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Abstract 
 

Biological treatment toolbox for 
Swedish mine drainage 
The focus of the report is to suggest strategies to meet the challenge of metal leakage 

from mining operation for Swedish conditions in accordance to the legislation 

applied. The report is a result of a triple helix collaboration project (BIOMET) 

between research institutions (SP and LTU), County Administrative Board of 

Västerbotten and Zinkgruvan Mining AB, Outotec and Bioprocess control as 

industrial partners. Using the knowledge of this group and an extensive literature 

study, the report gives an overview of the environmental goals and legislations on 

national and European level affecting the Swedish mining industry and its choice of 

mine drainage treatment method. The report also includes a compilation of a 

selection of mine drainage water from different locations in Sweden with different 

quality in respect to for example metal concentration and pH. Based on that 

information, a toolbox of biological treatment methods (referred to as BIOMET 

toolbox) is suggested, and specific cases for toolbox applications are discussed. Each 

method in the toolbox was evaluated in respect to selective metal recovery, 

investment, energy input, labor, chemical requirement and metal leakage. In addition, 

the benefits, challenges, variables affecting efficiency, productivity and cost - such as 

temperature, pH, substrate input etc. – are qualitatively described for each method in 

the toolbox in order to get a sense of the dynamics and applications. 

 

Taking the valuation and location into account, the different methods can have an 

impact on resource efficiency. However, most of the benefits will be environmental 

by the reduction of emissions of metals, sulfate and nitrate to the recipient water. 

Biological methods alone or in combination are potentially competitive alternatives 

to chemical methods to reduce the metal leakage, the use of chemicals, and the 

production of sludge. However, there are also some challenges to consider such as 

reactor cost, maintenance cost and availability of substrate used. Most importantly, 

although there has been an increased research interest in the field of biometallurgy 

lately, this study shows that there is a need for more structured research and an 

increase in the Technical Readiness Level (TRL) to be able to make the knowledge 

generated applicable for the mining industry. 
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Sammanfattning 
 

Fokus i denna rapport är att föreslå strategier för att möta de utmaningar som finns 

avseende gruvlakvatten, innehållande metaller och potentiellt lågt pH, i svenska 

förhållanden för att leva upp till tillämplig lagstiftning. Rapporten är ett resultat av ett 

trippel helix projekt mellan forskningsorganisationerna SP och LTU, Länsstyrelsen i 

Västerbottens län och Zinkgruvan Mining AB, Outotec och Bioprocess Control som 

industriparter. Med hjälp av kompetensen i denna konstellation samt en omfattande 

litteraturstudie, ger rapporten en överblick över de miljömål och den lagstiftning som 

finns på nationell och europeisk nivå som påverkar den svenska gruvindustrin och 

dess val av metod för lakvattenbehandling. Rapporten innefattar även en 

sammanställning av ett urval av olika gruvlakvatten från olika platser i Sverige med 

olika kvalitet avseende till exempel metallkoncentration och pH. Baserat på denna 

information har en strukturerad metodik (kallad BIOMET toolbox) med olika 

behandlingsmetoder föreslagits, och specifika case med anknytning till denna har 

diskuterats. Varje del i toolboxen har utvärderats avseende selektiv metallutfällning, 

investering, energiförbrukning, arbetskraft, kemikaliebehov och metalläckage. För att 

få en uppfattning om tillämpningarnas begränsningar och av och dynamiken i 

behandlingsmetoderna beskrivs även dess fördelar, utmaningar och variabler såsom 

temperatur, pH, substrat etc. som påverkar effektivitet, produktivitet och kostnad.  

 

Metoderna i toolboxen kan påverka resurseffektiviteten genom bildandet av stabila 

metallsulfider som kan recirkuleras till flotationsprocessen men de största fördelarna 

ges förmodligen på miljön genom en reducering av metall-, sulfat- och 

nitratemissioner i vattnet till recipienten. Biologiska metoder är, ensamma eller i 

kombination, potentiellt konkurrenskraftiga alternativ till kemiska metoder för att 

reducera metalläckage, kemikalieanvändning och slamproduktion. Dock finns det en 

del utmaningar att ta hänsyn till, som exempelvis reaktorstorlek, underhållskostnad 

och tillgänglighet av substrat. Trots att det har varit ett ökat forskningsintresse för 

biometallurgiområdet den senaste tiden, visar denna studie att det behövs mer 

strukturerad forskning och en ökad teknisk mognadsgrad (TRL) för att kunna 

appliceras i gruvindustrin.   

 

Nyckelord: Surt gruvlakvatten, förtjockning, bioreaktor, biofilter, sulfatereducerande 

bakterier (SRB), bioreduktion, biosorption, alger, miljölag,  ramdirektivet för vatten  
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1 Background/Introduction 
 

During mining of sulfide minerals, an acid mine drainage (AMD) is generally 

produced as a consequence of the mining operations. Thiosulfates are formed during 

the concentrator process from oxidation of sulfide minerals. The oxidation of 

thiosulfate to sulfate mostly takes place after the concentrator at an active mine. 

However, the process will occur at any place as soon as oxygen and water are present 

at the sulfide rock. The concentration of sulfate depends on the sulfide concentration 

in the ores and the oxidation rate depends on contact with oxygen, pH and 

temperature. The oxidation is catalyzed by naturally occurring microorganisms under 

aerobic conditions.   
 

As a consequence of this process pH decreases and metals become more soluble and 

released in water. The AMD can contain several metals such as Cu, Fe, Zn, Al, Pb 

and Cd at low concentrations after it has been diluted in the recipient. However, with 

the large quantities of drainage produced, the release of these minerals to streams and 

lakes have severe effects on the aquatic ecosystems, groundwater, soils and 

ultimately plants and animals. If the conditions remain favorable, the formation of 

acid wastewater can continue up to 30 years even after the mine is closed [1].  A 

Swedish example is the Hornträsket lake that suffered severe ecological effects due 

to high Zn, Cd and Cu emissions before remediation of the mine [2].  

 

According to a recent report from the County Administrative Board of Västerbotten 

in Sweden [3], the majority of the mines in Västerbotten consist of sulfide minerals 

in which AMD is especially likely to be produced according to the principle 

described above. In addition, there is a planned expansion of new mines in the 

county. In those prospected mines, the metals are less concentrated, which increases 

the amount of waste in relation to the product. This implies an acute need for 

efficient after-mining treatment technologies. In the south of Sweden the conditions 

are slightly different. Zinkgruvan Mining AB, which is a partner in this project, has 

the most southern underground sulfide mine in Sweden The soil composition of 

Zinkgruvan makes the drainage quality different with for example a neutral pH. 

However, even at these conditions after-mining treatment technologies could have 

high value as discussed in this report. 

 

This report focuses on the implication of biological treatment methods for Swedish 

conditions. However, the challenge associated with mine drainage is an international 

problem that has been recognized world-wide. For example, several comprehensive 
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reports have been developed discussing after treatment technologies for closed mines 

in North America [4]. Moreover, the number of research articles of after treatment 

methods and technology development has increased drastically in the later years 

indicating an increased interest in this field. 

 

Another environmental challenge of mining is the large sludge production as a result 

from chemical treatment of mining water. This sludge occupies large areas and can 

leak metals. It is possible to dewater the sludge with a thickening technique1. An 

additional benefit of this process is that the water streams can be recovered. 

However, to avoid release of heavy metals, the water should be treated appropriately. 

Currently, there are to our knowledge no data on the metal content or the best 

practice treatment methods of thickening water streams.  

 

The environmental challenges associated with sulfide mining have also been 

recognized on governmental levels in Sweden and the EU. There are several 

environmental goals and directives that are currently discussed that are expected to 

influence the future mining operations. The environmental goals and directives that 

influence Swedish mining projects are discussed in the report.  

 

Today, there are essentially two techniques used in Sweden for reducing metal 

leakage from mine waste, e.g. dry- and wet coverage. By applying these techniques, 

the environment is made anaerobic, which results in a sulfate reduction and metal 

precipitation with the same biological principle that is proposed in this project [3]. 

Biological treatment of mine drainage is mostly referred to as passive treatment since 

it requires little maintenance. In most cases it is more a matter of controlling the 

process by adding nutrients. There is a large range of such methods evaluated in 

literature with – in some cases – successful results in treating AMD [4]. Some of 

these methods are discussed in this report with the Swedish perspective in mind. 

However, these methods are quite slow and does not allow for recovery of metals.  

 

High metal recovery by different process design for biological treatment of AMD has 

been reported, ranging from laboratory to pilot scale. The process is similar to a 

biogas process but instead of producing biogas, sulfates are reduced to sulfides and 

stable metal precipitates. In the same process, bicarbonate is formed which increase 

the pH. The advantage of the process is that sulfate and metals are concomitantly 

                                                      
1 Outotec Thickened tailings and Paste Solutions (2012) http://www.outotec.com/en/Search-
material/?quicksearchquery=paste&excludeimages=true&categories=68,75 
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removed and pH is increased in the same reactor with potentially little energy input 

and small CO2 footprint. Moreover, aerobic techniques such as algae and other 

biological metal absorption are evaluated based on the goals of achieving best 

practice at a specific environment. This is because in any biological process the 

Scandinavian climate with its cold winters can be challenging. Other challenges that 

are discussed in the report are fluctuating pH and the choice of carbon and/or 

electron source. 

 

Consequentially the project aims to reduce the environmental footprint of mining by 

assessing potential technical solutions in a toolbox that addresses the challenges 

involving the expansion of sulfide mines in Sweden that co-occurs with the need to 

reach the environmental goals by using the best available techniques.  
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2 An overview of environmental laws today 

and ahead 
 

2.1 Summary  
The Swedish Environmental Code2 lays down the general environmental framework 

in Sweden. In 2004, the European Water Framework Directive (WFD) was incorpo-

rated into Swedish legislation. The Water Framework Directive commits all of the 

EU Member States to achieve good status in all water bodies by the year 2015. The 

status is reached for a water body when it complies with the Environmental Quality 

Standards set for the chemical, ecological and quantitative status. The responsibilities 

of different authorities and organizations operating with the management of water 

quality according to the WFD are generally described in Figure 1.   

 

 
Figure 1. General description of areas of responsibilities within the management of water quality 
in Sweden. 

 

                                                      
2 Miljöbalk (1998:808) 
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2.2 Sweden’s Environmental objectives 
In 1999 the Swedish parliament adopted fifteen (now sixteen) environmental quality 

objectives to ensure that, by the year 2020, the country’s major environmental 

problems have been solved. The objectives define the direction of environmental 

action and decisions in Sweden and the Swedish Environmental Code is the primary 

instrument to meet the objectives.  

 

After-treatment of polluted areas, such as closed mines, is essential to attain the goals 

of the environmental objectives A non-toxic environment, A good built environment, 

Flourishing Lakes and streams, Good-quality groundwater, A balanced Marine 

environment, flourishing coastal areas and archipelagos and A rich diversity of plant 

and animal life. Aside from those, operational mining also impacts the objectives of 

Reduced climate impact, Zero eutrophication and Natural acidification only.  
 

2.3 The Environmental code 
The Swedish Environmental Code lays down the general environmental framework 

in Sweden. The Code was adopted in 1998 and entered into force 1 January 1999. 

The Code contains 33 chapters comprising almost 500 sections. It is only the 

fundamental environmental rules that are included in the Environmental Code. The 

more detailed provisions are laid down in ordinances.  The purpose of the Code is to 

promote sustainable development which will assure a healthy and sound environment 

for present and future generations. 

 
2.3.1 Permits  

Mining requires permits in accordance with both the Environmental Code, regarding 

environmentally hazardous activities and water operations, and from the Minerals’ 

Act (1991:45)3, regarding exploration permits and exploitation concessions. Permits 

under the Minerals’ Act are administered by the Mineral Inspectorate while permits 

under the Environmental Code are granted by the Land and Environmental Court. 

The County Administrative Boards authorizes permits for trial mining.  

 

The environmental permit application needs to contain an Environmental Impact 

Assessment (EIA) of the mines environmental impact, both when operational and 

after the closure. According to the EC Directive (2006/21/EC) on the management of 

waste from extractive industries, incorporated in Swedish law by Ordinance 

                                                      
3 Minerallag (1991:45) 
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(2013:319) of extractive waste4, the operator must have a waste management plan for 

waste rock, sludge and tailings5 as a part of the permit application. If the permission 

is granted, special terms and conditions regarding the mines environmental impact 

will be part of the permit. 
 

According to chapter 2, § 3 of the Environmental Code, the best available technology 

(BAT) shall be used in professional activities. And according to the EU BREF 

document (Best Available Technique Reference Document) for the management of 

waste from mining, the best available technology for remediation of potentially acid 

forming mine waste is in the first place to prevent acid drainage, and in the second 

place to control or treat the acidic leachate before it is discharged to the receiving 

surface water or groundwater.  

 

The mining industry is regulated by several EU Directives, but has been kept out of 

the Directive 2010/75/EU on industrial emissions (IED). 

 
2.3.2 Supervision 

The purpose of supervision shall be to ensure compliance with the objectives of the 

Environmental Code and rules issued in pursuance to the Code. The supervisory 

authority shall, to the extent necessary, supervise compliance with the provisions of 

the Environmental Code and rules, judgments and other decisions issued in 

pursuance thereof and take any measures that are necessary to ensure that faults are 

corrected. In the case of hazardous activities and water operations, the supervisory 

authority shall also continuously assess whether the conditions are sufficient.  
 

The County Administrative Boards in Sweden exercise supervision of the operational 

mines, while closed mines are supervised by either the County Administrative 

Boards or the municipalities. 

 

The responsibility for remediation of contaminated areas is regulated in chapter 10 of 

the Environmental Code. The driving principle is that the polluter pays, Polluter Pays 

Principle (PPP). According to chapter 2, § 8 of the Environmental Code shall 

operators, who pursue or have pursued an activity or taken a measure that causes 

damage or detriment to the environment, be responsible for remedying it to the extent 

deemed reasonable. 

 

                                                      
4 Förordning (2013:319) om utvinningsavfall 
5 Tailings are the material left after separating the valuable fraction of an ore 
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Mining activities can also be covered by the Seveso II Directive (96/82/EC) on the 

prevention and mitigation of major accidents involving dangerous substances. The 

County Administrative Boards and the Swedish Work Environment Authority are 

supervisory authorities over the Seveso II Directive in Sweden.  

 
2.3.3 Operators’ control  

According to chapter 26, § 19 of the Environmental Code all operators who pursue 

an activity or take a measure that is liable to cause detriment to human health or 

affect the environment shall continuously plan and monitor their activities in order to 

combat or prevent such effects. Operators who pursue such an activity or take such a 

measure shall keep themselves informed, by carrying out investigations about the 

impact on the environment of the activity or measure. The monitoring and 

investigations are drawn up in a control program. 

 

Operators of environmentally hazardous activities shall also present an annual report 

to the supervisory authority which supervises the activity. The environmental report 

shall contain a statement of the measures taken to comply with the conditions in their 

permit and of the results of these measures. 

 

According to the Ordinance on operators’ control (1998: 901)6 the operator is obliged 

to immediately inform the supervisory authority following the occurrence of a 

malfunction or similar event that may result in harm to human health or the 

environment. 

 

2.4 The Water Framework Directive 2000/60/EC 

(WFD) 
In 2004, the European Water Framework Directive was incorporated into Swedish 

legislation. The Water Framework Directive commits all of the EU Member States to 

achieve good status in all water bodies by the year 2015.  

 

For surface waters (rivers, lakes, transitional and coastal waters) the status is 

expressed in terms of ecological and chemical status. For groundwater, the status is 

expressed in terms of chemical and quantitative status. 

 

To achieve good status, river basin management work is carried out in six-year 

cycles. A management cycle starts by a characterization of the water bodies. The 

                                                      
6 Förordning (1998:901) om verksamhetsutövares egenkontroll 
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Water Authorities use the data in order to develop proposals for quality requirements 

for each of the water bodies. If the evaluation indicates that the water will not meet 

quality requirements on time, measures have to be taken. At the end of the 

management cycle, a river basin management plan is developed, and the results of 

the work are reported back to the European Union. 

 

The Swedish Agency for Marine and Water Management (surface water) and the 

Geological Survey of Sweden (groundwater) are authorized to prepare and adopt 

necessary regulations on characterization and analysis, quality standards, river basin 

management plans, programs of measures, monitoring and reporting. 

 
2.4.1 Chemical status (surface water) 

According to the Water Framework Directive and the Directive 2008/105/EG on 

Environmental Quality Standards (EQSD), good chemical status is reached for a 

water body when it complies with the Environmental Quality Standards (EQS) for all 

the priority substances and other pollutants listed in the EQSD. The list of priority 

substances is updated continuously. 

 

The current 45 priority substances include a range of industrial chemicals, plant 

protection products and metals/metal compounds. Some priority substances are 

identified as priority hazardous substances because of their persistence, 

bioaccumulation and/or toxicity or equivalent level of concern. Member States are 

required to monitor the priority substances in surface water bodies, and to report 

exceedances of the EQS. The WFD requires the adoption of measures to control the 

discharges, emissions and losses of priority substances and priority hazardous 

substances to the aquatic environment – progressive reduction in the case of priority 

substances, cessation or phasing out in the case of priority hazardous substances.  

 

In Sweden, good chemical status for surface water is defined in the Swedish Agency 

for Marine and Water Management’s regulations and general advice on classification 

of and quality standards for surface water (HVMFS 2013:19)7. As a result of 

amendments to the WFD and the EQSD, there are now proposed changes in HVMFS 

2013:19 [5]. In the proposed version, some new priority substances are introduced 

and some quality standards are tightened, see Table 1.  

 

                                                      
7 Havs- och vattenmyndighetens föreskrifter om klassificering och miljökvalitetsnormer 
avseende ytvatten (HVMFS 2013:19) 
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Table 1. Current and suggested quality standards for some, for the mining industry, relevant 
variables. 
Substances Suggested EQS Good status Present EQS Good status 

 Annual average, 

inland surface 

water (µg/l) 

Maximum allowed 

concentration, 

inland surface 

water (µg/l) 

Annual average, 

inland surface water 

(µg/l) 

Maximum allowed 

concentration, 

inland surface 

water (µg/l) 

Cadmium and its 
compounds 

≤0.08 (class 1) 
0.08 (class 2) 
0.09 (class 3) 
0.15 (class 4) 
0.25 (class 5) 

≤0.45 (class 1) 
0.45 (class 2) 
0.6 (class 3) 
0.9 (class 4) 
1.5 (class 5) 

≤0.08 (class 1) 
0.08 (class 2) 
0.09 (class 3) 
0.15 (class 4) 
0.25 (class 5) 

≤0.45 (class 1) 
0.45 (class 2) 
0.6 (class 3) 
0.9 (class 4) 
1.5 (class 5) 

Lead and its 
compounds 
 

1.2 14 7.2  

Mercury and its 
compounds 
 

 0.07  0.07 

Nickel and its 
compounds 

4 34 20  

The EQS for metals refers to the dissolved concentration, i.e. the dissolved phase of a water 
sample obtained by filtration through a 0.45 µm filter, except for the suggested EQS for nickel and 
lead, which refers to bioavailable concentration. For cadmium and its compounds, the limit 
depends on water hardness classes (Class 1: <40 mg CaCO3 /l, Class 2: 40 to <50 mg CaCO3/l, 
Class 3: 50 to <100 mg CaCO3/l; class 4: 100 to <200 mg CaCO3/l and class 5: ≥200 mg CaCO3/l).  
 

A surface water body shall be classified with good chemical status if the quality 

standards are not exceeded at any monitoring station in the surface water body.  
 

2.4.2 Ecological status (surface water) 

Good ecological status is defined in terms of the quality of the biological community, 

the hydrological characteristics and the chemical characteristics. The objective of 

good ecological status requires that for chemicals identified as substances of concern 

at local/river-basin/national level but not as priority substances at EU level, standards 

have to be set at national level. These chemicals are known as river basin specific 

pollutants. 

 

In Sweden, good ecological status for surface water will be defined in the updated, 

not yet definite, version of HVMFS 2013:19, the Swedish Agency for Marine and 

Water Management’s regulations and general advice on classification of and quality 

standards for surface water. In the proposed version some target values for river 

basin pollutants are tightened compared to previous recommendations, see Table 2. 

.  
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Table 2. Current and suggested target values for some, for the mining industry, relevant river basin 
pollutants. 
Substances Suggested target values Good status 

 Annual average (µg/l) Max conc. (µg/l) 

Zinc 5.5  

Copper 0.5  

Arsenic 0.5 7.9 

Ammonia 1 6.8 

Nitrate 160 2000 

Uranium 0.07 2.3 

 

The total list of suggested target values includes values for 27 variables. The values 

are expressed as total concentrations, with the exception of copper, zinc, chromium, 

arsenic and uranium; these refers to the dissolved concentration, i.e. the dissolved 

phase of a water sample obtained by filtration through a 0.45 µm filter. The values 

for copper and zinc relates to the bioavailable concentration. 

 
2.4.3 Chemical status (groundwater) 

For groundwater only a few environmental quality standards (EQS) have been 

established at European level, for nitrates, pesticides and biocides. The EQS must 

always be adhered to.  

 

In Sweden, good chemical status of groundwater is defined in the Geological Survey 

of Sweden’s regulation (SGU-FS 2013:2)8 on status classification and quality 

standards for groundwater. According to SGU-FS 2013:2, target values shall be 

established for other anthropogenic pollutants, than the EQS, present in the specific 

groundwater body. In order to progressively reduce pollution and prevent 

deterioration of groundwater, starting points to reverse any anthropogenically 

induced upward pollution trend shall also be established. General target values and 

starting points for trend reversals are developed at national level, see Table 3. 

 
  

                                                      
8 Sveriges geologiska undersöknings föreskrifter om miljökvalitetsnormer och 
statusklassificering för grundvatten (SGU-FS 2013:2) 



 

19 
 

Table 3. General target values and starting points for trend reversals at national level (SGU-FS 
2013:2). 
Parameter Unit Target value Starting point for trend 

reversal 

Nitrate mg/l 50 20 

Active substances in 

pesticides and biocides 

µg/l 0.1 

0.5 total 

Detected 

Chloride mg/l 100 50; West coast 75 

Conductivity mS/m 150 75 

Sulfate mg/l 100 50 

Ammonium mg/l 1,5 0,5 

Arsenic µg/l 10 5 

Cadmium µg/l 5 1 

Lead µg/l 10 2 

Mercury µg/l 1 0.05 

Trichloroethene + 

tetrachloroethene 

µg/l 10 2 

Chloroform 

(trichloromethane) 

µg/l 100 50 

1,2-dichloroethane µg/l 3 0.5 

Benzene µg/l 1 0.2 

Benzo(a)pyrene ng/l 10 2 

Sum of 4 PAHs: 

Benzo(b)fluoranthene 

Benzo(k)fluoroanthene 

Benzo(ghi)perylene 

Indeno(1,2,3-cd)pyrene 

ng/l 100 20 

 

 

The SGU-FS 2013:2 also gives reference values for naturally occurring ions, metals 

and conductivity of Swedish groundwater in reservoirs that are made up of sand and 

gravel deposits, see Table 4. 
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Table 4. Reference values for naturally occurring ions, metals and conductivity of Swedish 
groundwater in reservoirs that are made up of sand and gravel deposits 
Type of parameter Parameter Unit Reference value 

1. Ions Chloride mg/l 18 

Sulfate mg/l 25 

Nitrate mg/l 4 

Ammonium mg/l 0.06 

2. Metals Arsenic µg/l 1 

Lead µg/l 0.5 

Cadmium µg/l 0.1 

Cobalt µg/l 0.5 

Chromium µg/l 1 

Copper µg/l 6 

Mercury µg/l 0.006 

Nickel µg/l 5 

Vanadium µg/l 1 

Zinc µg/l 100 

3. Indicator of pollution Conductivity mS/m 38 

 
 

2.4.4 Quantitative status (groundwater) 

In Sweden, good quantitative status of groundwater is defined in the Geological 

Survey of Sweden’s regulation (SGU-FS 2013:2) on status classification and quality 

standards for groundwater. According to SGU-FS 2013:2, good quantitative status is 

reached when groundwater levels can show that there is a balance between the long-

term rate of abstraction and recharge of groundwater. Groundwater levels should 

therefore be such that they: 

1. due to human influence do not show long-term changes in flow direction that 

cause the intrusion of saline groundwater or pollution, and 

2. due to human influence do not reach good ecological status in surface water 

associated with the groundwater body, or give rise to damage to 

groundwater-dependent terrestrial ecosystems. 

 

2.4.5 Consequences of the WFD on the mining 

industry 

The quality standards and target values are used in the provisions of new activities, 

or revision of existing activities, in such a way that the conditions of the permit 

regulates the values of discharge from the activities so that quality standards and 

target values are not exceeded at a specific point downstream from the discharge. 
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If there is a risk that the receiving groundwater or surface water body fails to achieve 

a good status, the supervisory authority can also require the operator to correct 

diffuse leakages, even if not regulated in the permit. 
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3 The physical and chemical conditions of 

different mine drainage and water from 

thickening 
 

3.1 Summary  
 

The chapter includes an overview of physical and chemical conditions of mine 

drainage from a Swedish ongoing mine, Zinkgruvan, as well as several closed mines 

in Västerbotten county. The physical and chemical condition of water before and 

after thickening is also described.  

 

The high concentration of carbonates at Zinkgruvan keeps the pH high and relatively 

stable, in the range 7-8. After mine closure and remediation of the tailings deposit the 

sand is not expected to produce acid drainage water, but the current remediation 

plans are still to use the “dry cover” method to seal the tailings deposit. 

 

Median values of various variables at closed sulfide ore mines in the county of 

Västerbotten were used as examples of how the contents can vary between different 

mines, as well as between different waters within the same mine.  

 

A lab test was carried out to determine the content of the water phase in the tailings 

prior to thickening and after thickening is presented. Almost all elements give some 

indication of decreasing in concentration after thickening except for Fe, Cd and Cu. 
 
 

3.2 Zinkgruvan Mining 
Zinkgruvan is an underground mine, Figure 2, situated in the Örebro county, 

approximately 200 km southwest of Stockholm in south-central Sweden. The mine 

site is some 20 km from the town of Askersund and comprises an underground mine, 

a processing plant (concentrator) and associated infrastructure and tailings disposal 

facilities. The zinc operation has a nominal annual production capacity of 1.2 million 

tonnes of ore. Concentrates are trucked from the mine to the inland port of 

Otterbäcken on Lake Vänern from where they are shipped via canal and sea to 

European smelter customers. 
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Figure 2. Schematic picture of the mine and concentrator at Zinkgruvan. Three parts of the 
concentrator are shown at the top of the figure; process department, paste (thickening) plant and 
tailings sand pump station. The number in the figure corresponds with the sampling area reported 
in Table 5.  

The required amount of water that is needed for processing of the ore is covered by 

an equal amount of fresh water and recirculated water. Fresh water is pumped from 

nearby lakes. Recirculate water is taken from decanted water from the clearing lake. 

Approximately 15% w/w of the ore forms products (concentrates) and 25% w/w is 

used for production of paste fill. The tailings sand, 60% w/w is deposited above 

ground. The deposit for tailings sand is located 4 km south of the concentrator. 

Tailings, together with process water and mine water are pumped to the deposit. The 

mine water consists mainly of ground water collected in the mine. 
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Figure 3. Zinkgruvan water management. The numbers in the figure corresponds with the 
sampling areas reported in Table 5.  

The deposit for tailings sand (the brown area at nr 2 in Figure 3) is essentially an area 

in which the sand is allowed to settle and from where the water is decanted. This area 

is delimited by natural heights and constructed dam walls, the water is decanted 

through a discharge in one of these dams. In the process of pumping and depositing 

tailings sand, metal ions dissolved in the water adsorbs on the sand grains. The 

discharge water from the tailings deposit flows by gravity to the clearing lake to 

receive further cleaning. About half of the decanted water from the clearing lake 

recirculates to the concentrator and the excess water is discharged to the recipient, 

the Creek Ekershyttebäcken (nr 4).  
 

The dam walls at the tailings deposit are constructed in a way that allows water to 

leak through them. The leakage brings down the ground water levels in the dam 

which stabilizes the construction. Leakage water is collected downstream of the dam 
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walls (nr 3) and is pumped back to the tailings deposit. Water is also pumped up 

from the dam core  (nr 2) to increase the stability of the dam walls. The pumping of 

water from the dam core started in a small scale in 2012 and this pumping has since 

then been expanded. The dam core water is pumped back into the tailings deposit. It 

can be noticed that the dam core water contains higher amounts of dissolved metals 

than the leakage water, since some of metals sorb to the sand grains. 
 

East of the tailings deposit, at the reader’s right in Figure 3, runs the Creek 

Björnbäcken (not shown in the figure). The creek flows out from the Lake Hemsjön 

east of the clearing lake. This water system is the natural outlet for surface water 

from the area in which the tailings deposit and the clearing lake are situated. Surface 

water that is not collected by dams in this area and diverted to Creek 

Ekershyttebäcken will end up in Lake Hemsjön and Creek Björnbäcken. The lake 

and the creek is part of a water body that has been assessed to have a good surface 

water chemical status (except for mercury). It is thus of importance to use best 

available technology to prevent contaminated water from the tailings deposit to reach 

this water system. Today this is done by collecting leakage water and pumping it 

back to the tailings deposit. Different back-up systems in the case of a mechanical or 

an electrical failure are investigated. 

 

After mine closure and remediation of the tailings deposit all pumping will cease and 

surface water together with leachate from the tailings will find its way to the Creek 

Björnbäcken. The sand is not expected to produce acid drainage water but the current 

remediation plans are still to use the “dry cover” method to seal the tailings deposit. 

The amount of dissolved metals that will be washed out from the deposit has been 

assessed in conjunction with the recent application to the Environmental Court for a 

new permit. There is a risk for possible negative effects in the upper parts of the 

Creek Björnbäcken due to elevated Zn levels. The rate of metal release from the sand 

is investigated by Zinkgruvan Mine together with the Örebro University to get a 

better understanding of this risk. 

 

Neither the Creek Ekershyttebäcken nor the Creek Salaån are part of a WFD water 

body and no targets for the water quality in this water system have been set. 

Deviations from current EQS standards expressed in HVMS 2013:19 are mainly for 

Zn. 
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In Table 5, 12-month weighted averages of different variables in the waters of 

Zinkgruvan are shown. The sampling took place up until August 2014, and the 

sampling areas are numbered and highlighted in Figure 2 and Figure 3 above. 
 
Table 5. 12-month weighted averages in different waters at Zinkgruvan, up until August 2014. 
Variable Unit 1 Mine 

water 
2 Water from 

dam core 
3 Dam 

leakage 
4 Excess 

water  

Flow (l/s) 20 10 1-3 50-150 

pH   7.4 – 8.0 7.0 – 7.4 6.9 – 7.3 7.3 

Zn  (mg/l)   5 – 35 0.7 – 4.6 0.17 

Zn (filt) mg/l 2 - 8 5 –35 0.6 – 4.2    
Pb  µg/l   20 - 650 7 - 84 15 

Pb (filt) µg/l 30 - 150 <0.2-0.8 <0.2 – 0.8   

Cu  µg/l   <0.5  <0.5 0.19 

Cu (filt) µg/l 5 - 20 <0.5  <0.5   

Cd  µg/l   1 – 10 0.4 – 4 0.19 

Cd (filt) µg/l 10 - 20 0.8 – 7 0.02 – 0.5   

As  µg/l       9.2 

Cr (tot)  µg/l       0.07 

Cr(VI) mg/l       <0.02 

SO4  mg/l       807 

N (tot)  mg/l 30     4.9 

NH4-N  mg/l 2 - 7     1.8 

NH3  mg/l 3 - 7     2.1 

P (tot)  mg/l       6 

Susp  mg/l       1.9 

Conductivity  mS/m       190 

Aliphatic hydrocarbons  mg/l       <1 

Aromatic hydrocarbons  mg/l       <1 

 

3.2.1 Process water properties and processes 

In this case study the focus lies on the clearing lake, Figure 4, and possible 

techniques to increase the water quality for an increased metal production to 1.5 

Mtonnes/year. 

 



 

27 
 

Figure 4. The clearing lake in Zinkgruvan. Photo 
from 2012. 

 

Dominating processes in the clearing lake are sedimentation of particles, oxidation of 

thiosulfates, oxidation of nitrogen, precipitation of secondary minerals, dilution, 

freezing and oxidation of sulfides deposited above water. To get on overview of the 

challenges some of these processes are discussed below. 

 

Since the pH in Zinkgruvan is relatively stable, between 7 and 8, the amount of 

thiosulfate oxidation to sulfate in Zinkgruvan will not cause any environmental or 

processing complications. The high concentration of carbonates keeps the pH high in 

the process water of Zinkgruvan [6]. 

 

The nitrogen content in the clearing lake is highly seasonally dependent. Based on 

estimations in 2011, an increase in mining to 1.5 Mtonnes will result in a nitrogen 

concentration of 17 mg/L during winter and 5 mg/L during summer [6]. 

 

The balance of nitrogen shows that most of the nitrogen comes from the mine water 

directly to the deposit for tailings sand and is reduced almost twofold during the 

incubation in the clearing lake [6].  
 

3.2.2 Precipitation of secondary minerals 

Most of the secondary minerals are precipitated on the concentrator sand during the 3 

km pumping to the deposit for tailings sand. The sand also helps with the 

sedimentation of the metals. According to data published in 2012, most of the Pb is 

precipitated and sedimented, while the dissolved Zn concentration is increased 

during the incubation period of the deposit for tailings sand and the clearing lake, see 

Table 6 below [6]. 
 

Fact box: Characteristics of the 

clearing lake 

• Artificial lake 
• V: 200 000m3, A: 200 m3,  
• Average flow rate (last 2 years) 

600 m3/h, residence time 2 
weeks 

• Original lake position +176 
meters above sea level 
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Table 6. Mean values of different variables in the inlet to the deposit of tailings sand and the inlet 
and outlet of the clearing lake. The samplings were carried out the 14th of February and the 31st of 
May 2012 [6]. 

 Unit Inlet deposit 

tailings sand 

Inlet  

clearing lake 

Outlet  

clearing lake 

Zn (filt) µg/l 407 835 877 

Zn (tot) µg/l 917 000 1 065 1 160 

Pb (filt) µg/l 245 9.96 24.1 

Pb (tot) µg/l 535 500 118 247 

N (tot) mg/l 9,6 6.49 5.42 

N-NO3 mg/l 6,2 4.18 3.49 

N-NH4 mg/l 1.51 1.69 1.71 

 
 

3.3 Leachate from closed mines in Västerbotten 

county 
Mining has been conducted in Sweden for centuries, primarily in the area of 

Bergslagen. Over the last century however, northern Sweden, and foremost the 

counties of Västerbotten and Norrbotten, have been exploited in terms of exploration 

and mining. Today there are seven operating mines, and seventy mining operations 

that have been closed down in the 1900s, in Västerbotten county. The closed mines 

have, to some extent been treated to reduce their environmental impact.   

 

Leachate from old mining areas and mining depositions often contain high levels of 

metals such as zinc, copper, lead, cadmium, nickel and arsenic. The leachate may 

also have a very low pH which can contribute to an increased acidification of the 

surrounding environment. The metal contents vary widely both within and between 

years, but it is common that the total amounts of leached metals are highest during 

spring and autumn when the metals are flushed out with meltwater and autumn rains. 

In 2008 the Swedish EPA estimated that the cost to process old mining areas and 

mining waste in Sweden is in the order of 2-3 billion SEK [3].  

 

As an example of how the contents can vary between different mines, as well as 

between different waters within the same mine, median values of various variables 

measured for several years at closed sulfide ore mines in the county of Västerbotten 

are shown in Table 7 below. The last column in the Table shows various variables for 

mine drainage from an extractive waste rock deposit9 in Västerbotten county. 

                                                      
9 Deposit containing extractive waste such as waste rocks from mining activities 
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Table 7. Median values of various variables at closed sulfide ore mines and from an extractive 
waste rock deposit in the county of Västerbotten  

Variable Unit Mine 1 

Open pit 
Mine 2 

Open pit 
Mine 2 

Dam 

leakage 

Mine 3 

Open pit 
Mine 3 

Open pit 

leakage 

 Mine 4 

Open pit 

leakage 

Mine 5 

Ditch water  
Extractive 

waste rock 

deposit 

Drainage  
Timeframe Year 2006 -

2012 
2008 –  
2013 

2008 –  
2013 

2008- 
2011 

2005-
2009 

2006- 
2012 

2004- 
2013 

 

pH   4.9 7.591 7.47 4.8 3.9   5.83 4 

Cond µS/cm 1 638           43.5  

Cd  µg/l 35.6 2.22 0.35 7.4 6.1 63.15 1.17 30 

Cu  µg/l 83 18.7 2.74 156 171 6980 12.95 3000 

Zn µg/l 20 900 723 85.4 4 820   23 200 1760  

Pb  µg/l 0.9875 0.52 0.23 4.7   22.6 0.3  

Hg  µg/l 0.01 0 0       0.01  

S µg/l 359 000 40 900         5.71  

As µg/l   0.14 0.35 1.1 1.5   6.35  

Cr µg/l   0.05 0.01   0.5   0.45  

Mn µg/l             2985  

Fe µg/l             23 900 5000 

Al µg/l         2480   594  

Ni µg/l   7.68 0.59          

SO4 mg/l     15         600 

Susp mg/l     1.5          

1 Median value of three out of five samples since two data points were incorrectly noted.  
 

As pointed out above, the contents vary widely within and between years. Figure 5, 

Figure 6, Figure 7 and Figure 8 show how some of the variables from the closed 

mines vary over the years. 
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Figure 5. Variation of zinc concentrations (µg/l) open pit leakage at Mine 4.  

 
Figure 6. Variation of lead concentrations (µg/l) open pit leakage at Mine 4.  
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Figure 7. Variation of zinc concentrations(µg/l) in a ditch at Mine 5.  

 
Figure 8. Variation of cadmium concentrations (µg/l) in a ditch at Mine 5.  

 

3.4 Characterization of water sampled before and 

after thickening 
One of the objectives of this project was to evaluate if it would be interested to 

connect a bioprocess with a tailing process to be able to recirculate the mine water 

more effectively and with less metal disturbance. Therefore a tailing was made and 

the metal composition evaluated. Tailings are a composite of all process plants 

wastes and represent varieties of mineralogy with a wide range of particle sizes, 

rheology, process water, excess reagents and spillage. The use of thickening 

technology is a way to handle and store tailings from the mine operations in a more 

solid phase, by increasing the density of the tailings. Ultrahigh density tailings or 

tailings with low flow characteristics will generally be referred to as thickened 

tailings and paste [7]. The thickening technology is described briefly in Chapter 4.1. 
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During this project, water samples were taken from the tailings before and after 

thickening to examine metal, nitrate, sulfate and COD concentrations in the water 

streams. Samples were also taken from the solid phase of the tailings prior to 

thickening and analyzed for the same variables.  

 
3.4.1 Sampling methodology 

Tailings from a mine with sulfuric contents were processed in a 99 mm diameter 

pilot thickener, Figure 9. 
 

 
Figure 9. Pilot 99 mm diameter Thickener. 

The water sample taken before the thickening process was from a container that had 

rested for more than a day. The slurry was segregated and the solid material had 

settled on the bottom. The water sample was taken from the clear liquid phase above 

the solid material. 

 

The thickening process started up with a stirring of the content in the container and 

an adding of flocculant  and dilution water to achieve optimum solution for the pilot 

thickener. The dilution water from the process was used in the thickening process. 

 

The test work with the pilot thickener went on for about 30 minutes until the 

overflow water was collected. 
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3.4.2 Results  

In Table 8 the results from the analysis of the water phase in the tailings prior to 

thickening and after thickening is presented. Almost all elements give some 

indication of decreasing in concentration after thickening except for Fe, Cd, Cu and 

Ni. This would indicate a trend of decreasing concentration of elements in the water 

sampled after thickening but before any conclusion can be drawn further testing is 

recommended. 

 
Table 8. Results from analysis of water samples taken before and after thickening of tailings. 

Element Unit Water before 

thickening 

Water after 

thickening 

Fe mg/l 0.0935 0.607 

As µg/l 102 21.8 

Ba µg/l 22.9 11.3 

Cd µg/l 0.132 0.454 

Co µg/l <0.2 0.724 

Cr µg/l <0.9 <0.9 

Cu µg/l 3.73 17 

Mo µg/l 28.1 17.1 

Ni µg/l <0.6 8.23 

Pb µg/l 2250 195 

V µg/l <0.2 0.31 

Zn µg/l 633 150 

pH   11.5 9 

SO4 mg/l 219 125 

NO3-N mg/l 1.7 1.04 

COD(Cr) mg/l 320 99 

 

For comparison, the metal concentrations of the solid phase were analyzed prior to 

thickening. The result is presented in Table 9. 
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Table 9. Results of analysis of the tailings before thickening. 

Element Unit Solid phase 

Dry matter (DM) % 99.9 

As mg/kg DM 2210 

Cd mg/kg DM 6.45 

Co mg/kg DM 27.9 

Cr mg/kg DM 22.8 

Cu mg/kg DM 451 

Fe mg/kg DM 100900 

Hg mg/kg DM 2.66 

Mn mg/kg DM 1640 

Ni mg/kg DM 12.9 

Pb mg/kg DM 2440 

S mg/kg DM 78100 

V mg/kg DM 23.9 

Zn mg/kg DM 2620 

pH   9.1 

 
In conclusions the metal concentration in the water phase is very low with little 
requirement of an additional bioprocess step. However, the metal retention in the past 
with time and possible biological method to increase retention could merit from more 
research.   
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4 Mine drainage treatment toolbox 
Several different methods were evaluated for treating mine drainage (MD), 

depending on the location and the physicochemical condition of the drainage. The 

technologies evaluated in the BIOMET project are given in Figure 10. 
 

 
 
Figure 10. Summary of the toolbox evaluated in the BIOMET project and combinations of 
methods for treating different type of MD and tailings. The different MD streams evaluated are i) 
concentrated MD that derives directly from the concentrator facility (Chapter 3.2), ii) diluted MD 
from the passive treatment lakes (Chapter 3.2), iii) tailings, iv) emergency treatment of MD in case 
of leakage and v) MD from small closed mines (Chapter 3.3). 1. Thickening technique developed 
by Outotec (Chapter 4.1), 2. Biological absorption of metals and uptake of nitrogen (Chapter 4.2), 
3. Physiochemical absorption using a filter technique (Chapter 4.3), 4. Bioreduction using sulfate 
reducing bacteria (Chapter 4.4), 5. Chemical reduction as a reference case (Chapter 4.5), this 
method is white since it was only used as a reference case to the biological methods. To find out 
more about the MD streams evaluated and treatment methods press the hyperlink. 

Figure 10 also illustrates how different methods of the toolbox can be combined for 

effective treatment of the MD streams. A description of the methods can been seen in 

the following chapters or by following the hyperlinks in the legend to Figure 10. A 

preliminary feasibility valorization is presented in Table 10, which is based on a 

literature review and input from the BIOMET partners. 
 
  

BIOMET MINE DRAINAGE TOOLBOX

Concentrated MD 

i)

Tailing

iii)

Leakage MD 

iv)

Diluted MD 

ii)

Small mines

v)

2 3

4 5

BiologicalAdsorption Physiochemical

1PastingPasting

Reduction Biological Chemical
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Table 10. Summary and initial analysis of feasibility of different mine drainage treatment 
solutions. The different methods are evaluated according to feasibility markers where the plus 
signs indicate the valorization poor (+), good (++) and very good (+++) in respect to high selective 
metal recovery (A), low investment intensity (B), energy efficiency (C), low labor intensity (D), 
low chemical requirement (E) and low risk for metal leakage (F).  

Method Biological 
Metal 

recovery 
A B C D E F 

1 Thickening No No No ++ ++ +++ +++ ++ 

2 

Biosorption 
bioreactor 

Yes Yes +++ ++ ++ + ++ +++ 

Biosorption 
open pond 

Yes No No  ++ +++ ++ ++ ++ 

3 Filter method No Yes + ++ +++ +++ +++ ++ 

4 

Bioreduction 
bioreactor 

Yes Yes +++ ++ ++ + ++ +++ 

Underground 
bioreactor 

Yes No No ++ +++ +++ ++ ++ 

Mobile facility Yes Yes +++ + + + ++ +++ 
5 Lime addition No No No +1 ++ ++ + + 

1 The most significant cost here is for the sludge treatment. 

4.1 Thickening  

Thickened tailings and paste is created by significantly dewatering tailings to a point 

when they do not segregate as deposits and produces minimal drainage water when 

discharged. The thickening technology often involves a thickener and a flocculant 

and the viscosity can be regulated so the thickened tailings and paste is still flowing, 

but can form a conical pile, see Figure 11. Recovery of process water is done in the 

thickener prior to deposition and in many cases the water can be reused in the 

concentrator plants, limiting the fresh water needs, Figure 12 illustrates the 

thickening process. 
 

Figure 11. A conical pile of thickened tailings and paste at a tailings disposal area [8]. 
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Figure 12. Outotec’s thickening technology. 

 

The paste-like material can either be pumped to a disposal area for a final disposal or 

be mixed with binder and used as backfill in the mine to stabilize the out mined 

stopes (rooms) [8].  
 

4.2 Biological absorption 

Microorganisms and plant material can adsorb  metals in mechanisms that are either 

dependent or independent on their metabolism. Metals can for example be physically 

absorbed on the cell surface by physical-chemical interactions in a relatively rapid 

and reversible matter. Metals can also be transported through the cell membrane and 

accumulate inside the cell. This absorption depends on the cell metabolism. The bio 

sorption efficiency is dependent on the cell surface and therefore also on the strain 

but could reach up to 50% of the cell dry weight [9]. 

 
 

4.2.1 Biosorption using bioreactor 

Although promising results have been obtained with bioreactors in selective 

precipitation of metals, there is a lack of commercial success for controlled 

biosorption processes [9]. The reasons for this could be that this is still a rather 

immature technology where most tests have been performed at the laboratory scale 
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and that there is still a poor understanding of the mechanisms, kinetics and 

thermodynamics of the processes involved. In addition, competing technologies with 

a higher maturity are available for pollutant removal. Therefore, the focus of this 

application has been on recovery of valuable metals in combination with production 

of valuable by-products such as micronutrient-enriched feed supplements and 

fertilizers [9-11]. Table 11 summarizes the biosorption using a bioreactor system. 
 
Table 11. Evaluation of biosorption using a bioreactor system based on a literature review [9, 10]. 
Each column is independent of the others, there is no interlink between. 

Advantage Challenges Controlling variables 

Minimization of sludge 
 

Maintaining high cell 
density 

The economics depends on the efficiency, 
regeneration of biomass or source of carbon 
and energy and which metals are absorbed 
 

High efficiency  
 

Obtaining high metal 
selectivity 

The efficiency depends on available cell 
surface and type of biological material 

Possible metal recovery Regeneration of 
biomass 

Reaction rate depends on pH and 
temperature 

Possible regeneration of 
sorption material 

  

   
 

 

4.2.1.1 Process economics 

It is difficult to find good literature data on the cost of such a system since most 

studies have been done in lab scale. However, a study by Eccles, 1995, [12] has 

estimated that the cost of their biosorption in controlled reactor system could be 50% 

cheaper than conventional treatment methods due to high cost of sludge treatment 

with chemical methods. However, this is an old study and more recent studies are 

required to make predictions about biosorption process economy when using 

bioreactors, which lies outside of the scope of this project. 
 

4.2.2 Biosorption in ponds 

Algae can be used as biosorption material where they can grow, providing there is 

sunlight, CO2 and the right nutrient mixture. The advantages, challenges and 

controlling variables are given in Table 12. 

.  
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Table 12. Evaluation of biosorption using algae in an open pond system based on a literature 
review. Each column is independent of the others, there is no interlink between. 

Advantage Challenges Controlling variables 
Low cost Obtain the right nutrient 

mixture 
The economics depends on the availability of 
suitable ponds, nutrient addition and harvest 
of biomass. 
 

Reduction of nitrogen and 
phosphorous 

Low activity in winter 
time 

The efficiency depends on availability of 
sunlight and availability of CO2 and other 
nutrients. 
 

Possible co-production of 
bio oils and other biofuels 

Harvest of biomass to 
avoid leakage 

Reaction rate (same as efficiency) 

 

It is common to use dams with baffles to control mixing conditions with limited 

energy expenditure. A common design is the so called raceway dam, as shown in 

Figure 13 below. The depth of the dam is just a few decimeters, and the water is 

made to rotate along the dam using paddle wheels. One can dispense nutrients and 

separate biomass at different points along the track.    

 

 
Figure 13. Raceway-dam from Spain [13].  

Daily production of biomass can reach about 50 g TS/m2 in sunny regions. The most 

important nutrients needed are the elements P, N and C. Also Si, Ca, Mg, N, K, Fe, 

Mn, S, Zn, Cu and Co are important. Since Cu, Zn and S are essential for the 

organisms, one can expect some tolerance towards these elements and that the 

organisms have means to handle variable concentrations.   
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Algae bloom in combination with naturally occurring sulfate reducing process has 

shown to give positive results in treatment of abandoned mine drainage in North 

America [14]. 

 
4.2.2.1 Critical variables 

In Sweden, treatment of mine drainage using algae would be limited by light and 

temperature in the winter season, and carbon dioxide and phosphorus in the summer. 

Room temperature is considered to be optimal temperature for many species, but 

there exists micro algae which can live and grow at close to freezing temperatures 

and little light, e.g. those that live under the polar ice cap.  Marine algae have also 

shown to tolerate much lower salinities than in the sea, in fact some grow better at 

lower salt concentrations [15, 16].  
 

The nutrient requirement depends on the composition of algae, which varies between 

species and is affected by nutritional and environmental factors, for instance a 

shortage of available nitrogen leads to less protein and more lipids in the organisms. 

An example of biomass composition is given in Table 13. 
 
Table 13. Rough approximation of algae biomass composition adopted from [17] at a loading rate 
of 0.4 L/m2/d using manure as feedstock. The composition varies depending on the algae 
consortia, the loading rate and substrate added.  

Element Mass - % Source 

C 50 
CO2 in air and addition by 

substrate 

O 33 Water 

H 10 Water 

N 4 
Drainage water or addition by 

substrate 

K 0.8 -”- 

P 1 -”- 

Ca 0.5 -”- 

Mg 0.3 -”- 

Fe 0.1 -”- 

Zn 0.05 -”- 

Al 0.03 -”- 

Mn 0.01 -”- 

Cu 8×10-3 -”- 

Mo 6 ×10-4 -”- 

Pd 3×10-4 -”- 

Cd 3×10-5 -”- 
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As shown in Table 13, about half of the dry solids amount is carbon and about a third 

of the dry biomass is oxygen and a bit less than a tenth will be hydrogen.  N and P 

are often growth limiting, i.e. nitrogen levels below 0.05 g/l has been shown to limit 

growth and increase the fat/protein ratio of the cells [16].  

 

In a review study of biological treatment methods conducted by Laberge 

Environmental Services in Yokon, it is shown that by addition of phosphate fertilizer 

algae bloom can be induced in mine drainage dams, resulting in reduced metal 

concentration [14]. 

 
 
4.2.2.2 Proof of concept at the laboratory scale 

Within the scope of the BIOMET project, a small scale study was done to show a 

proof of concept that 1g algae(TS)/liter could be enough to reduce metal 

concentrations by about 2 orders of magnitude, see Figure 14. A solution containing 

similar concentrations of Cu, Pb and Zn to the mine water of Zinkgruvan was used 

(Chapter 3.2). More information of the experimental design is available in Appendix 

2.  

 

 
 

 
Figure 14. Biosorption with naturally occurring algae using an artificial medium based on the 
conditions in Zinkgruvan.  

 
4.2.2.3 Process economics 

Calculating cautiously with a biomass production of  5 g of TS per day and square 

meter, one would obtain about 2 tonnes of TS per year on a 1000 square meter 
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surface Since a metal adsorption corresponding to about 1 % of DS seems possible 

[9], 20 kg of metals could be retained on this amount of biomass. Scaling up to 10 

hectares of algae production would give a biomass amount that could adsorb about 2 

tonnes of metals. 

 

The county board of Uppsala has presented a pre-study for using waste heat from a 

nuclear power plant for algae production and other uses [18]. They conclude that a 

total cost, including the construction of dams, would amount to 270 000 SEK per 

hectare and year, whereof addition of carbon dioxide accounts for 130 000 SEK 

(about 40 tonnes/year), and the annual capital cost for the investment is 100 000 

SEK.  

 

In the cost estimation above, separation and concentration of biomass is not included. 

The concentration of biomass in the pond has been estimated to reach about 1% DS. 

In order to use the biomass in a bioreactor this would have to be concentrated up to 

about 10 %, which can be achieved by e.g. filtration.  If the biomass is not actively 

separated, but instead allowed to settle and form sediments naturally, i.e. like in a 

settling dam, a good metal separation could be achieved at relatively low cost. The 

risk with this process is that the nutrients are released when the biomass degrades, 

which should be controlled and handled properly. The costs would then be dependent 

on the cost of nutrients to achieve an algae bloom and on the cost for the separation 

of nutrients that are released from the biomass as it degrades – provided that the 

water cannot be stored seasonally.   

 

• Chemicals and materials 

o The cost of chemical addition will depend on the nutrient 

composition of the drainage water. If CO2 is not added, the 

productivity decreases, but the overall cost also decreases. 

• Investment cost 

o If existing dams can be retrofitted with equipment necessary for 

mixing and other functions, the cost will be minor, in the order of 

10-30 SEK per square meter.  

o The separation of biomass will contribute to the investment cost, but 

depends on the available infrastructure of the mine.  

• Labor and supervision  

o Labor requirement is generally expected to be low. However, if 

nutrient addition is needed the supervision and labor intensity 

increases. 
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o Harvest and separation of the algae biomass is expected to be labor 

intensive.  

• Energy usage 

o In general, the energy intensity is expected to be low. However, 

some energy will be used for harvest and separation of biomass.  

   
 

4.3 Physicochemical absorption using filters 

When a risk of emissions exists, e.g. due to embankment failures, one can prepare a 

passive protection system, using latent adsorption capacities. That means placing 

material in the flow path of the emitted water that can retain particles and dissolved 

ions. One such material is pelletized peat. It can be designed as a buried leachate 

filter, as shown in Figure 15 below, or it can be designed for other flow regimes 

depending on local topography.  
 

 
Figure 15. Leachate filter for mine leachate. Photo by Erik Lundin, Geogen AB. 
 

In the case of Zinkgruvan, the ground downstream of the sand dam has a small slope 

away from the dam, and a suitable design would be using a mainly horizontal 

filtration in order to adapt to the topography. This means that in order to reduce flow 

limitations, the vertical surface must be fairly large. A principle of design could be as 

presented in Figure 16. One can also put several such installations after each other. 
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Raw peat will probably have a too low permeability, but a granulated peat produced 

by Geogen Produktion AB10, could be suitable. It has a porosity of about 80%. It also 

has a more lipophilic surface, which results in a structural stability under wet 

conditions. The quality normally produced has a density of 0.3 tonnes/m3 and it is 

sold today for about 3700 SEK/ m3.  

 

A minimum contact time is needed for the adsorption to occur. This will vary with a 

number of factors such as the water composition, the pH and temperature among 

others. Based on previous tests, a minimum of 20 minutes retention time could be 

used as a design criterion. This, together with the inclination and the permeability 

will provide the basis for filter design, e.g. the length of and the distance between 

distribution and collection tubes. In Figure 16 the pipes are color coded, red for 

distribution and green for collection.   

 

 
Figure 16. Planar view of passive filter from above. 

The adsorptive capacity must be tested for each water to be treated. Previous tests on 

a water containing both oil and metal contamination showed that at least 0.4 moles of 

heavy metals could be adsorbed per kg DS of filter material [19], which is in the 

same range as for biosoption of living cells (4.2.1 [9]).   
 

                                                      
10 http://www.geogen.se/ 
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4.3.1 Process economics 

Due to its mode of operation, a passive filter will not require large operation costs; 

the main cost is for the construction. For instance using a half meter thick layer of 

pelletized peat would cost about 2000 SEK/m2 and hold an adsorption capacity of 

about 60 moles/m2, corresponding to about 30 SEK per mole. To obtain a more 

precise estimate, tests must be performed.  
 
 

4.4 Biological sulfate reduction and metal 

precipitation 

Treating acid drainage biologically to obtain metal sulfides is a means to recover 

valuable metals and clean contaminated water from active mines and old tailing 

deposits. The sulfate reduction reaction is conducted with the catalysis of a group of 

anaerobic sulfate-reducing bacteria (SRB). SRB use sulfate as terminal electron 

acceptor for the degradation of organic compounds [20]. An increase in pH is 

generated due to the consumption of protons in the reduction reaction of sulfate to 

sulfide, catalyzed by the SRB. Metals such as Fe, Zn, Cu, Cd, Ni and Pd present in 

the drainage react with the sulfide, forming stable metal sulfides. Another alternative 

is to separate the metals by precipitation with lime, however the reactivity of metals 

is higher with sulfides than with hydroxides and carbonates in lime [21] and the 

sulfide precipitates are more dense, stable and are relatively insensitive to chelating 

agents resulting in a more stable sludge [22]. The stable metal sulfides can therefore 

easily be transported, stored and theoretically added to a flotation process in a mine 

concentrator process, resulting in a metal recovery possibility. Consequentially, the 

process has the potential to close the metal loop in a circular economy. The major 

advantages of using biologically catalyzed sulfide reduction are [23]: 

• the high yield (80-99%)  

• reduced chemical input  

• a higher degree of selective metal precipitation.  

The technology readiness level (TRL)11 of the processes ranges from 3-7 depending 

on the reactor used and process input material (further in Appendix 1, including 

Table A1). Table 14 evaluates the method with regard to advantages, challenges and 

controlling variables.  

 

                                                      
11For more information about TRL click here.  
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Table 14. Evaluation of bioreduction (synonym: bioprecipitation) using a bioreactor system 
based on a literature review. Each column is independent of the others, there is no interlink 
between. The controlling variables are illustrated in Figure 17.  

Advantage Challenges Controlling variables (se Fel! Hittar inte 
referenskälla.) 

High metal recovery 
 
 
 

Cost and availability of 
carbon and electron 
source 

The economics depends on the cost of the 
substrates, temperature and the reaction rate. 

Low sludge production 
 
 

Temperature and pH 
dependence 

The efficiency depends on the metals, 
substrate and reactor design. 

Low energy cost 
 
 

Requirement of trained 
personnel 

Reaction rate (same as efficiency) 

Stable metal sulfides 
 
 

Large reactor size at 
high hydraulic loads 

 

Possibility for water 
recirculation 
 
 
 

Inhibiting substances in 
the MD could be toxic 
to the biota and result in 
fouling of filters. 

 

Selective metal 
precipitation 

Downstream separation  

 

Although a recent study has shown that sulfate bioreduction can be an economically 

interesting alternative for metal recovery and waste water treatment [24], there are 

three central challenges that should be addressed to increase the economically 

competiveness of the process. Firstly, the sulfate bioreduction process requires a 

carbon and electron source which contributes significantly to the process cost. The 

cost of the carbon source is also correlated to the yield, efficiency and waste footprint 

of the process. If a low-cost substrate (i.e. carbon and electron source) such as sludge 

is used, the reduction rate of the process will be lower and a sludge is produced that 

needs to be treated separately. If instead H2 and CO2 or syngas is used the reduction 

rate may increase but then the substrate cost will be higher, approximately 17% of 

the operation cost for the process [24]. The rate of reduction is crucial for the 

feasibility of the processes of diluted streams since it affects the reactor size and 

energy input to the process. Low temperatures leads to decreased reduction rate or 

high energy cost. Finally, the water to be treated may include process inhibiting 

substances, either through a toxic influence on biota or through other disturbances of 

the process such as fouling of filters or downstream separation problems. Figure 17 

shows the variables affecting process yield, sludge production and economy of the 

process. A more comprehensive review of each of these variables are given in 

Appendix 1. 
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Figure 17. Variables affecting the process yield and productivity, sludge production and process 
economy. 

Figure 18 shows a compilation of studies made using sulfate reducing bacteria to 

treat real or synthetic acid mine drainage (more detailed information can be found in 

Appendix 1). The Figure highlights only sulfate reduction rate, type of reactor and 

type of substrate (color coded). 

 
Figure 18. Graph showing results from selected literature [25-42] regarding reactor type, 
substrate used and obtained sulfate reduction rate. The y-axis scale is logarithmic. FBR – 
fluidized bed reactor, MBR – membrane bioreactor, EGSB – expanded granular sludge bed, 
UASB – up-flow anaerobic sludge bed, CSTR – continuously stirred tank reactor. 

It is impossible to draw any quantitative conclusion from the literature study on the 

effect of reactor design and substrate use on sulfate reduction rate, since there are 
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many factors in the studies that varies. A central conclusion of this review is 

therefore that more systematic research and pilot scale studies or testbeds are needed 

to transfer the academic knowledge into knowledge with real industrial value. 
 

4.4.1 Process control 

The sulfate reducing process is in many aspects similar to the anaerobic digestion 

process producing biogas, and can therefore be compared regarding process control. 

For an efficient operation of anaerobic digestion, it is important to have good 

monitoring and control of the process. Large variations in the incoming feedstock 

may introduce imbalances that can lead to reactor failures with long recovery times. 

In order to avoid such effects it is common to operate the process with large safety 

margins far below the maximal capacity of the process. As a consequence, the 

economical margins are severely limited. This aspect could be very much improved 

with a better monitoring and control of the process. Without exception, all automatic 

control systems consist of four basic components: the process, the measurement, the 

decision-making and the implementation. Monitoring of anaerobic digestion is 

considered difficult due to the large number of involved components and to the rather 

hostile environment in the digester. Sensors can easily become blocked and/or 

destroyed and there are today very few reliable options for measurement of important 

parameters. The sensors used for process monitoring can be divided into those 

measuring in the gas phase and those measuring in the liquid phase. In order to better 

understand the complex process dynamics, both on-line and off-line measurements, 

such as pH, gas flow, gas composition, COD (chemical oxygen demand), VS 

(volatile solids), VFA (volatile fatty acids), alkalinity, hydrogen etc. may be required.  

 

In principle, a stable process operation can be achieved by designing and 

implementing suitable process control strategies that can handle variations in the 

incoming feedstock and any possible disturbance during the operation without 

risking process imbalance. Control of anaerobic digestion is considered particularly 

challenging due to the complexity of the process and limitations in the available 

sensors. However, there are good examples of control strategies developed and 

implemented to meet specific challenges of processes. In general, the primary control 

goal is to maintain a well-balanced ecosystem for stable operation. This is done by 

carefully tuning operating conditions to optimize the growth of bacteria involved in 

the processes. Owing to the fact that disturbances often have negative effects on 

processes, the second control goal is to achieve good disturbance rejection. This 

involves manipulating operating conditions about their average values, in order to 

compensate for the effects of for example environmental factors. At last but not least, 
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highly efficient bioreactors are essential in order to make operation of the process 

economically feasible. This can be done by maximizing the use of bioreactor 

capacity on a long-term basis. The third control goal is therefore to steer the reactor 

load to a maximum value while keeping the microbial ecosystem in balance. 

 
4.4.2 Process economics 

  

The equipment cost data used in early stages of design are normally based on 

capacity, materials of construction (carbon steel, stainless steel, aluminum, plastics 

etc.), operating pressure and operating temperature. However, in reality, factors such 

as required delivery time and availability of materials and fabrication labor also 

affect the equipment cost but are somewhat difficult to quantify. When choosing 

material for this type of process one should bear in mind that a low pH and the 

presence of sulfate ions and hydrogen sulfide can lead to corrosion problems. Thus, 

in addition to the materials mentioned above, also acid-proof steel should be 

considered. The choice of material will have significant influence on the capital cost 

of equipment. 

 

The equipment cost of a process typically represents between 20-40% of the total 

installed cost. In addition to the actual purchase cost for equipment, the total 

investment for a new design can be broken down into four main parts: battery limits 

investment which include process equipment and installation costs, utility investment 

that for example could include electricity generation and process water, off-site 

investment which include auxiliary buildings and waste disposal system and working 

capital that for instance include raw materials for plant start-up. Location should also 

be taken into consideration when estimating the cost for building a plant, since it can 

vary significantly, even within the same country [43]. 

 

Figure 19 shows the relation between the hydraulic retention time, HRT, the size of 

the bioreactor and its relative cost factor when treating 10 000 L/h of AMD. The 

HRT indicates the rate at which the system can be pushed while maintaining a high 

sulfate reducing efficiency. As illustrated in Figure 19, HRT has a large influence on 

the volume of the reactor and hence also affects the cost. In the literature the HRT of 

bioreactor systems of SRB varies between 3.5-480 h (Appendix 1, Table A1) 

depending on the factors described in Figure 17. 
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Figure 19. The graph represents the relation between HRT, volume and cost factor when treating 
10 000 L/h with a sulfate concentration of 600 mg/L. In this case the relative cost factor 1 
corresponds to 50 000 euro when using the simulation software SuperPro Designer with stainless 
steel as material and a plug flow reactor. However this should only be considered as an indication 
of the cost. 

The cost relation in Figure 19 is restricted to the bioreactor system, see Figure 20. 

Neither auxiliary equipment,  i.e. metal precipitation tanks, storage tanks etc., nor 

installation costs have been included.  

 

 

 

 

 

 

 

 

 

 

 

Regarding operating costs of the sulfate reduction process, mainly the following need 

to be considered: 
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o The substrate selected for the process can have great impact on the 

overall cost of the process since it is often needed in large amounts. 

The substrate should be chosen wisely with regard to local 

availability and existing infrastructure. In the article by Touze et al. 

2008 [24], H2 and CO2 are used as substrates. Alternative substrates, 

such as methanol or ethanol, can be used depending on availability. 

The amount of substrate needed will depend on the sulfate reductive 

yield which needs to be determined experimentally.  

o Other chemicals, for example urea, di-ammonium-phosphate and 

MgCl2 [24], are needed in smaller amount as nutrients for the 

process. 

• Labor and supervision: A more automatically controlled bioreactor would 

be less labor intense but would demand a larger investment cost.  

• Energy usage depends on whether the temperature is controlled or not, as 

well as on the stripping of the hydrogen gas, if that is used as a substrate. In a 

temperature controlled reactor the size of the bioreactor can be decreased 

compared to an uncontrolled bioreactor. This is due to that the process rate of 

the former is faster due to the fact that the temperature can be adapted to suit 

the microorganisms.  

• Maintenance costs could be significant depending on the pumps, reactor 

and pipes of the process. For example, corrosion is a significant contributor 

to maintenance cost of biogas plants. 

 

4.4.3 Underground bioreactor 

Bioreduction and biosorption can also be achieved in a more passive approach by 

using a carbon and energy source in an anaerobic environment that stimulate growth 

of SRB in a so called passive underground bioreactor. The driving force for the 

bioreduction is the reductive capacity of the substrate added (Appendix 1). The 

bioreactor is placed beneath the soil in the tailing wall, where the water is led 

through. Higher long term efficiencies can be achieved by mixing easily degradable 

substrate like horse and cow manure with more long term degradable substrates, like 

sawdust and straw [44]. If only manure is used the reaction rate is faster but the 

substrate will need to be exchanged more frequently. There are some promising 

results reported after 5 years monitoring in a very cold climate in Canada, which 

could resemble Swedish conditions [45]. This is a system where little is known about 

how the system changes with respect to aging and substrate degradation, aspects that 

could merit more research [4, 44]. The advantages, challenges and controlling 

variables according to literature are given in Table 15. 
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Table 15. Advantages, challenges and controlling variables of underground bioreactor systems  [4, 
14, 44, 45]. Each column is independent of the others, there is no interlink between. 

Advantage Challenges Controlling variables  
Low maintenance 
 
 
 

High risk since little is 
known 

The economics depends on the cost of the 
substrates and efficiency. 

Low sludge production 
 
 

Temperature and pH 
dependence 

The efficiency depends on the metals, 
substrate, pH and temperature 

Low energy cost 
 
 

Requirement of 
biodegradable substrate 

Reaction rate (same as efficiency) 

Could be used at remote 
places even at cold 
temperatures. 

  

 
4.4.3.1 Process economics 

The process cost is expected to be rather moderate (low investment and maintenance 

cost) compared to other methods evaluated in the BIOMET toolbox, but they depend 

on the substrate added, and process efficiency. However, since little is known about 

the process, the process cost is not evaluated in more detail in this report. 

 
 

4.4.4 Mobile facilities 
 

Figure 21 shows a mobile pilot facility used for biogas production. A similar system 

could be built as a mobile test bed for sulfate reduction to investigate and scale up 

AMD treatment system at larger mines, to get a better understanding of the yield, 

design and cost. A mobile facility could possibly be used for both biosorption and 

sulfate bioreduction. This concept was only briefly evaluated within the scope of this 

project but the idea is that it would be a pilot/demostation facility as a first step 

towards building a stationary facility. More extensive analysis is required for making 

a business case for this. 
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Figure 21. Mobile complete pilot biogas facility owned by JTI – Swedish Institute of 
Agricultural and Environmental Engineering. 

Table 16. Evaluation of bioreduction (synonym: bioprecipitation) using a bioreactor system 
based on a literature review. Most of the advantage and challenges are presented in Table 14 
and only the ones specific for a mobile facility are presented in this Table. Each column is 
independent of the others, there is no interlink between. 

Advantage  Challenges Controlling variables (see also Table 

14) 
Research infrastructure 
for prospecting and 
evaluating new design 
 
 

Regeneration of active 
microbial consortia 

The economics has not been evaluated in 
this study. But will depend on monitoring 
technology and trained personnel. 

High flexibility 
 
 

Availability of 
substrate 

High usage of the facility is important for 
payback of investment. 

Decreased risk of 
investment due to on-site 
testing 

Usage of the facility  The efficiency depends on the how well 
the microbial consortium can be 
reactivated 
 

 Availability of trained 
personnel 

Reaction rate (same as efficiency) 

 

The mobile pilot demonstration unit could be built using a demountable system as 

show above, or using intermodal containers. Intermodal containers have an 

advantage of being robust, stackable and may be used to build modular systems 

for increased capacity or hosting different parts of the bioreactor. The 

demonstration unit (pending on size and capacity) can be used for commercial 

operations or for demonstration and prof of concept in real world conditions, 
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providing data for a site specific permanent facility. 
 

 

4.4.4.1 Process design and economics 
 

In many aspects the design of the mobile facility could be based on the biogas 

facility by JTI. However, a more adapted high-rate reactor should be used and it 

should be highly controlled online, to avoid high personnel costs. After initial 

investment, cost for personnel, handling of side streams (sludge, etc.), and substrates 

is expected to be the major drivers of cost. 
 

4.5 Chemical precipitation 

Traditional methods to treat AMD are by chemical precipitation [46] by using alkali 

to increase the water pH and precipitate metals typically as hydroxides. Lime (CaO 

or Ca(OH)2) is often used due to its availability and low cost in most countries. 

Metals such as Fe, Zn, Cu, Al and Pb can be precipitated and the resulting mixture of 

CaSO4 (gypsum) and metal hydroxide is called sludge. The advantages of using lime 

precipitation is the simplicity of the process, inexpensive equipment requirement and 

safe operations. However, there are a few downsides as well. Chemical precipitation 

give rise to an excessive sludge production that requires further treatment and cost 

for its disposal, as well as long-term environmental impact. Other disadvantages 

include the large amount of chemicals needed in order to reduce the metals content to 

an acceptable level for discharge, slow metal precipitation and poor settling [47]. 
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5 Case studies 
 

5.1 Sulfate bioreduction process in Västerbotten 

county  
To get a rough idea of the cost and performance of a sulfate bioreduction process 

under Swedish conditions, the conditions of a pilot and full-scale cost estimation 

study [24], was compared with the drainage from an extractive waste rock deposit in 

Västerbotten county containing sulfides and heavy metals, presented in Table 7 

(Chapter 3.3). Some main characteristics of the two different mine waters are also 

shown in Table 17.  

 
Table 17. Characteristics of mine water described in [24] and from a case in Sweden. 

 Unit Upscaled process 

estimated in Touze et al. 

2008 [24] 

Mine drainage from an 

extractive waste rock 

deposit in Västerbotten 

county 

Flow L/h 10 000 10 000 
SO4  mg/L 1200 600 
Fe  mg/L 102 5 
Cu  mg/L 5 3 
    
pH  2.9 4 

 

As can be seen in Table 17 the flow rate is the same in both cases, but the pH is 

slightly higher in the Swedish case and the sulfate concentration is lower. The annual 

amounts of Fe and Cu from the extractive waste rock deposit in Västerbotten are 438 

kg and 263 kg respectively. Previous studies on the bioreduction process [24, 26, 39, 

40] have shown that the removal efficiency of these particular metals has been as 

high as 99% for several types of substrates, which is promising for a recovery of 

valuable metals and the removal of these from the water stream. 

 

The conditions and costs of the estimated industrial process from Touze et al [24], 

are given in Table 18. The table also indicates possible conditions if treating the 

water stream from the extractive waste rock deposit in Västerbotten county 

containing sulfides and heavy metals, Case 1 and 2. A lower sulfate concentration 

can possibly result in a significantly shorter retention time (HRT) and subsequently a 

smaller reactor volume needed, assuming that the same type of substrate is used and 

that the same sulfate reduction efficiency can be achieved. A reservation should be 

made that this assumption could be an overestimation of the capacity of the system 

since the HRT is very low compared to other systems described in literature 

(Appendix 1 and Table A1) and that the rate could be lower at lower concentrations 
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due to a lower specificity. Having said that and assuming the same sulfate reduction 

conversion as reported in literature [24], a reduced HRT by half can be achieved for 

Case 1 in Västerbotten county since the sulfate content is half of that in Touze et al 

[24]. A halved HRT cannot reduce the reactor equipment cost by half but to an extent 

of about 35% (compare the cost factors 2.55 and 1.65 respectively) in Table 18. 

Regarding Case 2, instead of H2 and CO2, ethanol is assumed used as a substrate. 

Literature reports a sulfate reduction rate of about 200 mg/L/h [25-27] which 

additionally could reduce the HRT needed for the process in comparison to Touze et 

al [48] and therefore reduce the volume of the bioreactor. However, since the process 

in Case 2 and in Touze et al [24] have different conditions (substrate, reactor type 

etc.) no further assumptions can be made regarding costs of the process. 

  
Table 18. Conditions and costs for the processes in Touze et al 2008 and for a stream from an 
extractive waste rock deposit in Västerbotten county.  

 

 

 

Upscaled process 

estimated in 
Touze et al. 2008 

[24] 

Case 1 

Mine drainage from an 

extractive waste rock deposit 

in Västerbotten county 

(case H2 / CO2) 

Case 2 

Mine drainage from an 

extractive waste rock deposit 

in Västerbotten county 

(case ethanol) 

Substrate H2 / CO2 

 
H2 / CO2 

 
Ethanol 

Substrate demand 

(theoretical) (kg/h) 

 

- 0.501 / 0.212 1.921 

Hydraulic retention time (h) 
 

8 
 

4 ~2,5 

Sulfate reduction rate 

(mg/L/h) 

 

953 953 2004 

Reactor type 

 

Fixed bed Fixed bed Fluidized bed 

Equipment cost: total (Euro) 110 000  
 

n.d. n.d. 

Equipment cost: reactor (cost 

factor)5 
2.55 1.65 n.d 

Operating cost (Euro/m3) 0.816  n.d. n.d 
1 The calculations behind these are further described in the following text. 
2 Based on the relation between added H2 and CO2 in [24].  
3 The same sulfate reduction rate is assumed to be achieved in the upscaled process estimate and in Case 
1, since the same substrate is used. 
4 Mean sulfate reduction rate reported in [25-27] using ethanol as a substrate 
5 See Figure 19. 
6 The electron donor, H2, contributed largely to this cost, close to 20% of the cost. Waste disposal is not 
included. 
 

The amount of substrate needed for the process may significantly affect the operating 

cost of the process, as mentioned in Chapter 4.4.3.1. The theoretical substrate 

demand, presented in Table 18, is calculated based on the flow of the water stream, 

the sulfate concentration and a COD/sulfate ratio of 0.67; if organic material is 

oxidized via sulfate reduction, 8 electrons can be accepted per molecule of sulfate. 
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Since one molecule of oxygen can only accept 4 electrons, the electron accepting 

capacity of 2 moles of O2 equals 1 mole of SO4
2-, equivalent to 0.67 g of O2 per g 

SO4
2- [49]. The corresponding ratios for COD/ethanol and COD/H2 are 2.09 and 7.94 

respectively. 

 

Based on the literature survey conducted in this project, Touze et al [24] is the only 

study that has investigated techno-economic aspects of the sulfate bioreduction. 

According to the study, the overall equipment cost of a fixed bed bioreduction 

process is 110 000 Euro, which is quite beneficial from an economic point of view. 

However, our analysis of the equipment cost in the paper indicates that it is under 

estimated (see for example Figure 19). The paper is also a few years old, 2008, 

making it a little bit outdated. Finally, there are some uncertainties on the reduction 

rate used in the mass balance model used for estimation in the paper raising some 

concerns of using the report as a basis for cost estimation for similar conditions in 

Sweden. 

 
 

5.2 Biological treatment in the clearing lake in 

Zinkgruvan 
 

5.2.1 Challenge to be met 

According to a previous analysis of the processes in Zinkgruvan (Chapter 3.2.1 Table 

5) that can be related to the target Table 4, it is especially the nitrogen content and 

the incomplete nitrification and denitrification that are the most challenging 

processes to consider for Zinkgruvan when the metal production will increase to 1.5 

Mtonnes/year (as mentioned in Chapter 3.2.1). The other processes propose a lower 

risk according to Eriksson, 2012 [6]. According to the data in Table 5 also the  

sulfate concentration is high and a reduction could be a future target. The 

acidification effect of the sulfate is small (neutral pH [6]), but this sulfate could have 

an ecological effect. 

 
 

5.2.2 Tools from the BIOMET toolbox for seasonally 

high nitrogen and sulfate content 

To meet the challenge of seasonal high nitrogen content, one can consider: i) 

increased denitrification rates, ii) increased algae production and/or iii) combinations 

of actions along the process water chain (Figure 10).  
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5.2.2.1 Combined nitrate and sulfate reduction 

Similarly to the sulfate reduction described in the toolbox and the report, nitrate can 

be reduced in the absence of oxygen by a biological process. The microorganisms 

use a carbon and electron source (for example plant material or algae) to reduce 

nitrates to nitrogen gas. The principle is similar to the sulfate reduction but the 

reaction is more energetically favorable and more likely to take place. In principle 

this would mean that, if the conditions are controlled, both nitrates and sulfates can 

be reduced in the same process, where the formed sulfide could lead to ZnS 

precipitation, although that effect is expected to be less significant. A residence time 

of a week should be sufficient and it could be explored to use the lake itself as a 

bioreactor with a carbon source in order to stimulate the growth of the 

microorganisms [4]. 

 

The expected risks and costs of using the clearing lake as a bioreactor for combined 

nitrate and sulfate reduction: 

• The microorganisms need some kind of carbon and electron source – which 

is a cost, and also involves a risk of releasing COD to the environment which 

may lead to uncontrolled methane production. 

• Insufficient reduction during winter due to low microbiological activity. 

However, a study in Canada has shown that passive bioreactors may work 

even under cold conditions [45], as mentioned above (Chapter 4.4.3). 

• Filter technology could be used to avoid leakage of the biomass added but 

this also brings about a cost. 

Possibility for improvement and reduced risk: 

• Optimizing the clearing lake as a bioreactor 

• Development and adaptation of new microbiological SRB strains, with 

higher activity during winter that are able to form biofilms on cellulosic 

materials.  

• Smart use of innovative carbon and electron sources  to reduce cost and risk 

of uncontrolled methane production 

• Controlled addition of carbon sources to avoid methane production and give 

rise to increased NO3 and SO4 reduction 

 

5.2.2.2 Induced algae growth 

Algae use light, nitrogen, phosphate and CO2 to grow and build new biomass. They 

can also absorb metals, depending on the strain (see toolbox in Chapter 0 for more 

information). The challenge with algae is that they are dependent on light, and 

therefore are only active during late spring, summer and early autumn. According to 
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our analysis, the phosphate/nitrogen ratio is too low to support effective algae 

growth. In addition, the available sunlight could be limiting. It would be possible to 

add small (controlled) amounts of phosphorous to increase the growth rate and 

nitrogen uptake rate of algae. A successful experiment inducing algae growth by 

phosphorous addition has been made in the pilot scale on closed mines [14]. An 

additional benefit of using algae is that they may be used as energy carriers for 

biodiesel and/or biogas/biohydrogen production. The structure of the clearing lake 

with its low depth makes it a good incubation for production of algae. 

 

The expected risks and costs of this process: 

• Addition of phosphate may be both an extra cost and, especially a risk if it is 

not controlled. 

• Insufficient reduction during winter due to low availability of sunlight 

• During decomposition of algae the nutrients are released. To avoid this, 

algae could be harvested but at a cost. 

Possibility for improvement and reduced risk: 

• With controlled addition of phosphate supported with well documented lab 

tests and close monitoring during the test period, the risk could be decreased. 

• Smart harvesting solutions for the algae. 

 

5.2.2.3 Combination of induced algae growth and bioreduction of 

nitrates 

To increase the reduction of nitrogen during the dark time of the year, but when 

temperatures are high enough for bacterial activity, it would be interesting to 

evaluate the cost of adding a carbon and electron source. For mass balance 

estimations, during summer the NH4 concentration in the clearing lake is 2 mg/L. A 

rough estimation of nitrate and sulfate reduction during summer – based on the 

assumption that growth rate is not limiting and that all NH4 (2 mg/L) is used for 

algae production – the total nitrate/sulfate reduction could be in the range of 20 

mg/L. A rough estimation gives that this would require a P addition of 0.5 mg/L. To 

avoid too much phosphate addition, an additional carbon source could be added to 

compensate for low algae yields12.   

 

                                                      
12 Estimations based on a N and P content in algae of 5%, 7% respectively, a biomass 
molecular weight of 12.5 g/mol, a sulfate/COD ratio of 0.62 mol/gCOD and a biomass COD 
yield of 0.82 gCOD/g biomass. Data comes from this report and complemented with biogas 
production.  
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The expected risks and costs of this process: 

• Described above (Chapter 5.2.2.2) 

Possibility for improvement and reduced risk: 

• A controlled addition of phosphate, supported with well documented lab 

tests and close monitoring during the test period could decrease the risk.  

• Smart harvesting solutions for the algae. 

• Off-site production of hydrogen, CO2 and VFA, from algae and possible 

other cheap carbon sources that could be used as a carbon and electron 

source for the nitrate and SO4 reduction. 

• Alternatively, an additional carbon source could be used to stimulate SRB 

activity resulting in the formation of more stable metal sulfides that will 

sediment to the bottom of the clearing lake [14].  

Target goals 

• 80-90% NO3 removal, 50% NH4 removal – should be estimated and thought 

through more carefully. It will still be more in the summer and less in the 

winter but as long as the temperature is above freezing, the aim would be to 

have some activity. 

• 60-70% SO4 removal during summer and less in the winter. However, it is 

especially in the summer the problem arises. 

• Decreased investment cost due to high rate hydrogen and CO2 production as 

well as immobilized sulfate and nitrate reducing bacteria. 

 

5.2.2.4 Improvement of the whole water stream 

For an economically and environmentally sustainable solution to the challenge of 

nitrogen and sulfate removal of the water to the recipient, it is advisable to consider 

the whole water stream network. The nitrogen content in the mine water is 

approximately double that of the clearing lake. Earlier treatment of nitrogen could 

result in a more cost-efficient process with smaller reactor volumes even during the 

winter season.   
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6 Conclusion/Outlook 
 

There is governmental pressure of reducing the environmental footprint of mining by 

reducing the level of metals released to water on both the national and the European 

level. The mine industry needs to show that they use best practice technologies to 

solve the problem. A question arisen from this report is whether bio-metallurgical 

methods could be regarded as best practice. The conclusion from this work is that 

biological methods indeed do have the potential of being competitive with chemical 

methods, but that there still is a lot of knowledge to develop.  

 

A central result of the literature review is that there is a need for more experimental 

studies, pilot scale trials and long term analysis on Swedish mining conditions to 

determine the true potential and challenges of the processes. In addition, the rating of 

different biological methods and their applicability will depend on the condition and 

the requirements that the industry has on the techniques.  For example, if metal 

recovery is the main objective, a controlled bioreactor with higher investment cost 

can be used. These processes require more maintenance but can be pushed to high 

productivity and yield with only little sludge production and minimal risk of metal 

leakage.  However, if the main objective is to merely to reduce metal and sulfate 

leakage, more passive solutions should be evaluated, requiring less maintenance and 

investment costs. The long-term performance of these systems has not been well 

studied, but they require only small amounts of investments and maintenance. It is 

likely that bio-based methods will be used in an integrated manner together with 

filters, chemical methods and other methods for controlling the release of metals to 

the environment, forming site-specific management strategies for individual mines. 

These strategies will allow for backup and failsafe systems if one or more system 

component fails, and also provide extra safety for sensitive recipients. A combination 

of bioreactor and filters is suggested in this report and evaluated based on available 

literature. More research is required to improve and quantify the effects and increase 

the knowledge of the biosystem-dynamics of passive methods. 

 

The biological treatment toolbox suggested in this report can be combined with 

chemical thickening solutions. However, for the thickening process, the experimental 

results of this study give an indication that most metals are present in the solid phase 

and that the metal concentration in the water phase after thickening is low. This 

observation needs to be confirmed in further studies. However, a more critical follow 

up project based on these results could be on how to develop strategies to avoid 

leakage from thickened tailings and paste. 
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An outlook is that this is an innovation area that would merit more research, pilot 

scale trials and industrial tests. It holds the potential of significantly improving the 

environmental (and possibly the economical) footprint of mining processes in 

Sweden and abroad to meet the successively more stringent environmental legislation 

and goals. There is definitely room for Swedish innovation and technology 

development in this area with a probably significant international market. 
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8 Appendix 1: Bioreduction process using 

SRB 
 

In this appendix the bioreductive process using sulfate reducing bacteria is described 

and critical factors to consider are discussed. Table A1 in the end of the appendix 

summarizes sulfate reducing bioprocesses from literature. 
 

8.1 Sulfate reducing bacteria 
Sulfate reducing bacteria, SRB, has the ability to convert sulfate to hydrogen sulfide; 

this reaction is called dissimilatory sulfate reduction [49]. Apart from sulfate, also 

sulfite and thiosulfate are common electron acceptors for most SRB species [50]. 

SRB compete with other anaerobes, in anaerobic environments that have a low redox 

potential. These anaerobes include methanogens, homoacetogens, fermentative 

bacteria and proton-reducing acetogenic bacteria. In this competition the presence of 

sulfate is important. Compared to the methanogens, the SRB can use a wider range of 

substrates. Common substrates for the SRB, like organic acids such as lactate and 

propionate, cannot be used by the methanogens to grow on [20]. 
 

8.2 pH 
The sulfate reducing bacteria prefer a pH ranging from 5 up to 9. Acid Mine 

Drainage, AMD, commonly has a pH between 2 and 4, not seldom below 3 [39]. As 

a solution to this, the influent to the bioreactor can be neutralized through the 

addition of lime or a side stream SRB bioreactor can be used in order to prevent the 

SRB from a direct contact with the AMD [50]. Another suggestion is to recirculate 

the effluent stream back to the influent stream to manage a low pH by somewhat 

neutralizing the influent stream [39]. 

 

On the other hand, acidotolerant and acidophilic SRB exists which offers the 

possibility to treat AMD directly, without influent neutralization, since there are 

several advantages operating reactors at low pH. For example the cost for adding a 

neutralizing reagent can be avoided and methanogens are outcompeted by the SRB 

since the methanogens are more sensitive to low pH. Additionally, at low pH the 

sulfide is mostly in the gaseous phase, which simplifies sulfide separation from the 

effluent using e.g. subsequent metal precipitation [51]. 

 

Jong et al. have shown that the SRB can adapt to a gradually lower pH. The low pH 

was possibly not damaging to the SRB, however the more acidic the influent became 
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the periods of adaption became longer. Additionally, the sulfate reduction rate was 

significantly reduced when the influent pH was lowered down to 3.5. Nevertheless, 

the SRB managed to adapt to the acidic environment and succeeded to survive and 

metabolize for 20 days [39].  

 

8.3 Temperature 
SRB can tolerate temperatures ranging from -5°C up to 75°C. Though, the optimal 

temperature for most SRB is between 28 and 32 °C [50]. Touze et al. performed pilot 

scale experiments in which they did not regulate the temperature. The temperature 

varied between 5 and 17°C and the sulfate reduction rate was shown to be correlated 

to the temperature. A lower temperature gave a lower sulfate reduction rate [24].  

 

8.4 Carbon source/Electron donor or Substrate 
Wastewaters rich in sulfate are usually deficient in electron donors and have need of 

external addition of electron donors in order to achieve complete sulfate reduction. 

Eight electrons can be accepted per molecule of sulfate if organic material is 

oxidized via sulfate reduction. One molecule of oxygen can accept 4 electrons and 

consequently, the electron accepting capacity of 2 moles of O2 equals 1 mole of SO4
2- 

which is equivalent to 0.67 g of O2 per g of SO4
2-. This implies that a COD/sulfate 

ratio of 0.67 is theoretically enough to perform sulfate reduction [49]. Hence, the 

amount of electron donor needed is dependent upon its content of COD. Commonly 

used electron donors include hydrogen, methanol, ethanol, acetate, lactate, 

propionate, butyrate, sugar and molasses [52] but also sewage sludge, animal manure 

and algal biomass can be used as electron donors [50]. 

 

Lactate has been reported as more favourable to use, compared to e.g. hydrogen and 

ethanol, when it comes to production of alkalinity and biomass yield [50]. However, 

there are some down sides to the use of lactate. For example, the price of lactate is 

high which increases the operational costs of such a process. Furthermore, acetate is 

formed as a by-product since lactate only partially can be degraded by SRB, which 

cause high organic carbon content in the effluent. Likewise, the use of sewage sludge 

or molasses can give rise to the same problem [33]. Yet, there are a few SRB that can 

utilize acetate alone [25].  

 

H2 has been reported an attractive electron donor for sulfate reduction due to the fact 

that its free energy of sulfate reduction is more favourable (∆� = -38.1 kJ/mol) 

compared to that of methanogenesis (∆� = -32.7 kJ/mol). H2 can be generated on site 

from other electron donors like propionate, glucose and methanol or directly supplied 
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to the wastewater treatment system. Using H2 as an electron donor also demands the 

addition of CO2 to supply the SRB with carbon. Another attractive electron donor is 

ethanol. An 80% sulfate conversion efficiency has been achieved at high sulfate 

loading rates, using ethanol as electron donor. Similar to the use of lactate ethanol 

produces acetate as a by-product. However there are SRB that are able to completely 

oxidize ethanol to CO2 [52]. 

 

8.5 The COD/SO4
2−

 ratio 
An important controlling parameter for electron flow in anaerobic fermentation is the 

COD/SO4
2- ratio [53]. It has been reported that in wastewater with a ratio higher than 

6, the methanogens were in majority, while a ratio less than 1.5 were favourable for 

the SRB [54]. Wastewaters with a COD/SO4
2- ratio of 0.67 or above, theoretically 

contain enough COD for SRB to remove all sulfate as mentioned above. For ratios 

below 0.67, there is not enough organic matter for a complete sulfate removal. 

However, wastewaters with a ratio over 0.67 can only achieve a complete removal of 

COD if also methanogenesis occur in addition to the sulfate reduction [55]. Weijma 

et al. [56], has shown that when lowering the COD/SO4
2- ratio from 6 to 0.34 the 

sulfate reduction was in favor over the methanogenesis. In a study using an upflow 

anaerobic fixed-bed reactor treating landfill (containing domestic solid waste) 

leachate, a COD/SO4
2- ratio of 1.17 gave the best reactor performance, with 

significant sulfate reduction efficiency and COD removal efficiency of 91% and 87% 

respectively [53].  

 

8.6 Nitrate concentration  
Nitrate is a strong inhibitor in growth and activity of SRB. 70 mM NO3

- inhibits 

growth significantly while long term injection of 0.25-0.33 mM inhibits the number 

of SRB and its activity [50]. The inhibition does not solely result from competition 

with nitrate-reducing bacteria but also direct inhibition of sulfate reducers by 

elevated nitrate concentration occur [57].   

 

8.7 Metal concentration 
Metals can affect the SRB metabolism, e.g. by bacterial growth inhibition, decrease 

in sulfate-reducing activity and decay of bacteria. The effect is dependent upon the 

metal concentration [46]. There are a few important factors to consider when 

quantifying the toxicity of metals to sulfate reducing bacteria; quantification of initial 

metal concentrations, aqueous metal complexing, precipitation of metal sulfides and 

metal adsorption onto solid phases [58]. Copper, Cu(II), has been shown to affect 

SRB by inhibiting total cell protein, longer lag times and lower specific growth rate 
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at levels of 16µM. The study also conducted that the toxicity of Cu(II) proceeds by a 

different mechanism compared to that of Zn(II) or Pb(II) [59].   

 

8.8 Bioreactor configuration 
There are two main operational designs which have been used for sulfidogenic aims, 

two-stage reactors and one-stage reactor. In the configuration of the two-stage 

reactor, the sulfate reduction takes place in one reactor and the sulfide which is 

produced is then recirculated to a second reactor in order to precipitate the metallic 

sulfides at controlled conditions. In the one-stage reactor, the sulfate reduction and 

metal precipitation occur together [51].  

 

The bioreactor design influences the shape and size of the sulfide crystals. This has a 

direct effect on the settling abilities of the crystals and subsequently on the 

dewatering of the metal sulfides and the metal recovery which follows. In order to 

achieve growth of larger crystals, which allows better settling qualities, the sulfide 

concentration should preferably be low. At low sulfide concentrations the formation 

of new particles are low which results in larger crystals instead of formation of new 

ones. In the one-stage reactor a homogenous sulfide concentration is reached which 

gives rise to large crystals. In the two-stage reactor the sulfide is dosed through the 

gas phase to the other reactor which leads to high sulfide concentrations around the 

injection point which can result in formation of smaller crystals [51].  

 

In order to reduce digester volume and capital cost a minimal HRT, hydraulic 

retention time, is desired. To achieve process stability and minimal sludge production 

a maximal SRT, solids retention time, is desired There are mainly two types of 

anaerobic digesters; suspended growth systems and fixed-film systems. In suspended 

growth systems, the bacteria are suspended in the digester through continuous or 

periodical mixing actions. The bacteria or biomass are distributed throughout the 

digester thanks to the mixing. The SRT are the same as the HRT in this reactor 

system since it do not incorporate a means for retaining and concentrating the 

biomass. Completely mixed anaerobic digesters are designed for quite long HRTs 

which is not desirable in the case of treating mine drainage with SRB. More 

advantageous for the treatment of mine drainage with SRB is the fixed-film system 

that holds the bacteria in the digester for relatively long periods and provide for long 

SRTs and short HRTs. A supportive media like gravel, plastic and rock allows the 

bacteria to grow and form clumps of bacterial growth. The fixed-film systems 

operate as flow-through processes and the flow of wastewater may be from bottom to 

the top (upflow) or from the top to the bottom (down flow) [60]. There are several 
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different types of fixed-film reactors, for example upflow anaerobic sludge bed 

(UASB), expanded granular sludge bed (EGSB), fluidized bed reactor (FBR), 

membrane bioreactor (MBR) and gas-lift bioreactor (GLB) [51]. 

 

8.9 Commercial application 
The sulfate reducing process with subsequent metal precipitation is commercially 

available in the SULFATEQTM and THIOTEQTMMetal processes supplied by 

Paques13. The SULFATEQTM offers biological removal of sulfate and simultaneous 

metal recovery for the treatment of acid mine drainage, water from tailings dams and 

downstream lime treatment. The THIOTEQTMMetal process recovers valuable metals 

in the form of high purity metal sulfides. The required sulfide is generated on-site in 

a bioreactor from a sulphur source. Both technologies are commercially operated by 

various customers worldwide [61]. Treatment of AMD in a northern setting has 

however not been demonstrated yet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                      
13 Company working with biological wastewater and gas treatment, http://en.paques.nl/  



 

 

Table A1. Sulfate reducing process studies from literature 
 

(1)sulfate, (2)metals, (a)Mg, (b)Al, (c)Fe, (d)Mn, (e)Zn, (f)Cu, (g)Co, (h)Ni, (i)Pb, (j)As, (k)Sb 
- not found 
 

Bioreactor 

type 

Process water Substrate 

/electron 

donor 

Sulphate 

concentra-

tion (g/L) 

Metal 

concentration 

(mg/L) 

pH Sulfate 
reduction 

rate g L-1 d-1 

HRT (h) TRL Scale 

(lab, pilot, 

demo) 

Removal yield 
 

Reference 

MBR Artificial 
wastewater 

Formate  - - 6 29 24 Lab  - [62] 

MBR - Formate - - 5 18 12 - - [31]  
GLB Metal-rich 

wastewater 
from a zinc 
smelter 

synthesis 
gas/acetate 

5-10 100-300(a)/ 3000-
5000(e) 

7-7.5 15 24 Demo - [63] 

EGSB Synthetic Methanol 1.9/3.8 - 7.5 15 3.5 Lab - [32]  
MBR - H2/CO2 

Formate 
- - 4-4.5 7.5 

 
- - - [30]  

FBR Zinc/sulfate 
solution 

Ethanol 1.19 - 6.9 6.33 5.1 Lab - [25]  

GLB 
 

- H2/CO2 - - 5 4.95 24 - 99%(1) [29]  

Packed bed Real AMD Acetate 
H2/CO2 

5.5 97(a)/40(c)/ 
118(e)/161(h)/ 
13(f)/11(g) 

2.5 4.8 21.6 - - [64] 

FBR Real AMD Ethanol 2.5 - 2.7 4.6 12 Lab 99.9%(b,c,e,f,g, h,i) 
94%(d) 

[26] 

FBR Synthetic acid 
metal-
containing 
wastewater 

Ethanol 
(acetate) 

2 200(e) 

100(c) 
3 4.3 

 
21�6.1 (6.5) Lab 99.9%(2) [27] 

Packed bed Water from a 
lignite mine 

Methanol 1.9-2.1 90(c)/40(b)/ 
1(e)/0.3(h) 

3 3.2 12 / 4.2 Lab � Pilot Close to 100%(2) [33] 
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(1)sulfate, (2)metals, (a)Mg, (b)Al, (c)Fe, (d)Mn, (e)Zn, (f)Cu, (g)Co, (h)Ni, (i)Pb, (j)As, (k)Sb 
- not found 

Bioreactor 

type 

Process 

water 
Substrate 

/electron donor 
Sulphate 

concentra-

tion (g/L) 

Metal 

concentration 

(mg/L) 

pH Sulfate 
reduction 

rate g L-1 d-1 

HRT (h) TRL Scale 

(lab, pilot, 

demo) 

Removal 

yield 
 

Reference 

FBR and 

UASB 
Synthetic 
wastewater 

Lactate 1-2.2 170-230 (15-
340)(e)/ 
58(c) 

2.5-3 2 

 
16 Lab 99.8%(2) [65] 

Packed bed Synthetic 
AMD 

Depleted 
Manure/ 
Methanol 

2.1 48(b)/ 0.28(j)/ 
380(c)/ 2.1(h) 

4.7 1.608 6.6 Pilot - [34] 

UAPB Synthetic 
AMD 

Lactate 3.1 0.78(c) 6�4 1.27 35.5, 16, 10 Lab 82.5%(1) 

98.5(c) 
[39] 

Down-flow 

FBR 
Synthetic 
AMD 

Actetate and 
lactate 9:1 

2 - 6�4 0.89 24 Lab 52.9%(1) [28] 

UAPB - Lactate 2.5 - 4.5 0.48 
 

16.2 Lab 99.5%(e,f,h) 
82.3%(c) 

[38] 

UASB Synthetic 
AMD/DW 
(1:10) 

Domestic 
wastewater 
(DW) 
(Acetate) 

- - 5 0.34 

 
24-48 Lab 75%(1) 99%(e,f, 

g, h ) 

85%(c) 

[40]  

Packed bed Synthetic  (Phenol)/Acetate 0.9 - 7 0.312 60 Pilot 88%(1) [35]  
CSTR - Acetate - - 8 0.17-0.40 90-48 Lab - [41] 
CSTR Synthetic 

AMD 
Glycerol 0.38-5.44 168 (c)/ 

196(e)/ 
810(b) 

2.2-2.5 0.12 47 Lab >99%(2) [42] 

Packed 

bed/Permeable 

reactive 

barriers 

Simulated 
mine drainage 

Organic carbon 
based reactive 
mixture 

1-4 300-1200(c) 

0.6-1.2(e) 

0.8-12.8(h) 

5.5-6.5 0.12 - Lab 98%(1) [36]  

Packed bed Synthetic 
mine drainage 

Organic waste 
materials 

2.6 500(c)/ 
100 (e)/ 
50 (d)/50(f) 

6.8 0.12 480 Lab  - [37] 



 

 

9 Appendix 2: Experimental design for 

algae biosorption 
 

A small scale test of cultivation and use of green algae as metal adsorbants was 

performed, see example in Figure 22. 

 

Three different inoculums were used: 
 

• A mono culture of Scenedesmus dimorphus (UTEX14 1237) was supplied by 

Franscesco Gentili, SLU. This is used in research on biofuel production. 

• A sample of aquarium water. 

• A sample of water from a vase containing tulips. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Different nutrition doses of major nutrients and bicarbonate was used to enhance cell 

growth. Both liquid nutrients and pellets prepared from sewage sludge were used. 

 

After three weeks of cultivation, the biomass was separated from the water using 

centrifuging at 9 000 rpm. 5 g of biomass was mixed with 500 ml of metal containing 

water, which means that about 1 g of cell TS was used per liter or solution, or 0.1%. 

 

The mixture was dispersed and kept mixed for two days. Samples were taken through 

a 0.45 µm filter and analyzed for metals using ICP-OES (inductively coupled plasma 

optical emission spectrometry). 
  

                                                      
14 The University of Texas at Austin  

Figure 22. Examples of cultivation samples. 
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