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1 Introduction 

This report deals with the potential for the cleaning of mining wastewater streams with the use of membrane 

technologies. This can be an alternative or a complement to existing treatment systems such as precipitation, 

biosorbents, or flocculation. The report is produced as an output in the Kolarctic Cross-Border Cooperation 

programme project KO1030 SEESIMA (“Supporting Economic, Environmental and Social Impacts of 

Mining Activity”, https://seesima.eu).  

1.1 Background 

The mining and mineral processing industry is large consumer of water, which is an integral part of the 

processing operations. In addition, the waste ore tailings are reactive to exposure to oxygen and precipitation 

(rain/snow) leading to the leaching of heavy metals and anions from the waste landfills. There is a need to 

treat the wastewater streams to reduce their impact on the environment. In some cases the mine is located in 

a region with low availability of water, while in other locations there can be restrictions on the discharge of 

wastewater to recipients.  

 

1.1.1 Water use of mining operations 

The water consumption for mining operations depends on the ore type and process employed. Best practice 

guidelines for mining operations suggest a water consumption of 0,5 m³/tonne, but with large variation 

between different types of mine (from 2,9 m³/t for steel to 252 000 m³/t for gold), [3] 

 

 
Figure 1: Life cycle water (embodied) consumptions – excluding gold and nickel hydro (m³/t refined metal), 

from [3].  

 

https://seesima.eu/
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1.1.2 Examples of wastewater composition 

Many mineral ore tailings contain sulphide compounds, which can be oxidised to sulphuric acid, which in 

turn solubilises heavy metals into the wastewater streams. Explosives and other chemicals used in mineral 

processing give nitrate or ammonia.  

 

The composition of the wastewater depends on the ore type and the process, and hence varies from case to 

case. Some examples of the composition of mining wastewater streams are summarised in Table 1.  

 

Table 1: Examples of mining wastewater streams used in studies of membrane separation 

 Copper 

mine 

[27] 

Copper 

Mine 

[18] 

Mercury 

Mine 

[17] 

Gold 

Mine 

[26] 

Gold 

Mine 

[23] 

Gold/ 

Sb Mine 

[29] 

BREF  

[2, 

p463] 

Klasse IV 

Norway 

[4] 

pH 3,5 4,56 2,47 1,5 1,28  6-9  

Conductivity 

mS/cm 

6,29   34,1 21,5    

Sulphate [mg/l] 2443,5 6900 2360 17 240 17 061  50-2000  

Nitrate [mg/l] 42,8      0,005-

0,025 
 

Ammonium [mg/l] 0,7  0,053      

Phosphate [mg/l] 0,8        

Chloride [mg/l]  2300 96,7      

Fluoride [mg/l] 3,1  2,2      

Aluminium [mg/l] 54,9 14 147,8 571 445    

Arsenic [mg/l]   7,2 7,6 15 0,038 0,01-0,05 0,0085 

Calcium [mg/l] 117,2 480 88,06 272,5 320    

Magnesium [mg/l] 208,5 770 37,47 733,8 2576    

Iron [mg/l] 2,7 0,14 723 598,1 477 0,05   

Manganese [mg/l] 196,9 440  95,3 n.a.    

Cobalt [mg/l]    28,3 20    

Copper [mg/l] 617,9 410  123,6 96 0,002 0,002-0,1 0,0156 

Nickel [mg/l]    127,1 100 0,052 0,01-0,1  

Potassium [mg/l] 16,8 310 1,763  6    

Sodium [mg/l] 90,2 2000 5,537  19    

Zinc [mg/l] 65,8    82 0,052 0,005-0,5 0,06 

Mercury [mg/l]   5x10-5    0,0003-

0,002 
 

Lead [mg/l]   0.004   0,001 0,01-0,05 0,067 

Antimony [mg/l]      49,8   

Cadmium [mg/l]      0,0001 0,002-

0,01 
0,057 

Chrome [mg/l]      0,001 0,002-

0,015 
0,0034 

Strontium [mg/l] 0,8        

Barium [mg/l] 0,03        
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1.2 Alternative technologies for treating mining wastewater 

A summary of the state-of the-art is given in the “Best Available Techniques (BAT) Reference Document for 

the Management of Waste from Extractive Industries” in accordance with Directive 2006/21/EC, A JRC 

Science for Policy report, [2].  

 

The summary of the technologies for removing dissolved substances from wastewater from extractive 

industries is summarised in section 4.3.2.2.3, the headings for which are summarised in Figure 2.  

 

 
Figure 2: Summary of technologies for removing dissolved substances from wastewater, [2] 

Oxidation-based systems 

Dissolved metal ions can be removed by oxidising them, thereby changing them into less soluble compounds 

that can be precipitated. This is achieved by aeration of the mine wastewater with air, or by chemical 

oxidation using strong oxidants such as chlorine, peroxides, ozone or permanganate. An example is the 

transformation of ferrous iron to ferric iron which is then precipitated as iron hydroxide (Fe(OH)3). In the 

case of carbonaceous or nitrogeneous matter the oxidation can be achieved by aerobic bacteria. Garpenberg 

mine in Sweden is given as a case example for both chemical and biological oxidation systems, [2, p418].   

 

Aerobic wetlands are also used to increase the retention time and aeration.  

 

Reduction-based systems 

Reduction-based systems can utilise the sulphate commonly present in the wastewater, with microbes 

reducing this under anaerobic conditions to sulphide. Many metals form insoluble metal-sulphide precipitates 

in contact with sulphide. This can be achieved in either anaerobic wetlands or in a biochemical reactor. 

Typical acidity removal of 16 g CaCO3/m²/day is reported and a construction cost of 100 €/m², [2, p426] for 

anaerobic wetlands or OPEX of €5/m³ for a bioreactor with CAPEX of 0,36-1 million €.  

 

Precipitation 

The most common method for reducing the metal ion and sulphate content of mining wastewater is to raise 

the pH and precipitate the sulphate ions with calcium. The residual concentration of the dissolved substances 

is then determined by the solubility of the precipitated compound. Calcium sulphate (gypsum) has a 

solubility of around 1500 mg/l in the pH range 2-14, with excess being precipitated out as a solid. This 

means that lower concentrations than this are difficult to achieve.  

 

Adsorption 

A wide variety of materials can be used to clean mine waste water by adsorption. Examples include zeolites, 

activated carbon, clays such as bentonite or kaolinite, mineral wastes such as flyash, iron slag, hydroxides or 

silicates and natural biological materials, [2, p439]. Adsorption has been examined in more detail in output 

Op7.1.  

 

Ion Exchange 

Ion Exchange utilises the charge of the dissolved compounds or metals to remove them fro the wastewater 

stream by being absorbed by contact with a solid medium with a high affinity for the compound, releasing 
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another ion from the medium. The solid medium is typically a commercially produced resin or a modified 

naturally occurring product (such as peat or zeolite). Ion Exchange has been examined in more detail in Op 

7.1. . 

 

Table 2: Approximate residual concentrations after hydroxide or sulphide precipitation or Ion Exchange, [2, 

p433, 435, 445].  

 Hydroxide precipitation 

concentration [mg/litre] 

Sulphide precipitation 

concentration [mg/litre] 

Ion Exchange 

Arsenic (As3+) < 0,030 < 0,050 < 0,005 

Cadmium (Cd) < 0,0005 < 0,004  

Copper (Cu) < 0,002 - 0,070 < 0,030 < 0,03 

Iron (Fe2+) < 0,050-0,100 < 0,300 < 0,004-0,055 

Manganese (Mn2+) < 0,1-0,2 < 0,050 < 0,50 

Nickel (Ni) < 0,026-0,061 < 0,050 < 0,010 

Lead (Pb) < 0,050 < 0,050 < 0,020 

Selenium (Se)  < 0,050 < 0,005-0,010 

Zinc (Zn) < 0,400 < 0,020-0,225 < 0,020 

CAPEX [ € per m³/day] 216-900  555 

OPEX [€/m³] 0,15 – 1,1 0,2-6 €/m³ 452-2610 €/m³/d 

 

 

1.3 Different forms of membrane separation 

Filtration is a separation process where the openings in a barrier material are large enough to allow water to 

pass through, but small enough to retain other components based on their size, or other properties such as 

their charge. An early implementation used a filter cloth, and additional retention of small particles could be 

achieved by the build up of a ‘filter cake’ of particles that further increased the resistance to passage.  

 

Membranes of polymeric material were developed with even smaller openings. Microfiltration has pore sizes 

around 4 to 0,02 micrometers and can remove particles, clay and bacteria. Ultrafiltration membranes have 

pore sizes around 20 – 200 nanometers that can prevent the passage of large molecules such as proteins and 

polysaccharides. It is not so relevant to characterise Reverse Osmosis membranes in terms of the pore size, 

as the separation is more by a diffusion process, and it is possible to separate the ions of dissolved salts, like 

Na+ and Cl-. Nanofiltration membranes were developed later and fall between the performance of 

ultrafiltration and reverse osmosis. They offer water permeation rates 7-10 times higher than reverse 

osmosis, allowing them to operate at lower pressure differences. The charge of the nanofiltration membrane 

influences the passage of ions allowing a higher retention efficiencies relative to the permeability of water. 

While they do not retain monovalent ions, they are able to retain divalent ions, which represent most of the 

ions of interest for mining wastewater cleaning applications. This includes metal ions (Ni++; Cu++; Zn++; 

As3+/As5+, etc) and sulphate (SO4
2-). The retention for these ions can be over 90%, while that for mono-valent 

ions is 60-70%.  
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Figure 3: Properties of different types of membranes, from Wagner, 2001.  

The polymeric membranes have restrictions with regard to high temperature and acidic environments, which 

led to the development of ceramic membranes. These are typically made of zirconium, titanium dioxide, 

aluminium dioxide or quartzite. Ceramic membranes have high cost relative to polymeric membranes, but 

have advantages of greater resistance to fouling and chemical attack. Membranes have found application in 

membrane bioreactors, where the membrane separates the products of the biological process.  

 

A further development of membrane separation technology is membrane distillation, such as Direct Contact 

Membrane Distillation (DCMD). In this case the membrane has pores of around 100 – 500 nm and is able to 

pass water vapour while retaining liquid and dissolved ions. The liquid is prevented from passing through by 

the surface chemistry of the membrane that resists wetting by the liquid (hydrophobicity). A temperature 

different of 5 – 20 K is sufficient to drive the passage of water vapour, which evaporates from the warm feed 

side, and condenses on the cool permeate side. Membrane Distillation has also found application in the 

cleaning of mining wastewater. Relatively high permeate flows can be achieved on an area basis, but there is 

a downside of the heat loss.  

 

1.4 Terminology of membrane separation 

Some basic terminology is introduced here for reference.  

 

• Feed – the wastewater flow sent to the membrane system for cleaning.  It may need to be pre-treated 

to avoid damaging the membrane (such as removing suspended particles).  

• Permeate  - the flow that passes through the membrane, and generally is the cleaned stream.  

• Permeate flux. In order to characterise the capacity of the membrane system the flow rate of the 

cleaned permeate is related to the area of the membrane and the pressure driving force, in terms of 

the permeate flux, such as litres per m².  

• Retentate. The flow that does not pass through the membrane, but which exits from the other end of 

the membrane system 

• Trans membrane pressure (TMP) – the pressure used to drive the permeate through the membrane.  
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2 Membrane separation technologies applicable to mining wastewater 

There are various types of membranes that have found application for cleaning of dissolved substances in 

water. A membrane is a thin, semi-permeable barrier that allows some components of the feed to pass 

through to the permeate, while holding other components back in the retentate side. Different membranes 

have different selectivity towards the different components. The retention of the components can be on the 

basis of size, charge or chemical affinity. Most typically the driving force for the flow is a pressure 

difference across the membrane. The main operating costs are the replacement of the membrane, and the 

pumping cost to provide the pressure difference. The pressure difference increases for tighter (less porous) 

membranes, which in turn are able to remove smaller molecules.  

 

Table 3: Characteristics of different types of membranes, from [5] 

 

2.1 Microfiltration 

The most open membrane type is used for microfiltration, which has pore openings of the order of 0,02 to 4 

µm. Microfiltration can remove fine particles such as silt and clay, as well as bacteria. It is used in the food 

processing industry to reduce the turbidity (improved clarity) of juices and drinks. In mining wastewater 

treatment microfiltration may be used as a pre-processing stage to remove particles that could damage more 

expensive membranes downstream, or to reduce fouling and the need for cleaning cycles.  

2.2 Ultrafiltration 

Ultrafiltration is able to remove colloidal particles (suspended solids), with typical sizes of 0,01 to 1 µm. As 

with microfiltration it is mainly the physical pore size that determines the retention, with ultrafiltration pore 

sizes around 0,005 to 0,1 µm. Ultrafiltration is able to retain larger molecules, the membranes are 

characterised in terms of the Molecular Weight Cutoff (MWC) which indi8cates the size of molecules that 

are removed. A 100 000 MWC ultrafiltration membrane will retain nearly all of a contaminant with a 

molecular weight of 100 000 daltons. (A Dalton is a unit of mass corresponding to 1/12th of the mass of a 

neutral carbon-12 atom).  

 

Ultrafiltration is used to remove macromolecules such as proteins, polysaccharides, with molecular mass 

around 1000 to 1000 000 dalton. As with microfiltration the separation is mainly on the basis of the pore 

size, and with smaller pore size the pressure difference is greater.  

 

The smaller pore openings also reduce the capacity of passing water and low molecular weight compounds, 

so to provide an acceptable capacity a large area is required. Different physical arrangements of the 



 

PROJECT NO. 
Project No. 1865.51 

REPORT NO. 
SNAS 2020-21 
 
 

VERSION 
_v01a 
 
 

10 of 39 

 

membrane are used to reduce the footprint of the membrane. This can involve tubular modules where the 

flow is radial in a long tubular membrane. Alternatively, the membranes can be arranged as a large number 

of parallel hollow fibres, again with the flow proceeding radially. Flat sheet membranes can be stacked and 

rolled around a perforated tube, forming a so-called "spiral-wound module". This gives a high volumetric 

throughput, but is susceptible to blockage of the thin channels, hence a pre-filtration maybe required. A 

plate-and-frame arrangement can also be used, giving a clearance of 0,5-1 mm between the membrane 

sheets.  

2.3 Nanofiltration 

Nanofiltration is a newer development, filling the operating window between reverse osmosis and 

ultrafiltration. It combines physical separation by pore size with a affinity for charge, and as such is able to 

remove multivalent ions such as calcium, while allowing the passage of monovalent ions such as chloride. 

The name nanofiltration comes from the ability to remove particles down to 10 nanometers, and the 

nanofiltration membranes have pore sizes of 1 – 10 nanometers. The Molecular Weight Cutoff is around 

200-400 Dalton. The introduction of nanofiltration has increased the options for wastewater treatment, as 

often it is the multivalent ions that are most problematic for water quality. This is also true for mining 

wastewater, as dissolved metal ions are often multivalent (cadmium, nickel, chromium, copper, iron…) 

2.4 Reverse Osmosis 

In contrast to the different types of filtration mentioned above, reverse osmosis is based on fluid flow by 

osmosis across a membrane. The removal mechanism is the difference in solubility or diffusivity, which are 

affected by pressure, solute concentration and other conditions. Reverse osmosis is well-known from 

drinking water purification such as desalination of seawater. Osmotic pressure arises from the difference in 

chemical potential caused by different concentrations, which leads to a flow that attempts to equalise the 

osmotic pressure. A pressure is applied in the opposite direction to overcome the osmotic pressure, resulting 

in the name "reverse osmosis". In normal osmosis the solvent moves from an area of low solute 

concentration to an area of high solute concentration separated by the membrane.  

 

The ability of reverse osmosis to remove salt from seawater was demonstrated in the 1950s, but the 

throughput capacity was too low to be commercially viable, until a breakthrough was made at Filmtec 

resulting in an improved capacity. Almost all commercial reverse osmosis membranes are made by the 

Filmtec method (interfacial polymerisation of m-phenylene diamine and trimesoyl chloride). The membranes 

are asymmetric, using a thin skin layer with low porosity supported by a thicker and more porous substrate. 

The molecular weight cutoff for Reverse Osmosis is about 100 Dalton.  

2.5 Ceramic membranes 

Most membranes are made from organic polymers, such as polyethylene, cellulose acetate, PTFE, polyamide 

and polysulfone. In contrast, ceramic membranes are made from inorganic materials such as alumina, titania, 

zirconia oxides or silicon carbide. This gives improved resistance to aggressive solutions such as acids or 

strong solvents. They also have good thermal stability allowing their use at high temperatures. This has 

opened up a wider range of applications for membrane separations. While polymeric membranes typically 

have a service life of 6-9 months it is reported of ceramic membranes lasting as long as 18 years, [30, p213]. 

A comparison of capital and operating costs claimed that ceramic membranes were only had a capital cost 

only 5% higher than polymeric membranes (1,9 vs 1,8 million USD), but with 55% lower operating costs 

(US$ 260 000 vs 470 000 /year) 
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2.6 Membrane distillation 

Whereas filtration is usually a pressure-driven process, membrane distillation is a thermally-driven process 

with the separation driven by a phase change (liquid to gas). The membrane allows the passage of the vapour 

phase, while holding back the liquid phase.  

 

The simplest form for membrane distillation is one in which both of the solutions (feed and permeate) are in 

direct contact with the two sides of the membrane. This is termed "Direct-contact membrane distillation" 

(DCMD). Since the membrane is the only barrier between the two solutions both the water vapour flux and 

the energy flux by heat conduction are high. DCMD is used in applications where the water vapour is the 

main permeate component, and cooling water or low temperature aqueous solution flows on the cold side. 

An example of the production cost for production of potable water (20-250 µS/cm) from seawater (55 000 

µS/cm) is given as $18/m³ with a capacity of 2-11 litre/(day.m²) and specific energy consumption of 200-300 

kWh/m³, [7].  

 

3 Examples of application of membrane cleaning of mining wastewater 

An overview of applications of membrane separation to the treatment of mine wastewater is given by 

Chesters et al [8] at the 2016 IMWA conference. A total of 363 mines are identified with he potential for the 

use of Reverse Osmosis, nanofiltration or ultrafiltration membrane technology. A total of 67 operational 

membrane treatment plants are identified, the majority of which (51) were installed between 2006-2016. 

There were minewater membrane treatment plants in North & South America, Africa, Asia and Oceania, and 

one in Europe, Figure 4. The majority (69%) of membrane mine wastewater treatment plants were installed 

on gold and copper mines, reflecting the higher water consumption and higher product price, which enables 

the implementation of higher costs treatment technologies. In an updated overview made in 2019 [9] were 

there 389 plants, and 19 in Europe. The identified plants are reproduced in Appendix 1.  

 

The large number of plants in Chile and Peru was in part due to the lack of freshwater, requiring the use of 

seawater Reverse Osmosis to provide source water to the mines. It is suspected that many of the Acid Mine 

Drainage treatment plants were using the concentrate for metal recovery, although only 15 plants were 

registered as specifically designed for metal recovery. Industrial secrecy restricts the information available 

about the design and operation of the plants. Two case studies are presented by Chesters et al – for the 

Mexicana de Cananea Copper Mine and the Yanacocha Peru Gold Mine.  
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Figure 4: Mine locations and installed membrane wastewater treatment plants, from [8] 

3.1 Mexicana de Cananea Copper Mine 

This mine was threatened with closure due to insufficient water, and the threat of flooding of the operational 

parts of the mine due to the accumulation of 17 million m³ of wastewater in the pregnant leach reservoir. A 

membrane plant was installed to remove water from the reservoir, recover water from the tailings thickener, 

remove excess water from the leach circuits and produce clean water for the mine process water.  

 

The treatment system uses nanofiltration membranes which reject 99% of the copper but pass the acid and 

water to the permeate. The copper leach solution that is treated has a pH of 1.0,  copper at 700-1400 ppm and 

a permeate flowrate of 454 m³/h. The capital investment was about US$8 million, and the payback when 

considering the value of the water and the acid recovered was less than a year, [10].  
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Figure 5: Nanofiltration system for Cananea de Mexicana Copper recovery, [11] 

 
Figure 6: Examples of location of membrane separations in copper hydrometallurgical processing, [9] 

 

3.2 Yanacocha Peru Gold Mine, [8 - 11] 

This mine is the largest gold producer in South America, and is located at 3500-4100 m altitude in the 

Andes. The gold is extracted by mixing the ore with lime and placing on a heap leach pad with drip and 

spray irrigation of a dilute cyanide solution (30-50 mg/l free cyanide). During the rainy season there is an 

excess production of diluted pregnant liquor. Reverse Osmosis plants are installed to dewater the pregnant 

liquor to make the gold extraction process more viable. A total of 2750 m³/h of barren leach solution is 

treated and discharged to the environment.  
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Figure 7: Yanacocha Gold Mine Peru Reverse Osmosis plant, from [9].  

 

 

 
Figure 8: Locations of membrane separation in gold leaching operation, [8] 
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Figure 9: Barren Liquor treatment used at Yanacocha Gold Mine, [9] 

 

3.3 Asarco Refinery Wastewater reclamation, [11] 

Groundwater pollution accumulated over 100 years at the Asarco Refinery was first treated with a sodium 

carbonate/ferric sulfate precipitation system installed in 1985 for $1 million and with high operating costs. 

The addition of a Reverse Osmosis membrane in 1993 reduced the volume sent to the precipitation system 

by 80% (from 6 to 1 m³/h) and reduced the operating costs from $29/m³ treated to $1,82/m³, while also 

reducing the sludge generated from 19,24 kg/m³ to 2,88 kg/m³. The capital cost of the membrane system was 

$300 000.  

 
Figure 10: Asarco Refinery wastewater original precipitation system, [11] 
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Figure 11: Asarco Refinery treatment system with Reverse Osmosis system added, [11] 

Table 4: Economic results for Asarco Refinery Precipitation and Membrane treatment systems [11] 

 Precipitation System Membrane System 

Capital cost, USD $ 1000 000 $ 300 000 

Chemicals $2,61/m³ $0,15/m³ 

Sludge Disposal per m³ $26,53 $1,35 

Total sludge generated per m³ 19,24 kg 2,88 kg 

Total Operating cost per m³ treated $29,15 $1,82 

 

Table 5: Water analyses for Asarco Refinery Precipitation & Membrane system 

 Feed [mg/litre] Permeate [mg/litre] 

Arsenic, As 10,1 0,081 

Cadmium, Cd 14,5 0,05 

Zinc, Zn 33,5 0,01 

Lead, Pb 3,07 0,05 

Copper, Cu 0,073 0,01 

Iron, Fe 0,986 0,1 

Manganese, Mn 3,33 0,05 

Total Metals 67,9 0,583  (99,14% extraction) 

 

3.4 Newmont Waihi Gold (now OceanaGold) 

The Waihi Gold mine is located close to the town of Waihi in New Zealand, in an area with a high annual 

rainfall (2100 mm/y). This is in contrast with many mines elsewhere in the world that operate in dry 

climates. The new water surplus requires water management, and a reverse osmosis plant has been in 

operation since 2008 to treat the surplus water before discharge to the river. A water consent of 26000 m³/d 

exists for discharge of water from the water treatment plant. The treatment  plant receives water from 

different sources, some contain cyanide, while other sources do not. The first stage of the treatment aims to 

maximise the oxidation of cyanide using hydrogen peroxide with copper sulphate as a catalyst.  
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The Reverse Osmosis plant cost $11 million and provides discharge water at a high level of purity, far above 

the discharge permit values.  

 

 
Figure 12: Layout of the Newmont (now OceanaGold) Waihi wastewater treatment 

   
Figure 13: Membrane arrays for Primary (left) and Concentrator (right) membrane systems at OceanaGold 

Waihi water treatment, from [11].  

Table 6: Water analysis for Waihi Gold membrane treatment system.  

 Feed [µg/litre] Permeate [µg/litre] Concentrate [µg/litre] 

pH 9,5 10,5 8,7 

Cyanide WAD 690 144 720 

Arsenic 50 2 1,5 

Chrome 5,5 1,6 16,8 

Selenium 54,9 0,63 143,5 

Antimony 85,5 0,82 272,8 

Copper 2,9 0,11 12,5 

Zinc 3,4 0,3 12,5 
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3.5 Freeport McMoRan (Phelps-Dodge) Rod Mill, El Paso, Texas, [11] 

The copper refinery at Phelps-Dodge Rod Mill Refinery has used Reverse Osmosis membranes since 2002 to 

remove copper sulphate and sulfuric acid from a process rinse stream with 18 m³/h flowrate. The system has 

two passes with a total of 800 m³/d product, Figure 14. A later upgrade added a nanofiltration membrane on 

the first pass RO acid stream further raising the copper sulfate concentration to 29 400 ppm and separating a 

10% sulfuric acid stream. The annual savings were $562 000.  

 

 
Figure 14: Freeport McMoRan (Phelps-Dodge) Rod Mill, El Paso, Texas, [11] 

 

3.6 Kennecott Bingham Canyon mine, [5].  

Long-term mining activity had resulted in two large groundwater plumes with elevated sulfate concentrations 

(500-4999 mg/litre), with levels up to 20 000 mg/litre in the core of the plume. The Utah primary drinking 

water standard is 500 mg/litre. An agreement was reached between the mining company and the authorities 

for a water treatment plant to meet the drinking water standards. Reverse Osmosis membrane treatment was 

selected for a pilot trial for 6 years, on water from two extraction wells located along the leading edge of the 

groundwater plume. This was followed by construction and operation of the Bingham Canyon Water 

Treatment plant. The rejected concentrate is sent to the mine tailings, and was found to have similar 

characteristics and no discernible impact on the operation of the tailings treatment system.  

 

If there had not been a requirement for producing drinking water quality a cheaper solution could have been 

obtained with the use of ultrafiltration technologies. The feedwater has a sulfate concentration of 1200 

mg/litre and treatment efficiency is 70-75%. This requires remineralisation of the treated water if it is used 

for drinking water.  

 

The Kennecott Bingham Canyon Water Treatment plant was designed to provide 3500 acre-feet of 

municipal-quality water per year for 40 years. The initial capital investment was $15 million and the 

operating and maintenance costs were  $1,2 million/year, of which labour and maintenance represents about 

40% of the cost.  
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3.7 Emalahleni Acid Mine Drainage treatment 

A full-scale commercial installation is described on the supplier's webpage, Pentair, [12]. This produced 

potable water from the acid mine drainage from the Aveng coal mine at Emalalheni (Witbank) site in South 

Africa (BHP Billiton & Anglo American). The treatment system was installed in three phases, in 2008, 2010 

and 2013 with a final capacity of 50 million litres/day. The treatment plant produces water that satisfies 

South African National Standard SANS 0241 Class 0 potable water. The region has problems with poor 

quality drinking water, such that the AMD treatment plant is a positive contribution to the drinking water 

quality, [15].  

 

The system consists of three stages of membrane separation, using ultrafiltration and reverse osmosis, with a 

water recovery of 97%, Figure 15. Pretreatment consists of limestone/lime neutralisation and gypsum 

crystallisation and sand filtration to remove residual manganese. The ultrafiltration removes microorganisms 

and suspended solids and is followed by reverse osmosis to remove dissolved salts. The treatment plant is 

said to be the first and only plant to produce potable water from Acid Mine Drainage.  

 
Figure 15: Treatment system for coal mine acid mine drainage at Emalahleni (Witbank), South Africa, [12].  

 

Table 7: Water quality parameters for Emalahleni AMD treatment 

 units Feed water Treated water 

pH  2,7 6-9 

Electrical conductivity µS/cm 4600 < 700 

Total dissolved solids mg/l 4930 < 450 

Calcium, Ca mg/l 660 < 80 

Magnesium Mg mg/l 230 < 30 
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Sodium, Na mg/l 130 < 100 

Chloride, Cl mg/l 70 < 100 

Potassium, K mg/l 13 < 25 

Sulfate, SO4 mg/l 3090 < 200 

Iron, Fe mg/l 210 < 0,01 

Manganese, Mn mg/l 35 < 0,05 

Aluminium, Al mg/l 40 < 0,15 

 

The treatment system is designed to reduce the volume of waste and produces 100 m ³/d of brine and 200 t/d 

of gypsum waste. The brine is classified as hazardous waste due to the high manganese content. Since the 

waste disposal costs were estimated to be 25% of the total operating costs alternative utilisation of the waste 

was investigated, including algae cultivation and eutectic freeze crystallisation, [13].  

The investment cost was US$54 million, the treatment cost was US $ 1,5/m³, while the local municipality 

pays US$ 1/m³ for the drinking water produced. The energy consumption is 2500 kWh/m³, [13]. Further 

details of operating experience are provided by Hutton et al [14], and the treatment system is included as a 

case study on the GTK mine closure webpage [13].  

 

3.8 Costerfield Gold/Antimony mine, Victoria, Australia, [29] 

Mandalay Resources Ltd operate a gold/antimony sulfide ore mine at the Costerfield site in Victoria, 

Australia, 100 km NW of Melbourne. A Reverse Osmosis plant was built in 2014 to treat the wastewater 

from the underground operations, with a clarifier added in 2017. The layout of the wastewater treatment 

plant is shown in Figure 16. The Reverse Osmosis permeate is discharged to surface waters, subject to 

compliance with the requirements of the Environmental Protection Authority of the State of Victoria.  

 

 
Figure 16: The layout of the Costerfield wastewater treatment plant, from [29].  
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The feedwater is pretreated to reduce the risk of damage to, or fouling of the Reverse Osmosis membranes. 

This pretreatment initially consisted of coagulation, pH adjustment, polymer dosing and multimedia filters, 

but needed to be upgraded with an Actiflo clarifier. Catridge filters with 5 µm and 1 µm filters are placed 

upstream of the Reverse Osmosis plant. The Reverse Osmosis system is designed for a nominal permeate 

flow of 2 000 m³/day. It consists of 2 stages, with 8 and 4 pressure vessels, respectively. Each pressure vessel 

has eight Reverse Osmosis polyamide membrane elements (Dow Filmtec BW20-440i). The maximum 

operating conditions are 45 °C and 41 bar. More typical operating conditions are a feed pressure of 26 bar at 

75 m³/h and a permeate flow of 56 m³/h at 2 bar. Operating experience found that the operating pressure was 

68% higher than the manufacturer's specification, and 120% higher under fouled conditions. Before the 

clarifier was added to the pretreatment the membranes required replacing due to fouling after about 2 years. 

A cleaning in place (CIP) system was used for regular cleaning of the membrane fouling.  

 

Table 8: Measurements of feed and permeate water quality over first 4 years of operation, [29].  

 
The water treatment system delivered a reduction of the antimony concentration by 95 – 98%, but on some 

occasions the permeate concentration still exceeded the discharge limits. The performance was improved 

with the addition of the clarifier, and reduced fouling of the membranes. The main elements present in an 

autopsy performed on membrane elements were antimony, aluminium, silicon and sodium, [29]. brine is 

stored in plastic lined evaporation dams, re-used in the processing plant or evaporated in the tailing storage 

facilities. The evaporation facility can treat 104  000 m³/year (evaporation minus rainfall).  

 

No details are provided of the cost of the system, but the "Environment" costs of AUS$1,2 million cover the 

capital costs relating to the ongoing operation of the RO plant and investments in water manage strategies for 

the period CY20-CY22. This amounts to 3,2% of the total capital cost of the mine, [31].   

 

3.9 Studies by Federal University of Minas Gerais, [19-26] 

This review chose to focus on studies of full-scale implementations of membrane treatment of real mine 

waste water. There are many more studies at lab scale, and on synthetic waste waters. Details from a series 

of lab- and pilot-scale studies [19-24] by researchers at the Federal University of Minas Gerais, Brazil are 

included here, as they provide detailed information about capital and operating costs, and dealing with 

practical problems such as fouling.  

 

An overview of the 7 studies summarised here is given in Table 9, along with the treatment costs in US$/m³ 

that are given by the studies. The first study (FUMG-1) examined Acid Mine Drainage water from a gold 

mine and compared five different membrane types (2 x RO and 3 x NF). The following two studies 

examined two process effluent streams from the Sulfuric acid production and the calcined dam. FUMG-2 

studied the performance of the same five membranes used in FUMG-1, while FUMG-3 studied the scale up 
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of the best performing membrane to pilot scale. In the 4th study, FUMG-4, the two process effluents were 

combined before membrane treatment, with the addition of an intermediate precipitation stage to improve the 

membrane capacity and reduce maintenance issues. The fifth study, FUMG-5, continued with a pilot scale 

study of the gold mine POX effluent, which although also sourced from the sulfuric acid plant had a lower 

content of metal ions compared with the effluent studied in FUMG-2, 3 & 4. The sixth study, FUMG-6, 

studied the gas scrubber effluent from the sulfuric acid plant, which again differed in the composition from 

the earlier studies, and returned to lab-scale measurements with a focus on operational aspects such as 

fouling and scaling. The seventh study, FUMG-7, compared nanofiltration with direct contact membrane 

distillation, again on the effluent from the gas scrubber in the sulfuric acid plant.  

 

Table 9: Overview of studies from Federal University of Minas Gerais 

Study Reference Topic Treatment cost, 

[US$/m³] 

FUMG - 1 Aguiar et al (2016) [19] Acid Mine drainage from gold mine; 

comparison of 2 RO and 3 NF membranes 

0,263 

FUMG - 2 Andrade et al (2017a) [20] Gold mine process effluent; comparison 

of 2 RO and 3 NF membranes 

0,83 

FUMG – 3  Andrade et al (2017b) [21] Gold mine process effluent; bench and 

pilot-scale; UF/NF membrane system 

1,34 

FUMG - 4 Andrade et al (2018) [22] Combined process effluent treated with 2-

stages of NF membrane with intermediate 

precipitation 

n/a 

FUMG - 5 Amaral et al (2018) [23] Pilot scale UF-NF-RO treatment of gold 

mine POX effluent.  

1,137 

FUMG - 6 Reis et al (2019) [24] NF membrane recovery of sulfuric acid 

plant effluent 

0,364 – 0,446 

FUMG - 7 Reis et al (2018) [25] Comparison of NF with Direct Contact 

Membrane Distillation for gold mine 

effluent treatment 

NF: 2,1 

DCMD:  

0,13-0,27 

FUMG-8 Foureaux et al (2020) [26] High temperature NF and DCMD 

treatment of gold mine POX effluent 

NF: 2,2 

DCMD:  

0,16 

 

A comparison of the composition of the feed streams used is shown in Figure 17 and Figure 18. Although the 

composition varied there are similarities in the dominant species.  
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Figure 17: Contaminant concentrations in the Federal University of Minas Gerais membrane studies 

 
 

Figure 18: Sulfate, total solids and conductivity values for FUMG studies.  

 

3.9.1 FUMG-1:  Study of treatment of gold mine Acid Mine Drainage, [19] 

Five different membranes were tested for the treatment of acid mine drainage wastewater from a gold mine 

in a separate study, [19]. The Acid Mine Drainage was collected underground from a gold mine in Minas 
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Gerais, Brazil. The characteristics of the AMD varied over the course of the year, two samples are 

characterised in Table 10. The concentrations of calcium, magnesium and sulfate were an order of magnitude 

greater than the other contaminants, hence the analysis concentrated on these. Since all of these are divalent, 

it had been interesting to compare some monovalent ions.  

 

The studies used a bench-scale membrane filtration unit, which was fitted with different types of 

nanofiltration and reverse osmosis membranes to compare their performance. The effluent was pretreated 

with an ultrafiltration membrane with 0,04 µ pore size. The NF/RO filtration was performed with a fixed 

pressure of 10 bar and feed flowrate of 0,14 m³/min (corresponding to a crossflow velocity on the surface of 

the membrane of 0,38 m/s). The permeate was continuously removed and the retentate returned to the feed 

tank. The permeate flowrate was measured over 60 seconds for the NF membranes and 120 seconds for the 

RO membranes, with measurements every 15 minutes. The filtration area was 75 cm². Five different 

membranes were tested, two Reverse Osmosis membranes (TFC-HR from Koch membranes and BW30 from 

Dow Filmtech) and three Nanofiltration membranes (MPF34 from Koch Membranes, and NF90 and NF270, 

both from Dow Filmtech).  

 

The results are summarised in Table 11, showing the concentration and retention efficiency for conductivity, 

total solids, calcium and sulfate, as well as the permeate flux for the 5 different membranes. The 

nanofiltration membranes had much higher permeate flux than the Reverse Osmosis membranes, but without 

losing so much retention efficiency. The characteristics of the mine process water is included in Table 11, 

indicating that the permeate could be recirculated in the process water.  

 

Table 10: Acid Mine Drainage characteristic used in membrane treatment study, [19] 

 Sample 1 Sample 2 

pH 2,74 3,76 

Turbidity [NTU] 199 120 

Conductivity [µS/cm] 2 744 2 573 

Total solids [mg/litre] 2 926 3 102 

Sulfate [mg/litre] 1 406 1 959 

Chloride {mg/litre] 54,5 151,5 

Calcium 323 284 

Magnesium 97 226 

 

Table 11: Contaminant concentrations and retention efficiency for AMD treatment, [19].  

Membrane Conductivity 

[µS/cm] 

Total solids 

[mg/litre] 

Calcium 

[mg/litre] 

Sulfate 

[mg/litre] 

Av permeate 

flux [l/h/m²] 

TFC-HR (RO) 78 (97,2%) 38 (98,7%) <2,5 (>99,2%) 2,2 (99,8%) 10,2 ± 0,2 

BW30 (RO) 517 (81,2%) 485 (83,4%) <2,5 (>99,2%) 9,7 (99,3%) 10,0 ± 0,3 

MPF-34 (NF) 442 (83,9%) 295 (89,9%) 10,3 (96,8%) 4,1 (99,7%) 45,2 ± 1,9 

NF90 (NF) 170 (93,8%) 146 (95,0%) 3,1 (99,0%) 4,5 (99,7%) 55,7 ± 3,0 

NF270 (NF) 379 (86,2%) 207 (92,9%) 8,8 (97,3%) 2,6 (99,8%) 88,6 ± 4,2 

Process water 710 1 374 104 304  

 

This study also examined the influence of pH (3,2; 3,5; 4,2; 5,0, 5,5; 6,0 and 6,1) and permeate recovery rate 

(10, 20, 30, 40, 50, 60, 70 and 80%) on the retention efficiency. In this study it was concluded that the 

NF270 membrane at a permeate retention of 60% gave the best performance when considering the retention 
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efficiency and permeate flux. Annual costs for a system to treat 131 040 m³/year was estimated at $0,263/m³. 

The capital cost was $131 250.  

 

 

Table 12: Cost estimation for AMD treatment by a UF-NF system, [19] 

Design and capital cost     

Annual system capacity 131 040 m³/y Operating costs   

Average permeate flux  0,025 m³/(h.m²) Membrane replacement $0,063/m³ 24% 

Required UF membrane area 337,5 m² Alkalizing agent $0,028/m³ 10,6% 

Required NF membrane area 324 m² Cleaning agent $0,009/m³ 3,4% 

Design plant life 15 years Maintenance $0,007/m³ 2,7% 

Membrane lifespan 5 years Energy  $0,024/m³ 9% 

Energy price (Brazil) $0,04/kWh Capital cost amortization $0,132/m³ 50 % 

CAPEX UF-NF system $131 250 TOTAL $0,263/m³ 100% 

 

3.9.2 FUMG-2 – Treatment of Gold mine process effluent, [20] 

The subsequent focus for the Federal University of Minas Gerais was on gold mining process effluent, 

specifically the effluent from a sulphuric acid production plant, and wastewater from the calcined dam, 

where the solid residue is stored after leaching of the calcined ore with a sodium cyanide solution. The 

characteristics of these effluents are given in Table 13, along with a synthetic effluent that was prepared to 

examine the zeta potential for different membranes.  

 

Table 13: Characteristics of gold mine effluents studied at Federal University Minas Gerais [20] 

 Sulfuric acid plant 

effluent 

Water from calcined 

dam 

Synthetic effluent 

pH 1,59 8,75 1,8 

Conductivity, [µS/cm] 10 470 2 612  

Turbidity [NTU] 134,0 3,5  

Total solids [mg/litre] 8 770 3 182  

Suspended solids [mg/litre] 132 19  

Total Arsenic [mg/litre] 507 0,7  

Sulfate [mg/litre] 3 912 2 403 2 403 

Chloride [mg/litre] 16 40 55 

Total calcium [mg/litre] 374 515  

Total magnesium [mg/litre] 200 33 114 

Total potassium [mg/litre] 33 66 61 

Total iron [mg/litre] 125 0,1 78 

Total sodium [mg/litre] 14 163 99 

 

The FUMG-2 study used the same bench-scale membrane filtration unit as for FUMG-1, which was fitted 

with the same five types of nanofiltration and reverse osmosis membranes to compare their performance. 

The gold mining effluent was pretreated with an ultrafiltration membrane with 0,04 µ pore size. The NF/RO 
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filtration was performed with a fixed pressure of 10 bar and feed flowrate of 2,4 litre/min (corresponding to a 

crossflow velocity on the surface of the membrane of 1,9 m/s). The permeate was continuously removed and 

the retentate returned to the feed tank. The permeate flowrate was measured over 60 seconds for the NF 

membranes and 120 seconds for the RO membranes.  

 

Table 14: Results for retention efficiencies for the 5 different membranes [20] 

 Conductivity 

[µS/cm] 

Total solids 

[mg/litre] 

Arsenic 

[mg/litre] 

Sulfate 

[mg/litre] 

Chloride 

[mg/litre] 

Permeate 

flux 

[litre/h/m²] 

Raw effluent 5 393 4 342 340 1 393 48,7  

TFC-HR 244 (95%) 114 (97%) 83 (75%) 8 (99%) 11 (78%) 7 

BW30 555 (90%) 460 (89%) 197 (42%) 55 (96%) 2 (97%) 7 

MPF34 2 715 (50%) 864 (80%) 231 (32%) 182 (87%) 18 (63%) 59 

NF90 314 (94%) 126 (97%) 109 (68%) 23 (98%) 8 (84%) 54 

NF270 1 843 (66%) 710 (84%) 212 (38%) 63 (95%) 24 (51%) 89 

 

Based on the testing of the different membrane types the NF90 membrane was selected for verification trials, 

using a permeate retention rate of 40%, and compared with the process water used in the mine, Table 15. 

Arsenic was the only contaminant that was not reduced to below the level present in the process water, but 

since arsenic is not associated with fouling or corrosion it was possible for the treated effluent to be used as 

process water.  

 

Table 15: Characteristics of effluent treated with NF90 compared with mine process water, [20] 

 Treated effluent Retention efficiency Mine process water 

Total dissolved solids [mg/litre] 146 97% 1374 

Conductivity [µS/cm] 398 91% 710 

Chloride [mg/litre] 15 89% 20 

Sulfate [mg/litre] 168 94% 304 

Calcium [mg/litre] 24 94% 104 

Magnesium [mg/litre] 6 95% 11 

Arsenic [mg/litre] 116 58% <2 

 

The FUMG-2 study concluded by presenting an economic analysis where the effluent treatment costs were 

broken down into seven components, based on the annual cost for treating 2790,5 m²/h of effluent (24,5 

million m³/y). This economic breakdown is presented in Table 16, and works out at $0,83/m³.  

 

Table 16: Costs for treating gold mining effluent with nanofiltration (NF90), [20].  

Item Annual cost (US$) Percentage 

Membrane replacement 301 539 15% 

Power consumption 100 561 5% 

System maintenance 226 154 11% 

Chemical agents (cleaning) 226 412 11% 

pH adjustments 776 636 38% 

Personnel costs 102 000 5% 

Depreciation of initial investment 295 626 15% 

Total  2 028 928 100% 
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3.9.3 FUMG-3 Pilot-scale trials of nanofiltration on combined process effluents, [21] 

It was found that the membrane performance improved when the two process effluent streams were 

combined before treatment. This also simplifies the treatment system design. In the FUMG-3 study the 

combined ultrafiltration/nanofiltration treatment of the combined process effluents from the gold mine was 

scaled up from bench-scale to pilot scale. The effluent was a 1:1 mixture of the effluent from the sulfuric 

acid plant and the water from the calcined dam, with the characteristics presented in Table 17 for the 

components and combined effluent stream.  

 

The bench scale unit combined UF and NF, with a maximum pressure of 15 bar on the NF membrane, which 

had a filter area of 75 cm². 

 

Table 17: Characteristics of component and combined process effluent streams used in FUMG-3 study [21] 

 
 

The system configuration for the pilot scale test is shown in Figure 19. The pilot-scale unit had an effluent 

tank of 250 litre with a (submerged) UF membrane area of 0,9 m² and a NF spiral wound NF90-2540 

DowFilmtec membrane with a filter area of 2,6 m².  
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Figure 19: Pilot-scale membrane treatment system layout, [21] 

An economic analysis of the UF-NF pilot-scale membrane system was made on the basis of a system design 

capacity of 280 m²/h. The capital cost was $2 450 000 with replacement costs of $50/m² for NF and $75/m² 

for the UF membranes. This resulted in a treatment cost estimate of $1,338/m³, and a breakdown as shown in 

Table 18. The wastewater treatment actually installed in the gold mine cost $1,6/m³, while the cost of fresh 

water was $0,18/m³.  

 

Table 18: Estimates of mining effluent treatment costs for pilot-scale UF/NF system, [21] 

 Cost, [US$/m³] % of total 

Membrane replacement 0,117 8,7% 

Capital cost amortization 0,147 11% 

Alkalizing agent 0,960 72% 

Cleaning agent 0,004 0,3% 

Energy 0,034 2,5% 

Maintenance 0,05 3,7% 

Labour 0,027 2% 

Total 1,338 100% 

 

3.9.4 FUMG-4 Two stage nanofiltration with Intermediate precipitation of calcium, [22] 

The nanofiltration membrane in the FUMG-2 study was found to perform best at a permeate retention rate of 

40%, as higher values caused a reduction of the efficiency and a danger of precipitation of calcium sulphate. 

To counter this a subsequent study, [22] investigated the combination of two-stage nanofiltration with 

intermediate precipitation of arsenic and calcium. This gave a high overall efficiency and allowed the second 

stage to be operated at a higher permeate retention rate of 60%. However, the precipitation costs were over 

$2,3/m³ and the supernatant had to be acidified before the second stage of nanofiltration.  
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Figure 20: Proposed treatment system with 2-stage nanofiltration with intermediate precipitation, [22].  

 

3.9.5 FUMG-5 Pilot-scale UF-NF-RO membrane system for gold mine POX effluent, [23] 

This study was made on the POX effluent from a gold mine sulfuric acid plant. The pilot-scale membrane 

system had a filtration area of 2,6 m², and a layout as shown in Figure 21. The design and operating 

parameters are documented in [23], with the effluent flow rate of 60 m³/h. The capital expenditure was $12 

700/m³ of effluent.  

 

 
Figure 21: Pilot-scale membrane system layout [23].  

Table 19: Concentrations before and after membrane stages for the pilot-scale trial, [23] 
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The cost of implementing the membrane treatment system is estimated to $758 000, and the operating costs 

are shown in Table 20. The total cost of effluent treatment was estimated to $1,13/m³, including the 

neutralization costs and allowing a credit for the cost of fresh water of $0,18/m³. If the effluent was 

neutralized (without metal recovery) the neutralization cost would be $1,4/m³. After membrane treatment 

some of the streams are suitable for recirculating back to the process, which reduces the need for 

neutralization to $0,81/m³.  

 

Table 20: Acid effluent treatment costs [23] 

Item Cost [US$/m³ effluent] % of total 

Membrane replacement 0,130 10% 

Capital cost amortization 0,161 12,3% 

Cleaning agent 0,002 0,15% 

Energy 0,130 10% 

Maintenance 0,073 5,6% 

Neutralisation costs 0,81 62% 

TOTAL 1,306 100% 

 

3.9.6 FUMG-6 Separate treatment of sulfuric acid plant effluent, [24] 

In the FUMG-4 study the two process effluent streams were combined before cleaning to dilute the metal ion 

concentrations in the sulfuric acid plant effluent. However the lower efficiency achieved on the arsenic 

resulted in unacceptable levels in the final permeate, even when interstage precipitation was included. Hence, 

in the FUMG-6 study the sulfuric acid plant effluent was treated separately, without mixing with the 

calcining dam effluent. This study used the Dow Filmtec NF90 membrane in a laboratory-scale unit with 

63,6 cm² filtration area. The transmembrane pressure difference was examined at 4, 6, 8 and 10 bar. The 

maximum permeate retention rate was found to be 45%, above which the permeate quality declines due to 

more severe fouling. A greater number of elements were analysed, Table 21, compared with the earlier 

studies. The removal efficiency was above 94% for the majority of contaminants, with the lowest efficiencies 

recorded for copper (72%); Arsenic (77%); Chrome (83%); Lead (89% and Zinc (90%).  

 

 
Figure 22: Layout of lab-scale membrane system used [24] 
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Table 21: Changes in concentrations for selected elements between feed, concentrate and permeate, [24] 

 Feed effluent Concentrate (45% 

RR) 

Permeate Removal rate 

Conductivity 11 500 15 500 1 871 84% 

Sulfate 4 814 8 465 354 94% 

Arsenic 596 968,3 141 77% 

Calcium 405,5 539,2 9,7 98% 

Magnesium 159,9 287,2 4,3 97% 

Iron 108,7 237,7 2,6 98% 

Aluminium 86,6 156 1,8 98% 

Zinc 64,1 111,5 6,2 90% 

Potassium 40,2 65,4 1,9 95% 

Sodium 38,5 76,7 2,5 94% 

Manganese 24,8 55,0 0,6 98% 

Copper 15,9 25,2 4,5 72% 

Phosphorous 8,5 15,1 0,4 95% 

Lead 2,5 3,3 0,3 89% 

Strontium 1,62 3,2 0,05 97% 

Cobalt 1,42 3,0 0,03 98% 

Nickel 1,4 2,5 0,1 95% 

Boron <0,90 1,1 0,30 - 

Cadmium 0,26 0,7 0,01 97% 

Chrome 0,13 0,7 0,02 83% 

Vanadium 0,2 0,6 <0,01 - 

Silver 0,1 0,1 <0,005 - 

 

A cost estimation was made, based on an annual system capacity of 1226,4 m³/year and varying the expected 

membrane lifetime from 1 to 5 years. The capital expenditure for the system was estimated to $551 250. The 

total costs were then calculated for the range of membrane lifespans, resulting in a total treatment cost of 

$0,446/m³ (for a 1 year lifespan) to $0,364/m³ (for a 5 year lifespan), Figure 23.  

 

 
Figure 23: Variation of effluent treatment cost with lifespan of membrane, from [24] 
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3.9.7 FUMG-7: Comparison of nanofiltration and Direct Contact Membrane Distillation, 
[25] 

A further study was made on the sulfuric acid plant scrubber effluent, this time comparing the nanofiltration 

membrane with Direct Contact Membrane Distillation. Since the gas scrubber effluent is generated at 60 °C, 

which is above the operating range of the nanofiltration it is interesting to examine if the temperature could 

be utilised for a membrane distillation treatment. The experimental setup for the membrane distillation is 

shown in Figure 24, and utilised a Sterlitech CF042D Crossflow cell with a Sterlitech PTFE membrane with 

pore size of 0,2 µm and filtration area of 0,0042 m².  

 

 
Figure 24: Layout of the Direct Contact Membrane Distillation system, [25] 

 

Table 22: Concentrations of feed, concentrate and permeate for the two membrane systems 

 Effluent NF 

concentrate 

NF Permeate DCMD 

concentrate 

DCMD 

permeate 

pH 1,95 2,51 2,52 1,47 6,27 

Conductivity 11 900 18 648 1 778 (85%) 19 777 84,1 (98%) 

Total dissolved solids 7085 11 186 934 (86%) 11 725 124 (98%) 

Arsenic 701 1 066 153 (79%) 1 167 2,1 (99%) 

Sulfate 4 852 7 989 283 (95%) 7 999 131 (96%) 

Calcium 258 428 < 2,5 (99%) 430 < 2,5 (99%) 

Magnesium 134 225 <1,25 (99%) 223 <1,25 (99%) 

 

The economic analysis was made on the basis of an annual system capacity of 1 226 400 m²/year (140 m³/h) 

for both alternatives. The capital cost of the nanofiltration system was estimated as $575 490 while for the 

Membrane Distillation it was $305 484. The economic analysis considered membrane lifespans ranging from 

1 to 5 years, Figure 25. The costs are dominated by the energy requirement for cooling for the nanofiltration 

system, as well as higher costs of neutralisation. The nanofiltration is recommended to be operated at 20-25 

deg C, while the Membrane Distillation can use the 60 deg C effluent directly. The energy requirement for 

the nanofiltration is consequently 40 times higher for the nanofiltration compared with the Membrane 

Distillation.  
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Figure 25: Operating costs (including capital cost amortization) for the treatment by (a) nanofiltration and (b) 

Membrane Distillation.  

In addition to the lower costs for energy and neutralisation the Membrane Distillation also demonstrated 

higher cleaning efficiencies, which widens the potential uses for the permeate.  

 

3.9.8 FUMG-8: Comparison of high temperature NF with DCMD, [26] 

Since the energy costs of cooling the effluent from 60 °C dominated the economic analysis a subsequent 

study, FUMG-8 [26] compared the performance of a high temperature nanofiltration membrane (GE 

Osmonics Desal 5DK) with the Sterlitech DCMD membrane. The nanofiltration had a pretreatment stage 

with ultrafiltration to avoid damage to the membrane.  

 

The results again showed a much lower treatment cost for the Membrane Distillation process compared with 

nanofiltration. The energy requirement for cooling for the nanofiltration still dominated. In addition the 

permeate flow was 3,7 times higher for the Membrane Distillation than obtained for the nanofiltration 

system.  
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Figure 26: Significantly lower treatment costs were estimated for the Membrane Distillation compared with 

the Ultrafiltration/nanofiltration system, mainly die to energy costs associated with cooling.  

 

4 CONCLUSIONS 

Developments in membrane technologies are increasing the relevance of membrane treatment of mine waste 

water. Membrane treatments have been successfully implemented at full scale, particularly in regions where 

fresh water is scarce, or there are restrictions on discharge of contaminants to the environment. Membrane 

treatment of effluent may become relevant for Northern Europe in the future as discharge limits become 

tighter. In addition there can be economic benefits from recovery of metals.  

 

Nanofiltration membranes have been shown to have advantages over Reverse Osmosis for achieving high 

permeate flows, while maintaining adequate removal efficiency of contaminants. In cases where the 

contaminant concentration must be reduced to very low levels Reverse Osmosis is still finding application. 

The developments of Direct Contact Membrane Distillation looks to have significant advantages over 

nanofiltration, particularly where the effluent is available at a suitable temperature,  
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6 APPENDIX 1:  Some mine sites with implementation of membrane separations 

Taken from Chesters [9] 

Table 23: Mining sites with membrane separations in Africa [9] 

 
Table 24: Mining sites with membrane separations in North America [9] 
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Table 25: Mining sites with membrane separations in Latin America [9] 

 
 

Table 26: Mining sites with membrane separations in Australasia [9] 
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