 
showed good floatability in distilled water system, with a recovery of more than 80%. In zinc 
and sulfur concentrate water the flotation of activated sphalerite was slightly promoted, while 
in lead concentrate water it would be depressed to some extent, with a recovery of 75%~80%. 
The floatability of activated sphalerite in these four water systems was: sulfur concentrate 
water > zinc concentrate water > distilled water > lead concentrate water. The flotation behav-
ior of sphalerite activated by copper ion in different tailing water and sewage was shown in 
Figure 13. The flotation behavior of sphalerite would be activated under acid and alkalescent 
conditions in zinc tailing water, lead tailing water and sewage. After the pulp pH reached 8, 
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Figure 11. Flotation recovery of pyrite as a function of pH in different tailing water and sewage, 
C(KBX)=1×10–4 mol/L
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Figure 12. Flotation recovery of sphalerite activated by copper ion as a function of pH in different 
concentrate water, C(KBX)=1×10–4 mol/L
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the flotation of sphalerite would be slightly depressed with a recovery of 5%, lower than that 
in distilled water.

MECHANISM ANALYSIS

Infrared Spectra of Sulfide Minerals in Beneficiation Wastewater

The infrared spectra of galena in xanthate solution and in wastewater-xanthate solution 
were shown in Figure 14. The results indicated that the surface product of galena in five water 
systems was basically the same, with similar absorption peaks. However, the absorption inten-
sity was somewhat different. Absorption peaks of 2955 cm–1 and 2870 cm–1 were attributed to 
the C—H asymmetry and symmetry stretching vibration. 1466 cm–1 was derived from sym-
metry bend vibration of —CH3 or shear swing vibration of —CH2, while 1405 cm–1, from 
CH3 bend vibration. 1206 cm–1 and 1029 cm–1 were stretching vibration absorption peaks 
of C—O—C and —C=S, respectively. It could be seen from Figure14 that surface absorption 
characteristic peak of galena was broader and stronger in mineral processing wastewater. The 
order of infrared absorption intensity of galena in five water systems was: zinc tailing water > 
zinc concentrate water >= lead concentrate water > distilled water > sulfur concentrate water. 
This phenomenon indicated that collector was connected with physical and chemical reaction 
of galena surface. This result was in good agreement with flotation result.

Figure 15 and Figure 16 were the infrared spectra of pyrite in zinc concentrate water 
and zinc tailing water, showing that there was a wideband absorption at 3250 cm–1, which 
was induced by surface hydroxyl compound because of the oxidation of mineral surface. The 
absorption peak at 1102 cm–1 was induced by the absorption of sulfate radical. The results 
indicated that the interaction between pyrite and collector was inhibited, and surface reaction 
of pyrite was dominated by the oxidation of pyrite.

Infrared spectra of pyrite interaction with three kinds of water were presented in Figure 17. 
It could be seen that there were characteristic absorption peak of methyl and methylene at 
2963 cm–1 and 2880 cm–1. In addition, there were also characteristic absorption peak at 1290 
cm–1 and 1033 cm–1 caused by C=S and C—O—C stretching vibration of dixanthogen. 
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Figure 13. Flotation recovery of sphalerite activated by copper ion as a function of pH in different 
tailing water, C(CuSO4)= 1×10–4 mol/L
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According to ZHANG[16], C=S stretching vibration peak decreased from 1049 cm–1 to 
1019 cm–1 and C—O—C stretching vibration increased from 1240 cm–1 to 1290 cm–1 when 
xanthate was oxidated to dixanthogen. This result conformed to the literature report and the 
above flotation results. It could be inferred that absorption intensity of pyrite in three kinds of 
water was: sulfur concentrate water > distilled water > lead concentrate water.
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Figure 14. Infrared spectra of galena in five water systems: 1-PbS+KBX+zinc concentrate water, 
2-PbS+KBX+lead concentrate water, 3-PbS+KBX+distilled water, 4-PbS+KBX+sulfur concentrate 
water, 5-PbS+KBX+zinc tailing water
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Figure 15. Infrared spectra of pyrite in zinc concentrate water
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Figure 16. Infrared spectra of pyrite in zinc tailing water
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Figure 17. Infrared spectra of pyrite in three kinds of water systems: 1-FeS2+KBX+lead concentrate 
water, 2-FeS2+KBX+distilled water, 3- FeS2+KBX+sulfur concentrate water
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Infrared spectra of sphalerite interaction with zinc tailing water and zinc concentrate water 
were presented in Figure 18 and Figure 19. The results showed that there were adsorption peaks 
at 2942 cm–1 and 2855 cm–1, which were attributed to the methyl and methylene stretching 
vibration. Peaks at 1187 cm–1,1125 cm–1, 1040 cm–1 were the stretching vibration of C-O-C 
group because the interaction between copper ion and xanthate salt led the peak to move to 
high wave numbers. So it could be inferred that surface product of sphalerite was Cu(EX)2.

Electrochemical Reaction of Galena and Sphalerite in Different Water Systems

In order to study the effect of recycled wastewater on galena floatability, electrochemical 
technology was chosen to study the surface reaction mechanism of galena in different water 
systems. The test was carried out in solution with or without collector as follows:
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Figure 18. Infrared spectra of sphalerite in zinc tailing water
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Figure 19. Infrared spectra of sphalerite in zinc concentrate water
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Collectorless state:

PbS=Pb2++S0+2e  (E0=0.054V)  (1)

PbS+H2O=PbO+2H++S+2e  (E0=0.750V)  (2)

PbS+4H2O→Pb2++SO4
2–+8H++8e  (E0=0.450V)  (3)

2PbS+3H2O=2Pb2++S2O3
2–+6H++8e  (E0=0.326V)  (4)

Galena interaction with butyl xanthate:

PbS+2X–=PbX2+S+2e  (E0=–0.124V)  (5)

PbS+2X–+4H2O= PbX2+SO4
2–+8H++8e  (E0=0.232V)  (6)

PbS+4X–+3H2O→2PbX2+S2O3
2–+6H++8e  (E0=0.101V)  (7)

Galena interaction with DDTC:

2PbS+2D–→PbD2+S+2e  (E0=–0.121V)  (8)

2PbS+4D–+3H2O→2PbD2+S2O3
2–+6H++8e  (E0=0.171V )  (9)

PbS+2D–+4H2O=PbD2+SO4
2–+8H++8e  (E0=0.181V)  (10)

Figure 20, Figure 21 and Figure 22 showed the voltammetry curves of galena in sulfur con-
centrate water, lead concentrate water and zinc concentrate water. From Figure 20 we could 
see that the initial oxidation potential of galena was about –0.017 V in sulfur concentrate 
water, which was lower than the potential of collector reaction on galena surface because of 
the oxidation of other reduction substance and the adsorption of active substance on the sur-
face of galena. At the potential of 0 V, oxidation of galena occurred and an obvious oxidation 
peak appeared. The result indicated that the oxidation of galena was attributed to Reaction 5, 
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Figure 20. Voltammetry curves of galena electrode in sulfur concentrate water scan rate: 50 mV/s 
KNO3:0.1 mol/L
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namely the formation of xanthate lead due to the existence of residual collector in sulfur con-
centrate water and the potential was lower than that of Reaction 1.

From Figure 21 we could see that the initial oxidation potential was about –0.08 V. 
Following the increase of the potential, two obvious oxidation peaks occurred at potentials 
0.15 V and 0.3 V, respectively, corresponding to Reactions 9 and 10. It indicated that there was 
DDTC salt formation on galena surface, and residual DDTC of lead concentrate water played 
a dominant role on galena oxidation.

Figure 22 showed that the initial oxidation potential of galena was –0.1 V which was in 
good agreement with Reaction 5. It could be seen that the second oxidation peak corresponded 
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Figure 21. Voltammetry curve of galena electrode in lead concentrate water scan rate: 50 mV/s 
KNO3:0.1 mol/L
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Figure 22. Voltammetry curve of galena electrode in zinc concentrate water, scan rate: 50 mV/s, 
KNO3:0.1 mol/L
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to Reaction 7 at the potential of 0.1 V. When the potential ranged from 0.2 V to 0.3 V, further 
oxidation of galena would take place, as shown in Reactions 3 and 6. The result suggested that 
oxidation products of galena were mainly xanthate lead and sulphate, and the residual xan-
thate in zinc concentrate water was the dominant factor on electrochemical reaction of galena, 
which was consistent with the flotation results.

Figure 23 showed the voltammetry curve of galena in zinc tailing water. As could be seen 
from Figure 23, the voltammetry curve of galena in zinc tailing water was similar with that in 
zinc concentrate water. It could be concluded that chemical composition in zinc tailing water 
was the same as that in zinc concentrate water. Residual xanthate played a dominant role on 
electrochemical reaction of galena.

Voltammetry curve of galena in sewage (Figure 24) demonstrated that the oxidation 
potential of galena was about –0.09 V. It suggested that this reaction might be caused by two 
reasons: the deposition of xanthate or the adsorption of other reduction substances on galena 
surface. We could also see that the initial reaction products hindered further oxidation of 
galena as shown from the weak oxidation peak.

CONCLUSIONS

On the basis of the test results, the following conclusions could be drawn:
1. The sedimentation time of wastewater increased with the increase of solid concen-

tration. Dilution and addition of flocculants decreased the sedimentation time. The 
dosage of flocculants required should be less than 5 g/t in order not to affect flotation 
process.

2. The physicochemical factors, such as water hardness, ion strength, residual flotation 
reagent etc., had effects on the flotation behavior of sulfide minerals, on which water 
recycling technology based.
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Figure 23. Voltammetry curve of galena electrode in zinc tailing water, scan rate: 50 mV/s, 
KNO3:0.1 mol/L
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3. The floatability of galena in different water systems was: lead concentrate water > 
distilled water > zinc concentrate water > sulfur concentrate water > tailing water > 
sewage. For sphalerite activated by copper ion, the other wastewater would slightly 
accelerate the flotation except lead concentrate water. Pyrite showed better floatability 
in sulfur concentrate water, zinc concentrate water and sulfur tailing water, while the 
flotation behavior of pyrite would be slightly depressed in galena concentrate water, 
zinc tailing water and sewage.

4. Infrared spectrum indicated that surface absorption characteristic peak of galena was 
broader and stronger in mineral processing wastewater. The infrared absorption inten-
sity of galena in three kinds of water was: lead concentrate water > distilled water > 
sulfur concentrate water. The residual collector in lead concentrate water was benefi-
cial to the formation of lead xanthate on the surface of galena. For pyrite, the infrared 
absorption intensity was as follows: sulfur concentrate water > distilled water > lead 
concentrate water.

5. Electrochemical results indicated that the residual collector in backwater dominated 
the electrochemical and chemical reactions of galena surface, as a result, DDTC salt 
and xanthate salt would be formed in lead and zinc concentrate water. Besides, inter-
action between collector and galena in wastewater was stronger than that in distilled 
water. The reactions on the surface of galena were changed by some specific chem-
ical composition in zinc tailing water and sewage which was quite different from 
that in distilled water. Reuse of the backwater might have some influence on galena 
floatability.
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Figure 24. Voltammetry curve of galena electrode in sewage, scan rate: 50 mV/s KNO3:0.1 mol/L
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Sulfidized Red Mud—A New Sorbent for Toxic Substances

Joseph Iannicelli
Aquafine Corporation, Brunswick, GA, USA

ABSTRACT

A powerful improved sorbent is produced by sulfidizing red mud, a noxious by-product 
from the Bayer extraction of alumina from bauxite. Sulfidized red mud (SRM) sorbed 90 to 
100% of the following metals from laboratory solutions of Cr, Co, Ni, Cu, Zn, Se, Ag, Cd, 
Hg, Pb, Th, U. Discolored organic compounds (DOC) are also sorbed (90%). Sulfidization 
of red mud is accomplished under ambient or relatively mild conditions using exemplary 
compounds such as H2S, Na2S, K2S, (NH4)2S, and CaSx. Sulfur content ranges from 0.2% to 
10% above the residual sulfur in red mud. The sulfidization reaction blocks leaching of metals 
naturally present in red mud. In some cases, (As, Mn, Sr), mixtures of sulfidized red mud plus 
red mud are more effective than sulfidized red mud alone. Sulfidized red mud has applications 
for cleaning raw industrial process water as well as effluent wastewater (and gases) for the entire 
range of industrial processes.

BACKGROUND

Red mud is a noxious by-product and pollutant of the production of alumina from bauxite 
by the process invented by Karl Bayer in 1887. This process relies on the selective solubility 
of aluminous minerals in hot (125–250°C) sodium hydroxide solution and the insolubility 
of the remaining minerals (iron, titanium, and silica) which are either insoluble or react and 
re-precipitate. The insoluble, iron rich residue can contain 17.4 to 37.5% (Fe). Red mud is 
a complex mixture of finely divided hydrated iron oxides and a wide range of lesser minerals 
containing Al, Na, Ti, Si, Ca, Mg plus traces of over a score of other elements including Cr, 
Ni, Cu, Pb, Se, Hg, As, Th, etc.

The resulting red mud has strong sorptive and complexing properties and is the subject of 
scores of publications. Because of its preparation, red mud is intensely alkaline, with pH values 
of 13 and above, but also may contain and leach toxic metals. This creates serious problems 
with its storage in tailings impounds which poses a toxic hazard for wildlife and personnel, and 
creates widespread contamination of ground water. Reduction of pH below 10 is necessary for 
safe storage and many sorptive applications.

It is estimated that 150 million tonnes of red mud is produced and impounded per year 
and that about 2.5 billion tonnes is currently stored worldwide.

Hazards of storing highly caustic and toxic red mud has been brought into focus by the 
bursting of a red mud impound at Ajka, Hungary on October 4th, 2010 which released 
700,000 tonnes of red mud over 40 square kilometers, killing ten people and hospitalizing 
120 others.

Neutralization of red mud can be accomplished with waste acid, or by washing red mud 
with large amounts of sea water (typically 12 to 18 times the volume of red mud). This requires 
seaside location, large settling basins, and of course the ability to discharge waste water back 
to the sea.
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Red mud has been proposed as a sorbent for heavy metals, cyanides, phosphates, and 
the like. However, the sorptive and release properties of red mud are not always compatible. 
Depending on the source of a particular red mud, it can leach out significant amounts of toxic 
pollutants such as radioactive thorium, uranium, chromium, barium, arsenic, copper, zinc, 
cobalt, as well as lead, cadmium, beryllium, and fluorides.

Red mud is a very hydrophilic high pH slime which is difficult to dewater by filtration 
or sedimentation means. This also complicates and limits its utility as a sorbent in aqueous 
systems.

The potential problems involved with use of red mud to control pollution are highlighted 
in an e-newsletter article entitled “The Great Red Mud Experiment that Went Radioactive.” 
This experiment conducted by the Western Australian Agricultural Department involved plac-
ing 20 tonnes of Alcoa red mud per hectare on pastureland in order to stop unwanted phospho-
rous from entering waterways. An unintended result of this experiment was that runoff waters 
showed excessive quantities of copper, lead, mercury, arsenic, and selenium. Emaciated cattle 
grazing on treated land exhibited high chromium, cadmium, and fluoride levels. Furthermore, 
each hectare contained up to 30 kilograms of radioactive thorium. The disastrous red mud 
application test was abruptly terminated after five years.

It is evident that extreme caution must be exercised in selecting, treating, and testing red 
mud before attempting to use it to sorb toxic compounds.

Furthermore, the capacity of red mud to capture and hold toxic substances such as mer-
cury and related metals often is not adequate to eliminate traces of these metals in leachate. 
The possibility also exists that sorption of one toxic pollutant may release other pollutants. 
Therefore, use of red mud as a sorbent to purify water is problematic.

As a result of intensive investigations on methods for neutralizing and using red mud, an 
Australian based company, Virotec, has developed a line of red mud based products covering a 
wide range of pollution control applications. Virotec uses a variety of methods to neutralize red 
mud. These involve use of natural sea water (up to 13 washings), evaporatively concentrated 
sea water, saline or hard groundwater brines, salt lake brines, industrial waste brines and even 
solid salts.

APPLICATIONS FOR SULFIDIZED RED MUD

Heavy metal contaminated liquids and flue gases from various sources (ground, stream, 
runoff, mines, petroleum, industrial waste) are among the most dangerous and difficult envi-
ronmental problems facing the world today. Among these metals are mercury, chromium, 
cobalt, nickel, copper, zinc, silver, gold, cadmium, lead, selenium, and transuranic elements.

Mercury contamination of the environment is the subject of increasing attention because 
it eventually accumulates at high levels in bodies of large predatory fish such as tuna, swordfish, 
and shark. A major concern is the atmospheric release of mercury from coal fired power plants, 
currently estimated at 46 tons per year in the United States. The Environmental Protection 
Agency (EPA) has identified women of childbearing age as especially threatened because of 
possible neurological damage to unborn children. It is estimated that 8% of women in this 
category have a methyl mercury blood level above 5.8 ppb.

On Dec. 14, 2000, the EPA issued a determination that their agency must propose new 
regulations under the Clean Air Act to control mercury emissions from coal and oil fired 
power plants by Dec. 15, 2003. One proposal was to reduce mercury emissions from power 
plants 90% by 2007. According to an article in Forbes, such regulation “could cost the power 
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industry at least 8.58 billion dollars per year.” More recent proposals such as the Clear Skies 
Act call for a 70% reduction in mercury emissions over 15 years.

Sulfidized red mud is a powerful sorbent for remediating polluted sources such as ground-
water, wastewater, mine runoff, petroleum streams, and industrial waste. Of particular inter-
est is sorbing heavy metals such as mercury (Hg), chromium (Cr), lead (Pb), copper (Cu), 
zinc (Zn), silver (Ag), cadmium (Cd), selenium (Se), thorium (Th), and uranium (U) from 
such sources. The metals may be present as free elements, ions, or in compounds with other 
elements.

Of special interest is remediation of over 30,000 mine drainage streams where the alkalin-
ity of sulfidized red mud would be useful.

PREPARATION OF SULFIDIZED RED MUD

The sorbent is prepared by the sulfidation of red mud, which contains hydrated ferro ferric 
oxides derived from the Bayer processing of bauxite ores. Sulfidation can be achieved by react-
ing red mud with one or more sulfidizing compounds such as H2S, Na2S, K2S, (NH4)2S, and 
CaSx. Unlike red mud, which is very hydrophilic, sulfidized red mud is lyophobic. As a result, 
sulfidized red mud has much faster dewatering rates than red mud.

The relative amount of sulfidizing agent is selected so that the sulfur content of the reac-
tion product is from about 0.2 to about 10% above the residual sulfur content of the red mud. 
The weight ratio of sulfidizing compound to red mud will vary with the type of sulfidizing 
compound used and the desired level of sulfidation for a particular end use. Most often, the 
sulfidizing compound and red mud are combined at a weight ratio usually from about 1:25 to 
about 1:6.

Conditions under which red mud can be sulfidized depend on such factors as the type of 
sulfidizing compound(s) and the intended use of the resulting sorbent. In some cases, sulfida-
tion can be accomplished by mixing red mud and the sulfidizing compound at ambient tem-
perature and atmospheric pressure. In general, higher sulfur contents can be obtained when the 
reaction is carried out at slightly elevated temperatures and/or elevated pressures. Sulfur con-
tent in the reaction product is affected by sulfur content of the sulfidizing agent. For example, 
compounds such as calcium polysulfide, usually yield products having higher sulfur contents.

When using gaseous sulfidizing compounds, such as hydrogen sulfide (H2S), it is often 
preferred to conduct the reaction at slightly elevated temperature and/or elevated pressure to 
increase the rate of reaction and the sulfur content of the resulting sorbent. Suitable reaction 
temperatures range from about 40 to 200°C, often from about 80 to 120°C. The reaction pres-
sure typically ranges from about 30 to about 70 psi (absolute).

USE OF SULFIDIZED RED MUD

In a typical application, the sorbent is slurried with a medium containing the contaminant(s) 
to be extracted. The sorbent, which forms a complex with the contaminant(s), can then be 
separated from the slurry using one or more conventional techniques such as filtration, sedi-
mentation, or centrifugation.

In an alternative application, sulfidized red mud sorbent is processed into pellets using 
conventional pelletizing or extrusion equipment. The pellets can be used in filters of conven-
tional construction in a variety of industrial or consumer filtration applications, including 
filters for preparing potable water.
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It has been found that sulfidized red mud sorbent is effective for sorbing various contami-
nants, such as mercury, which are not effectively sorbed by red mud. On the other hand, red 
mud itself is effective for sorbing other contaminants, such as arsenic, which are not efficiently 
sorbed by sulfidized red mud. For treatment of media having contaminants in both categories, 
use of red mud and sulfidized red mud in tandem, either in the same sorbent composition 
or in sequential treatment stages (e.g., red mud followed by sulfidized red mud) can be more 
advantageous than using either sorbent alone.

RM 1. Preparation of Red Mud. A 1 kg sample of red mud received from Sherwin 
Alumina Company of Corpus Christi, TX was slurried at 15% solids in demineralized water 
and filtered on a Buchner funnel. The resulting filter cake was re-slurried with demineralized 
water, re-filtered, and used as the starting material in Example 2. See Table 1.

SRM 2. Preparation of Sulfidized Red Mud Using Hydrogen Sulfide (H2S). Washed 
red mud (100 g) from Example 1 was slurried in demineralized water at 15% solids and the 
stirred slurry was saturated with hydrogen sulfide for 30 minutes at ambient temperature. The 
sample was dried overnight at 100°C and the resulting cake was pulverized.

SRM 3. Preparation of Sulfidized Red Mud Using H2S Under Pressure in a Parr 
Bomb. The sulfidation procedure of Example 2 was repeated using a Laboratory Parr Bomb. 
After saturation of the slurry with hydrogen sulfide gas, the bomb was sealed and heated four 
hours at 100°C while stirred. The bomb was then cooled, depressurized and the contents fil-
tered, dried, and pulverized.

SRM 4. Preparation of Sulfidized Red Mud Using Ammonium Sulfide (NH4)2S. Red 
mud (200 g) was dispersed in 600 grams of deionized (DI) water in a Waring Blender for 
5 minutes. Ammonium sulfide (10 g) was added and the slurry was heated with stirring on a 
hot plate for 1 hour at 60°C. It was then filtered and dried at 90°C.

SRM 5. Preparation of Sulfidized Red Mud Using Sodium Sulfide (Na2S). The proce-
dure of Example 2 was repeated using sodium sulfide instead of ammonium sulfide.

SRM 6. Preparation of Sulfidized Red Mud Using Calcium Polysulfide (CaSx). The 
procedure of Example 2 was repeated using 33.5 g of 30% solution of Cascade, calcium 
polysulfide.

A more complete analysis of RM-1, SRM (3–6) is given in Table 2. The analysis reveals 
that filtration and washing during preparation of sulfidized red mud extracts sodium chloride 
(except for SRM-5) and increases concentration of Fe2O3 in red mud. It is significant that very 
small amounts of reacted sulfur have such a strong effect on the chemical and physical proper-
ties of red mud.

Table 1. Sulfur content of RM‑1 and SRM (2–6)

Code Description Example S (wt%)

RM-1 Red Mud 1 0.19

SRM-2 Sulfidized Red Mud H2S 2 0.48

SRM-3 Sulfidized Red Mud H2S with Pressure 3 0.90

SRM-4 Sulfidized Red Mud (NH4)2S 4 0.46

SRM-5 Sulfidized Red Mud Na2S 5 0.62

SRM-6 Sulfidized Red Mud CaSx 6 1.19
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Leaching of RM‑1 vs. SRM‑2. In part (a), a slurry of red mud (50 g) and demineralized 
water (450 mL) was prepared, mixed for 30 minutes, and filtered. The filtrate was acidified with 
2 mL concentrated nitric acid and analyzed by ICP using EPA3050 and EPA6010 methods.

In part (b), the procedure of part (a) was repeated using sulfidized red mud (SRM-2).
Results are given in Table 3 and show that leachate from sulfidized red mud (SRM-2) gave 

a much reduced content of heavy metals (low parts per billion) than leachate from the red mud 
(RM-1) in every case, except Cd, where the difference was insignificant.

Mercuric Solution (3.5 ppm) Sorption by SRM‑3. Ten grams of sulfidized red mud 
SRM-3 was slurried 30 minutes with 1 kg demineralized water containing 3.5 ppm mercury 
(5.66 ppm mercuric nitrate). The slurry was filtered and analyzed for mercury (Hg++) by ICP 
(Method EOA 245.1).

The procedure was repeated using 22.0 ppm and 41.0 ppm mercury solutions (11–12), 
(13–14).

Results of tests 9–14 are summarized in Table 4 and demonstrate the superior perfor-
mance of sulfidized red mud compared to red mud for sorption of mercuric ion from aqueous 
solutions.

Example 15 Mercury (metal) Sorption from Vapor Phase by SRM‑3 and RM‑1 (Spray 
Absorbed). In part (a), one gram of mercury metal was placed in a two necked round bottom 
(RB) flask on a supported heating mantle. One neck of the flask was open and the second 
neck was connected with a Teflon® tube to an aperture in the inlet duct of a spray dryer. The 
mercury was heated to 300°C. A slurry of 580 g SRM-3 in 450 mL demineralized water was 
sprayed by a rotary atomizer operating at 30,000 rpm. The feed rate of SRM-3 was regulated 
to produce an outlet temperature of 100°C from the dryer.

In part (b), the procedure of part (a) was repeated using RM-1 instead of SRM-3.
The mercury content of the spray dried SRM from part (a) and the RM from part (b) are 

tabulated in Table 5 and show that the SRM had a significantly improved sorption of mercury.
SRM-3 absorbed 7.5 times more mercury as RM-1 when spray dried at 300°C inlet and 

100°C outlet in the presence of an air stream containing mercury heated to 250°C. Sulfidized 
red mud is significantly superior to red mud as a sorbent for elemental mercury metal vapor.

Table 2. Analysis of RM‑1, SRM (3–6)

Code Description

Weight % PPM

Na2O MgO Al2O3 SiO2 P2O5 Fe2O3 Cr Pb Cu

RM-1 Control 4.73 0.12 17.1 8.23 1.14 39.9 1258 144 119

SRM-3 H2S (b) 3.94 0.14 14.6 9.14 1.38 46.2 1506 180 138

SRM-4 (NH4)2S 4.39 0.13 17.9 9.24 1.26 42.3 1379 176 146

SRM-5 Na2S 5.20 0.11 17.2 8.56 1.15 41.5 1272 159 130

SRM-6 CaSx 4.44 0.09 16.2 8.41 1.29 41.2 1364 165 138

Table 3. Metal concentration in leachate (ppm)

Hg As Cd Cr Pb Se

SRM-2 0.0026 ND* 0.0013 0.0044 ND ND

RM-1 0.0032 0.096 ND 0.0510 0.0064 0.017

*ND—Not detectable, below limits.
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Example 16 Mercury (metal) Sorption from Vapor Phase by SRM‑3 and RM‑1 (Spray 
Absorbed). Example 15 was repeated except that a slurry of 100 g SRM-3(a) and also 100 g 
of RM-1 in 900 mL demineralized water were spray dried (b). Samples 16a and 16b were 
analyzed for mercury.

This experiment was then repeated using 100 g RM-1 and also 100 g SRM-3 to furnish 
samples 16c and 16d, which were analyzed. The results of tests 16(a)–(d) are shown in Table 6.

As evident from Table 6, SRM-3 is about twice as efficient as RM-1 on the 1st pass and 
about seven times as efficient as RM-1 on the second pass. The results show that the affinity of 
SRM-3 for mercury vapor improves with increased exposure to mercury, indicating an induc-
tion effect.

Sorption of mercury by scrubbing gases with sulfidized red mud has important potential 
for reducing mercury contamination of both freshwater and saltwater bodies.

Table 7 summarizes the results of Examples 19–28 using the general procedure of 
Example 9. The last column indicates the amount (in wt %) of the target ion that was removed 
by SRM. The results with thorium are especially significant.

Example 29 Comparison of SRM and RM for Sorption of As, Co, Mn, and Sr. The 
procedure of Example 9 was repeated using solutions of arsenic (III), arsenic (V), cobalt II, 
manganese (II), and strontium (I), with results summarized in Table 8.

Table 4. SRM‑3 vs. RM mercuric ion sorption from aqueous solutions

Example
Mercuric 

Concentration in Filtrate (ppm) % Sorbed

Control solution 3.5 —

9 RM-1 0.56 84

10 SRM-3 0.2 94.3

Control solution 22.0 —

11 RM-1 8.0 64

12 SRM-3 0.22 99

Control solution 41.0 —

13 RM-1 23.4 43

14 SRM-3 0.04 99.9

Table 5. Mercury sorption by spray dried SRM‑3 and RM‑1

Sorbed Hg Concentration (ppm)

15(a) SRM-3 61.0

15(b) RM-1  8.1

Table 6. Mercury sorption from vapor phase

Sorbed Hg Concentration (ppm)

16(a) SRM-3 1st pass  95

16(b) SRM-3 2nd pass 340

16(c) RM-1 1st pass  43

16(d) RM-1 2nd pass  48
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These experiments reveal that sorption of red mud (RM-1) is significantly better than 
SRM-3 in the case of As (III), AS (V), Mn (II), and Sr (II). However, the use of red mud as 
a sorbent is restricted by leaching of undesirable elements which can cause serious problems. 
Use of sulfidized red mud in combination with red mud is useful because sulfidized red mud 
prevents undesirable leaching of toxic metals from red mud itself.

Table 7. Summary of examples 19–28 SRM‑3 vs. RM‑1

Example Element
Control Solution

(ppm)
RM-1 Filtrate

(ppm)
SRM-3 Filtrate

(ppm)
% Removed by 

SRM-3

19 Chromium III 2.240 0.018 0.005 99.8

20 Copper II 1.550 0.028 <0.004 99.99

Copper II 6.250 0.054 0.038 99.4

Copper II 30.50 0.073 0.040 99.9

21 Zinc II 1.850 0.035 0.009 99.5

Zinc II 2.380 0.103 0.022 99.1

22 Silver I 3.15 ND* ND† 99.99

23 Gold I 0.703 ND 0.227 67.7

24 Cadmium II 1.850 0.035 0.009 99.5

25 Lead II 2.0 0.058 0.007 99.7

26 Selenium 2.5 2.1 0.24 90.4

27 Thorium IV 0.956 0.051 ND 99.99

Thorium IV 4.93 0.260 ND 99.99

Thorium IV 10.50 0.564 ND 99.99

Thorium IV 19.40 0.921 ND 99.99

28 Uranium II 1.13 0.074 0.04 96.5

Uranium II 10.1 2.45 0.494 95.1

Uranium II 38.0 6.90 3.95 89.6

*ND: Not detectable.
†ND: Essentially quantitative removal of Thorium was obtained by SRM-4.

Table 8. Comparison of SRM‑3 and RM‑1 sorption

Element
Control 

Solution (ppm)
RM-1 Filtrate

(ppm)
%

Removed
SRM-3 Filtrate

(ppm)
%

Removed

Arsenic III 0.60 0.11 81.7 0.36 40

Arsenic V 1.60 0.21 86.9 1.15 28

Cobalt II 2.75 0.013 99.5 0.046 98.3

Manganese II 1.63 0.135 91.7 0.548 66.4

2.10 0.72 65.7 0.792 62.3

Strontium II 1.90 0.10 94.7 1.10 42.1

9.0 0.08 99.1 4.60 48.9

27.0 0.19 99.3 11.0 59.3
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Example 30 Sorption of Hg (II) by Various SRMs. The results are summarized in Table 9. 
SRM-3, 4, and 6 gave excellent sorption results from solutions of Hg(II) at two concentrations 
(4.5 ppm and 19.6 ppm). It is significant that SRM-4 reduced Hg to 1 ppb, thus meeting cur-
rent drinking water standards (3 ppb maximum).

Ammonium sulfide treatment red mud (SRM-4) was the most effective sorbent despite 
the fact it had the lowest S content. SRM-5 prepared by treatment of red mud with Na2S was 
much less effective than SRM-4.

Example 35 Sedimentation Rates of SRM‑4 and RM‑1. In the course of tests on metal 
sorption from aqueous solutions by sulfidized red mud and red mud, it was found that in all 
cases, sulfidized red mud exhibited significantly faster filtration rates than red mud. Red mud is 
very hydrophilic but conversion of red mud to sulfidized red mud transforms it to a lyophobic 
sorbent which is more readily dewatered. The unexpected improvement of dewatering behav-
ior is shown in the following experiment.

A dispersion of 50 grams of RM-1 in 500 mL demineralized water was prepared by rapid 
mixing in a Waring Blender for 10 minutes. The experiment was repeated using 50 grams of 
SRM-3 in 500 mL demineralized water. See Figure 1.

Both freshly prepared slurries were allowed to settle undisturbed at ambient temperature 
(25°C) for a period of 23 hours. After 23 hours, the RM-1 dispersions had settled to give a 
clear supernatant layer of only 1 cm. The remaining slurry consisted of dispersed RM-1 with 
no visible sediment.

During a 23 hour period, the SRM-3 slurry settled to furnish a sedimentary layer about 
3 cm deep and a clear supernatant layer 11.5 cm above the sediment.

These results clearly show the significant alteration of surface chemistry and dewatering 
characteristics of red mud by relatively small degrees of sulfidation.

Example 36 Clarification of Okefenokee Swamp Water with SRM‑4. 500 mL of 
Okefenokee Swamp water (Sample I) was adjusted to pH 7 with dilute NaOH and mixed 
with 10 grams of SRM-410 (made with 10% ammonium sulfide) in a Waring Blender at high 
speed for 5 minutes. The mixture was transferred to a beaker and allowed to stir an additional 
hour using a magnetic stirrer.

The suspension was filtered and the color value of the filtrate was determined with a 
LaMotte TC-3000e colorimeter. Another 10 grams of SRM-410 was then added and the pro-
cedure was repeated a second time (2nd Pass). The filtrate was again evaluated for color. Results 

Table 9. Sorption of Hg(II) by SRM (3–6)

Concentration of Hg(II) 
in Original Solution 

(ppm)

Concentration
After Treatment

with SRM-6 (ppm)
%

Removed

SRM 4
5% (NH4)sS

4.5
19.6

0.001
0.0229

100
99.9

SRM 5
5% Na2S

4.5
19.6

0.449
3.68

90.0
81.2

SRM 6
5% CaSx

4.5
19.6

0.005
3.16

99.9
83.8

SRM 3
H2S pressure

4.5
19.6

0.004
0.02

99.9
99.9
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Figure 1. Sedimentation

Table 10. Absorbance testing of Okefenokee “black” water (Sample I)

Sample Designation Color Value (CV) (375nm)

Control untreated 347

1st Pass SRM-410 38.9

2nd Pass SRM-410 18.8

Table 11. Okefenokee “Black” water (Sample II)

Sample Designation Absorbance*

Control untreated 0.063

Sample II 0.0063

*Fisher Genesys5 Spectrophotometer 500nm

Figure 2. Okefenokee “Black” water DOC removal
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are given in Table 10 and showed that the treated sample was nearly colorless (over 90% reduc-
tion in absorbance).

Another sample of Okefenokee “Black” Water (Sample II) was treated with sulfidized red 
mud according to the above procedure. The absorbance was reduced 90% to nearly colorless 
as shown in Table 11 (2 passes) and Figure 2.
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