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1 Introduction 

1.1 Background 

Mining operations play an important role in development of our society, as currently min-

ing products are used in nearly all industries. The demand for building materials, metals, 

and precious stones is constantly growing, leading to an increase in the number of mines. 

This has an effect on the natural environment, as often mining operations produce large 

volumes of wastewater and acid mine drainage (further AMD). AMD is typically formed 

due to oxidation of pyrite-rich ores. It is characterized by low pH and high concentration 

of sulfate and ferrous ions [1]. In Europe the European Water Framework Directive aims 

to control and prevent pollution of natural water bodies and aquatic ecosystems. The Di-

rective obliges mining companies to treat wastewater before discharging it into the natural 

environment. The requirements are getting more stringent, and companies have to invest 

in new technologies to comply with the environmental regulations. Hence, operational 

costs of water treatment and fines for incompliance could have a significant impact on 

profitability of mining companies. Therefore, mine drainage treatment methods should 

be carefully selected to comply with environmental regulations and to avoid financial 

losses. There is also another reason to treat mine drainage: it contains high concentrations 

of valuable metals. Treatment processes could help recover these metals and turn them 

into products, which could off-set the treatment expenses [1]. Moreover, treatment of 

mine water could help mining companies to create positive image of their business, im-

prove environmental and social conditions for local communities, and get social licence 

to operate. 

1.2 Client and motivation 

The master’s thesis research work was done for Boliden Mineral AB during a period from 

1st September 2017 until 19th February 2018. The research focused on finding the best 

available technology for AMD treatment from underground Kristineberg mine in Boliden 

area, Sweden. The mine produces complex sulphide ores, which contain zinc, copper, 

lead, gold, and silver [2]. Exploration is being conducted in the Kristineberg area [3], so 

mine could be expanded in the future, which would require construction of a new water 

treatment plant and/or extending capacity of the existing one, because it currently oper-

ates at maximum capacity. Furthermore, current level of metals removal would not be 

sufficient if proposed new discharge requirements are enforced. Metals of the biggest 

concern are arsenic, cadmium, copper, and zinc.  

1.3 Research objectives and methods 

The main objective of this thesis was to find the best water treatment method for removal 

of metals from Kristineberg mine water and to determine whether it allows achieving 

environmental discharge limits that are proposed by Boliden Mineral AB as a basis for 

an environmental permit. 
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The research was limited to chemical precipitation of metals from AMD, and hence use 

of adsorbents, membrane filters, wetlands, and biological metals removal techniques is 

not addressed in the present work.  

In order to select the most promising water treatment methods a literature review was 

conducted. First purpose of the literature review was to analyse the existing situation with 

mine water treatment at Kristineberg, which was done using materials of previous re-

search conducted by Boliden Mineral AB. Several field visits were also done to acquire 

additional information about operation of the existing treatment plant. The second pur-

pose of literature review was to identify treatment methods potentially suitable for imple-

mentation at Kristineberg. It was done by analysis of academic research, commercial so-

lutions available on the market, and solutions that are currently in the pilot testing phase. 

The literature review was done using available materials of Boliden Mineral AB and 

Aalto library services. For review of commercial technologies marketing materials of wa-

ter treatment companies were used and enquiries were made when necessary.  

Potential treatment methods were selected based on their applicability to the local climate 

and ability to treat large water volumes with high efficiency and minimal costs. Modelling 

of metals solubility in the mine drainage was done using SolGasWater software to com-

pare two chemical precipitation options, namely hydroxide and sulfide precipitation. A 

series of screening laboratory tests with potential treatment methods was conducted to 

select the most promising alternatives. The selected alternatives were tested in more elab-

orate laboratory experiments to establish their efficiency for metals removal from AMD. 

Experiments were done with water samples taken from inlet to Kristineberg water treat-

ment plant.  The screening tests samples were analysed using ICP-OES in laboratory of 

Boliden Mineral AB, and samples form main tests were sent to accredited external labor-

atory ALS Scandinavia. 

 



12 

 

2 Theory 

This Section contains overview of the acid mine drainage chemistry and factors that affect 

its formation. It also presents short overview of several chemical methods that could be 

used for metals removal from AMD and describes some commercial technologies avail-

able for mine drainage treatment. 

2.1 Acid mine drainage formation 

Mining of pyrite-rich ores or simply their exposure to water and air is the primary cause 

of acid mine drainage formation. Oxidation of pyrite (FeS2) and pyrrhotite (Fe(1-x)S, where 

x=0-0.25) causes release of hydrogen and sulfate ions, forming acidic water. The main 

reaction steps of pyrite oxidation are described by the following reaction equations [4]: 

FeS2 + 3.5O2 + H2O → Fe2+ + 2SO4
2- + 2H+      (1) 

Fe2+ + 0.25O2 + H+ → Fe3+ + 0.5H2O     (2) 

Fe3+ + 3H2O → Fe(OH)3(s) + 3H+       (3) 

Therefore, the net reaction of pyrite oxidation could be written as follows [5]: 

FeS2 + 3.75O2 + 3.5H2O → Fe(OH)3(s) + 2SO4
2- + 4H+   (4) 

However, reaction (2) is the rate-determining step and is pH-dependent. At acidic pH of 

about 2-3, which is characteristic for AMD, it proceeds extremely slowly. Therefore, 

AMD would not be such a widespread environmental issue if it was not for Fe-oxidizing 

bacteria, such as Acidithiobacillus ferrooxidans, which can increase speed of Fe oxidation 

by several orders of magnitude in acidic waters and even at near-zero temperatures [4], 

[5], [6]. Other sulfide-bearing minerals, such as sphalerite, galena, and chalcopyrite do 

not form acid during contact with air, as can be seen from the respective reaction equa-

tions below [4]: 

ZnS + 2O2 → Zn2+ + SO4
2-     (5) 

PbS + 2O2 → Pb2+ + SO4
2-     (6) 

CuFeS2 + 4O2 → Cu2+ +Fe2+ + 2SO4
2-     (7) 

However, ferrous ion released during oxidation of chalcopyrite could be oxidized by wa-

ter and air according to reaction Equations (2) and (3), hence releasing hydrogen ion. 

Moreover, in presence of ferric iron in acidic conditions primary oxidation reactions of 

sphalerite, galena, and chalcopyrite are as follows [4]: 

ZnS + 8Fe3+ + 4H2O → Zn2+ + SO4
2- + 8Fe2+ + 8H+   (8) 

PbS + 8Fe3+ + 4H2O → Pb2+ + SO4
2- + 8Fe2+ + 8H+   (9) 

CuFeS2 + 16Fe3+ + 8H2O  → Cu2+ + 2SO4
2- + 17Fe2+ + 16H+  (10) 
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As could be seen from the Eqs. (8)-(10) above, one mole of sulfide-bearing mineral can 

produce 8 to 16 moles of hydrogen ion, which in turn could dramatically decrease pH of 

natural waters. Transport of such acidic water and its contact with other minerals could 

lead to dissolution and transport of toxic heavy metals from mining site to natural water 

bodies. 

To sum up all of the above, it could be said that the following factors play a major role in 

formation of AMD: 

a. Mineralogy of the site, soil permeability, and hydrogeological conditions; 

b. Amount of precipitation and exposure area of minerals to water and air; 

c. Temperature, pH, and dissolved oxygen concentration of water; 

d. Bacterial activity. 

2.2 Metals precipitation theory 

This Section presents chemical methods of metals removal from water and their mecha-

nisms. Firstly, this section describes chemical neutralization of AMD, currently the most 

widely used method of metals removal, which is also the most inexpensive and easy to 

operate. Then it presents information on removal of metals from water as sulfides, which, 

unlike neutralization, allows production of commercially valuable precipitate. Further-

more, this Section describes application of Fenton reagent and Mn oxidation as effective 

treatment methods for metals removal due to high sorption capacity of Fe and Mn oxides. 

2.2.1 Neutralization 

One of the most inexpensive and widely used methods of AMD treatment is chemical 

neutralization, which includes addition of alkaline neutralization agents to water for pre-

cipitation of metals as hydroxides at high pH. Neutralization agents commonly used for 

AMD treatment include hydrated lime, limestone, caustic soda, magnesia milk slurry, 

magnesite, and dolomite. Their chemical properties and approximate costs are shown in 

the Table 1 below: 

Table 1. Chemical properties and costs (2005) of some neutralization agents [5]. 

Neutralization         

material 

Chemical         

formula 
Saturation pH 

Solubility in 

cold water, 

mg/l 

EUR/Tonne 

neutralized 

acid 

Limestone CaCO3 8-9.4 14 10-30 

Dolomite CaMg(CO3)2 8-9.5 10-300 10-30 

Magnesite MgCO3 9.5-10 60-100     NA 

Quicklime CaO 12.4 1300-1850 90-200 

Hydrated lime Ca(OH)2 12.4 1300-1850 100-250 

Caustic magnesia MgO 9.5-10.8 1-50 200-400 

Mg hydroxide Mg(OH)2 9.5-10.8 1-50 270-430 

Soda ash Na2CO3 11.6 75000 330 

Caustic soda NaOH 14 450000 470-600 
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Selection of the reagents should be based on various parameters, such as reagent cost, 

reagent consumption and neutralising capacity, required handling precautions, toxicity, 

desired pH level, reaction rate, produced sludge volume and quality. Limestone is the 

cheapest option, but due to reaction buffering by carbon dioxide it typically could not 

increase pH above 8. But its advantage is release of carbon dioxide gas and increase of 

alkalinity in form of bicarbonate ions. Small bubbles of carbon dioxide prevent pas-

sivation of limestone particles and improve its reactivity. There are two models that de-

scribe neutralization of acidic water by limestone, one described with Eqs. (11)-(12) and 

another with Eqs. (13)-(14) [7]: 

CaCO3 + H2SO4 → CaHSO4
+ + HCO3

-    (11) 

HCO3
- + CaHSO4

+ → CO2 + H2O + CaSO4(s)    (12) 

CaCO3 + 2H+ → Ca2+ + H2O + CO2    (13) 

CaCO3 + H2CO3 → Ca2+ + 2HCO3
-     (14) 

Hydrated lime is relatively cheap and can increase pH of solution above 12. Since one 

mole of Ca(OH)2 contains two moles of OH- ion, less moles of it is required to neutralize 

AMD compared to caustic soda. But about 125% stoichiometric value of hydrated lime 

should be used to account for passivation effect of iron coating forming on Ca(OH)2 par-

ticles. The lime neutralization reaction is shown by the Eqs. (15)-(16) below [7]: 

Ca(OH)2 + 2H+ → Ca2+ + 2H2O     (15) 

Ca(OH)2 + Me2+/Me3+ + (OH-)→ Me(OH)2/Me(OH)3 + Ca2+   (16) 

However, important fact to consider is that Ca(OH)2, CaCO3, and Mg(OH)2, unlike 

NaOH, are almost insoluble in water, and therefore should be dosed carefully to ensure 

good mixing and equal distribution throughout the solution volume. Poor mixing could 

result in local overdose or underdose of reagent, or decrease in effective reaction surface. 

However, advantage of these reagents compared to caustic soda is that unreacted particles 

have high adsorption capacity and could act as coagulants.  

Main mechanism of neutralization treatment is increase of pH to precipitate metal hy-

droxides, whose solubility is a function of pH. However, co-precipitation and adsorption 

also play an important role in removing metals from water. They allow achieving lower 

effluent concentrations than those predicted by solubility products.  

2.2.2 Sulfide precipitation 

Sulfide precipitation of metals from AMD is based on the same principle as hydroxide 

precipitation – decrease of metal sulfides solubility with increase of pH. The main ad-

vantages of this process include much lower solubility product of metal sulfides at broader 

pH range, fast reaction, better stability of obtained sludge and its relatively low volume, 

possibility of selective metal precipitation and potential for recovery of metals from sul-

fide sludge. However, the disadvantages of sulfide precipitation include toxicity and dif-

ficulty of sulfide reagents handling, limited possibilities to control sulfide dosages, po-

tentially harmful environmental effects of overdosing sulfide, difficulties in solid-liquid 
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separation due to small particle size of sulfides, and the fact that some metals, such as Fe, 

Al, and Cr do not form sulfides [8].  

There are several options for dosing sulfide to AMD. Application of FeS is called insol-

uble sulfide precipitation (ISP). Since FeS is relatively insoluble it produces undetectable 

quantities of H2S gas, but disadvantage is larger than stoichiometric reagent consumption 

and large quantities of sludge generated due to ferrous hydroxide formation [9].  Appli-

cation of Na2S, NaHS, CaS, and NH4S as sulfide sources is called soluble sulfide precip-

itation (SSP), and can result in H2S gas formation [8], especially at low pH. Released 

sulfide reacts rapidly with dissolved metals, and due to high nucleation rate formed par-

ticles could be small and hard to filter out [9].  There are also some commercial organo-

sulfide reagents available, such as TMT15®, Na3TTM, METALSORBTM, and HydrexTM 

6909. Application of gaseous H2S is also possible and has such advantages as better mix-

ing and sulfide distribution, and easier process control. 

The thermodynamic equilibria involved in metal sulphide precipitation could be ex-

pressed by Eqs. (17)-(18) below [8]: 

H2S ↔ HS- + H+ 𝐾𝑝1 =
[𝐻𝑆−][𝐻+]

[𝐻2𝑆]
  pK1=6.66   (17) 

HS- ↔ S2- + H+ 𝐾𝑝2 =
[𝑆2−][𝐻+]

[𝐻𝑆2−]
  pK2=17.4   (18) 

Figure 1 below illustrates dependency of sulphur species on pH of solution: 

 

Figure 1. Dependency  of sulphur species activity on pH of solution [8]. 

As could be seen from above, at different pH levels metals would react with sulfide either 

according to Eq. (19) or Eq. (20) below [8]: 

M2+ + S2- ↔ MS(S)     (19) 

M2+ + HS- ↔ MS(S) + H+     (20) 
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In Eqs. (19)-(20) M2+ denotes such divalent metal ions as Zn2+, Ni2+, Cu2+, and Co2+. As 

could be seen from the reaction Equations (17)-(18) above, addition of H2S(g) for metals 

precipitation causes release of protons and decrease of pH. However, addition of Na2S 

causes increase of pH according to Eq. (21) due to formation of sodium hydroxide [10], 

and by this analogy Eq. (22) could be written for pH increase during NaHS addition:  

Na2S + 2H2O ↔ HS- + H+ + 2NaOH    (21) 

NaHS + H2O ↔ HS- + H+ + NaOH    (22) 

Increase of pH with addition of Na2S was also reported by M. Ye et al. When large dos-

ages of Na2S were added to the solution most of the reagent converted to H2S(g), and only 

a small amount converted to H2S(aq) or HS- [11].  

2.2.3 Fenton reagent 

Combination of hydrogen peroxide and ferrous iron is called Fenton reagent, after H. J. 

H. Fenton who discovered their combined oxidation effect in the end of 19th century [12]. 

It is considered to be one of advanced oxidation processes (AOP), or enhanced coagula-

tion process, due to its characteristics described below. Hydrogen peroxide alone is a 

strong oxidant that has application in many fields, including removal of organic contam-

inants and water disinfection. However, its oxidation power could be further increased by 

using transitional metal salts, e.g. iron sulfate, as catalysts to induce decomposition of 

hydrogen peroxide and formation of hydroxyl radicals [13], [14]. The chemistry of Fenton 

reaction is complex, and despite numerous studies being conducted to determine the key 

oxidation species in the process, there is still no consensus [15]. But hydroxyl radical is 

commonly thought to be the main oxidant in the reaction chain. Its standard oxidation 

potential is 2.06 V, while for H2O2 this value is only 1.31 V [16]. The general mechanism 

of Fenton reaction in absence of organic compounds could be described using the follow-

ing equations [12], [13], [17]: 

Fe2+ + H2O2 → Fe3+ + OH● + OH-     (23) 

OH● + Fe2+ → Fe3+ + OH-      (24) 

Formed ferric iron reacts with peroxide and catalyses it to decompose into water and ox-

ygen as follows: 

Fe3+ + H2O2 → Fe-OOH2+ + H+     (25) 

Fe-OOH2+ → HO●
2 + Fe2+      (26) 

Fe2+ + HO●
2 →Fe3+ + HO2

-           (27) 

Fe3+ + HO●
2- → Fe2+ + H+ + O2        (28) 

OH● + H2O2 → H2O + HO●
2             (29) 

2HO●
2 → H2O2 +O2          (30) 

Simplified Fenton reaction accounting for dissociation of water has the following form 

[13]: 
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2Fe2+ + H2O2 + 2H+ → 2Fe3+ + 2H2O    (31) 

The net reaction of Eqs. (23)-(30) of hydrogen peroxide decomposition catalysed by fer-

rous ion could be written as follows [15]: 

2H2O2 → 2H2O + O2         (32) 

As can be seen from the Eq. (31) above, Fenton reaction requires hydrogen ions, and 

hence is favourable in acidic conditions. Generally, it is thought that pH in range of 3 is 

optimum [13], [15], [18]. In more acidic conditions regeneration of ferrous iron according 

to the Eq. (25) is inhibited. In more alkaline conditions ferric hydroxide precipitates and 

terminates the reaction, but acts as a coagulant. Due to this phenomena Fenton can play 

a double role, acting as oxidation and coagulation treatment steps simultaneously. One 

study reported that highest arsenate removal from synthetic mine drainage was achieved 

at pH 5 [14]. Ratio of reagents dosed also plays an important role in the process. At lower 

H2O2/Fe2+ ratio Fenton acts more as a coagulation treatment, while at higher ratios the 

reaction has higher oxidation effect. Therefore, the main parameters that have to be con-

trolled during Fenton reaction are concentration of reactants, pH level, and also tempera-

ture. Temperature increase improves kinetics of the reaction, but it also dramatically in-

creases peroxide decomposition to oxygen and water at temperatures above 20 C [18]. 

During ferric iron precipitation process co-precipitation, adsorption, and ion-exchange 

are important mechanisms of trace heavy metals removal from aqueous solutions. Ad-

sorption is accumulation of metal ions on the surface of newly formed solid phase, while 

co-precipitation is the simultaneous removal of metal ions from solution during formation 

of iron precipitate. Co-precipitation may involve such processes as adsorption, cluster 

formation, homogeneous solid solution, heterogeneous solid solution, or their combina-

tion [19]. Since formed ferric hydroxide particles have low crystallinity, small size (in the 

range of micrometers to nanometers), and large specific surface area, they can efficiently 

adsorb dissolved metal ions [20]. It has been reported that As(V) is effectively removed 

from mine water by co-precipitation with schwertmannite or ferrihydrite, and to lesser 

extend due to adsorption [21]. It was also reported that schwertmannite is more effective 

than ferrihydrite for sorption of Pb, Cu and Zn, but they are equally effective for cadmium 

sorption. Removal of these metals is dependent on pH, with Pb being removed from the 

solution first, followed by Cu, Zn and Cd, and then Co [19]. Oxides of metals, including 

Fe, could also exhibit ion exchange properties. Ion exchange capacity of simple oxides 

exists due to presence of a pH-dependent surface charge. It has been reported that in acid 

solutions the surface charge is positive and therefore hydrous metal oxides could act as 

anion exchangers [22]. Because most of As in mine water is present in form of arsenate 

(AsO₄ 3–), ferric hydroxide is a good scavenger of arsenic from water.  

Multiple studies have been devoted to Fenton application for BOD and COD removal 

from landfill leachate [15], [23]. But limited amount of studies has been conducted on 

heavy metals removal from industrial waste water with Fenton or its application for AMD 

treatment [17]. However, mining wastewater typically has low pH and contains high con-

centrations of ferrous iron, which makes it suitable for application of Fenton. Moreover, 

advantage of Fenton compared to other AOPs is that no energy input is required to acti-

vate hydrogen peroxide, as the reaction takes place at atmospheric temperature and pres-

sure. But one drawback of Fenton is relatively high cost of peroxide [18].  Hence, in 

recent decades a lot of interest has been attracted to unconventional Fenton processes 



18 

 

such as electro-Fenton [24], photo-Fenton [25], sono- and sono-photo-Fenton [26]. Re-

search in this area aims to improve efficiency of Fenton treatment or decrease consump-

tion of reagents required, therefore decreasing operational costs. Another drawback is 

large quantities of iron sludge produced during precipitation. This sludge also contains 

toxic metals, so special handling and disposal are required.  

2.2.4 Manganese sulfate oxidation  

Iron and manganese oxides play important role in controlling concentrations of metals in 

AMD and natural waters [19]. As was mentioned above, iron hydroxide is efficient for 

As removal due to having positive surface charge at low pH. In turn, manganese oxides, 

which precipitate at alkaline pH, have negative surface charge and thus higher affinity to 

divalent metal cations, such as Cu2+, Ni2+, and Co2+, as well as Zn2+ and Cd2+ [19].  

A significant number of studies has been conducted on heavy metals removal by natural 

manganese ores. Due to their high surface area manganese ores are widely used adsor-

bents. They are rather inexpensive and abandoned, and have shown high removal rates 

for such metals as Cu, Pb, Zn, and Cd [27], [28]. However, it has been found that freshly 

precipitated MnO2 has a high sorption capacity for heavy metals, and that aging of pre-

cipitate is likely to significantly reduce this capacity. It was also found that effectiveness 

of heavy metal sorption by hydrous metal oxides depends on whether or not metals were 

present in the solution during precipitate formation [22]. Therefore, higher metal removal 

rates could be expected if MnO2 precipitate formation occurs in the contaminated solu-

tion, compared to addition of MnO2 as coagulant or adsorptive filter material. At alkaline 

pH and oxidizing conditions Mn(II) could be oxidized and form MnO2 precipitate, though 

reaction kinetics is slow in water with pH below 8.5, and precipitation could take days. 

Increase of pH up to 10 is required for speeding up Mn(II) oxidation to time scale suitable 

for treatment plant operation, but reaching such high pH is not feasible. However, there 

are ways to increase the reaction rate. One option is to add catalytic surface, for example 

add solid MnO2 to the solution [29]. Another method of achieving MnO2 precipitate for-

mation is pH adjustment of AMD to about 9 followed by addition of MnSO4 together 

with an oxidizing agent, which would oxidize Mn(II) to Mn(IV) and produce MnO2 pre-

cipitate. Optimum pH for this reaction is about 8.7, as at this pH MnO2 has lowest solu-

bility (around 0.02 mg/l) [30]. There are also biotic methods of Mn(II) precipitation, 

which are not discussed in the present work. 

There are multiple oxidizing agents available on the market that could be used in water 

treatment and soil remediation for manganese oxidation, e.g. sodium persulfate 

(Na2S2O8), sodium hypochlorite (NaClO), potassium permanganate (KMnO4), and hy-

drogen peroxide (H2O2). The most widely used techniques for Mn precipitation and re-

moval from water are aeration, ozonation, addition of permanganate, hypochlorite, or 

chlorine dioxide [31].  

Persulfate is one of the strongest oxidants that is widely used for soil remediation.  The-

oretical standard oxidation potential of direct oxidation with persulfate is 2.0 V, according 

to the reaction as follows: S2O8
2- + 2e- → 2SO4

2- [32]. However, even though this reaction 

is thermodynamically favourable, it proceeds at a very slow kinetic rate. But apart from 

the direct oxidation, persulfate could also produce radicals. The two main radicals that 

are thought to be formed during in-situ chemical oxidation are produced as follows [32]: 
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S2O8
2- + 2e- → SO4

2- + SO4
●- (sulfate radical, potential 2.5-3.1 V [33]) (33) 

SO4
●- + OH- → SO4

2- + OH● (hydroxyl radical, potential 2.06 [16])  (34) 

Activation of persulfate is commonly done using ferrous iron, but other transition metals 

could be applied as well [32], [34]. Due to reduction mechanism persulfate could be ac-

tivated by metal ions or metal oxides as follows [33]: 

S2O8
2− + Mn → Mn + 1 + SO4

●− + SO4
2−     (35) 

Hypochlorite is the strongest oxidizing agent amongst chlorine oxianions, with a standard 

oxidation potential of 1.63 V. It reacts with Mn(II) according to the following reaction  
[30]: 

Mn2+ + 2OCl- → Cl2 + MnO2    (36) 

Potassium permanganate is widely used for Fe and Mn removal from water. It contains 

Mn in +7 oxidation state, which makes it a strong oxidizing agent with standard oxidation 

potential at alkaline conditions of 0.60 V. It reacts with Mn(II) according to the following 

reaction [35]: 

3Mn2+ + 2KMnO4 + 2H2O → 5MnO2 + 2K+ + 4H+    (37) 

As could be seen, the reaction requires alkaline pH, as it produces protons. It was reported 

that on practice less than stoichiometric amount of potassium permanganate is required 

(<1.92 mg/mg Mn) for Mn(II) oxidation, as formed MnO2 precipitate catalyses the reac-

tion [35]. This oxidation method is used in Veolia’s MetCleanTM process, described in 

the Section 2.3 Commercial methods. 

As regards oxidation of Mn(II) by hydrogen peroxide, there is little data available. Some 

studies claim that H2O2 does not oxidize Mn(II) at pH range between 5.5 and 8.5 [29], 

[36]. Another study claimed in the presence of peroxide manganese could have oxidation 

states +2, +3, and +4. It was suggested that the reaction of Mn(II) oxidation in alkaline 

conditions in presence of peroxide follows Eqs. (38)-(42) presented below [37]: 

2Mn2+ + H2O2 → 2Mn3+ + 2OH-     (38) 

4Mn2+ + O2 + 2H2O → 4Mn3+ + 4OH-     (39) 

2Mn3+ → Mn2+ + Mn4+     (40) 

Mn4+ + 2H2O → MnO2 + 4H+     (41) 

MnO2 + H2O2 → Mn2+ + 2OH- + O2    (42) 

The oxidizing agents discussed above have their advantages and disadvantages. Addition 

of chlorine to mine drainage is general undesirable. If treated water is used as process 

water, presence of chlorine would cause corrosion of equipment. Chlorination residuals 

are also toxic for aquatic life. So increasing originally low levels of chlorine should be 

avoided. Initial concentration of sulfates in AMD is high, but addition of persulfate is also 

undesirable. Even though there currently are no requirements for discharge of sulfates, it 

is expected that they would come soon [38]. The disadvantage of permanganate is that 
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when overdosed it would give pink colour to the treated water. Ozonation is generally 

expensive, since ozone has to be produced on-site. Peroxide has a number of advantages. 

Hydrogen peroxide could be purchased, and residual products of its decomposition are 

water and oxygen gas. Therefore, it is an attractive option for an oxidant, as it does not 

produce secondary contaminants.  

The disadvantages of using manganese oxidation for AMD treatment are similar to those 

of using Fenton reagent. Firstly, overdosing of metal reagent produces secondary con-

tamination in the effluent. Overdosing oxidation agent is also dangerous for aquatic life. 

Secondly, the sludge produced has to be thickened and dewatered prior to disposal. Pres-

ently such sludge has no commercial application, but it might be profitable to leach it for 

metals recovery in the future.  

2.3 Commercial methods of acid mine drainage treatment 

There are various commercial technologies for mine water treatment available on the 

market, however, a wide range of them would not be suitable for given climate conditions 

or would not be feasible due to high operational costs and energy requirements. There-

fore, only those solutions that are potentially applicable at Kristineberg are described be-

low. The solutions described are based on sulfide precipitation, coagulation, electrocoag-

ulation, adsorption, and filtration.  

Sulfide precipitation 

As described in the Section 2.2.2 Sulfide precipitation, sulfide precipitation has signifi-

cant advantages compared to neutralization. Mainly due to smaller volume of sludge pro-

duced and possibility to smelt it. Currently sulfide precipitation solutions are provided by 

such companies as BQE Water, Ion Exchange Company, and Paques. 

BQE Water (BioteQ Environmental Technologies) has developed two sulphide precipi-

tation process technologies for mine water treatment. ChemSulphide® utilizes sodium 

hydrosulphide (NaHS) for the removal of base metals, while BioSulphide® uses biolog-

ically generated hydrogen sulphide gas (H2S). Generally, BioSulphide® is used for high 

metals loading and higher sulphide demand because it has lower operation cost per tonne 

of sulphide required [39]. Table 2 below shows operational parameters of ChemSul-

phide® plant built in Colorado: 

Table 2. Parameters of 34 m3/h ChemSulphide® plant at Wellington Oro mine [39].  

Parameter pH 
Cadmium, 

mg/l 

Zinc, 

mg/l 

Feed 6.2 0.12 1353 

Effluent target 6.5-9.0 0.004 0.225 

Actual effluent 6.65 to 7.00 <0.0005 <0.090 

 

The plant produces less sludge compared to lime treatment, and all of it is shipped to 

smelters.  
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In China 1000 m3/h ChemSulphide® plant was built, which consists of a ferric iron re-

moval stage prior to the copper recovery stage. Ferric iron is removed to reduce NaHS 

consumption associated with ferric to ferrous iron reduction. Process flowsheet is shown 

in the Figure 2 below: 

 

Figure 2. Process flowsheet of ChemSulphide® treatment plant [39]. 

Typical influent and effluent concentrations of the copper recovery plant are shown in the 

Table 3 below. 

Table 3. Parameters of 1000 m3/h ChemSulphide® plant at Dexing Mine, China [39]. 

Parameter pH 
Copper, 

mg/l 

Ferric iron, 

mg/l 

Ferrous iron, 

mg/l 

Feed chemistry 2.2-2.6 149 909 386 

Copper effluent chemistry 3.0 <3 126 536 

 

In 2003 ChemSulphide® plant was also installed at Raglan nickel mine in Canadian sub-

arctic, and was able to treat on average 240 m3/h of 4 to 40 mg/l Ni water to concentrations 

below 0.25 mg/l. The plant replaced a LDS lime plant and was successfully producing 

high-grade Ni concentrate, eliminating the need for sludge disposal [40]. 

As could be seen from the above, ChemSulphide® is capable of treating high volumes of 

water with high metal concentrations. The savings of lime reagent and possibility to sell 

sludge for profit make this technology attractive for investments. Reduced volumes of 

lime sludge is also an advantage.  

Another sulfide treatment option is SULFATEQ™. It was developed by Paques for treat-

ing high sulfate content water (11 5000 – 25 000 mg/l) at wide pH range (2-8) to achieve 

less than 300 mg/l sulfate content in the effluent. The plant first converts sulfate into 

dissolved sulphide in a bioreactor, which utilizes alcohol or hydrogen gas as an energy 

source. Then in the oxidizing step by means of aeration sulphide is converted into hydro-

philic (non-clogging) elemental sulphur, which could be then separated from the liquid 

phase. The produced sulphide could be used for recovery of valuable metals such as cop-

per, nickel and zinc. The two-step process is depicted in the Figure 3 below [41]. In Fin-

land and Sweden discharge limits for sulfates are currently enforced only for a few mines 

[38], but there is a trend in making sulfate removal obligatory. Therefore, this process 

could be of an interest, as it offers simultaneous metals and sulfate removal. However, 

currently there is a problem with operation of sulfate-reducing bioreactors in cold climate. 
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Figure 3. Process flow scheme of SULFATEQ™ treatment plant [41].  

Another technology developed by Paques is THIOTEQ™. It was designed for removal 

of dissolved metals from water with initial concentrations from 50 to 5000 mg/l. The 

process consists of sulfate-reducing bioreactor that produces H2S gas from inexpensive 

sulphur source, while utilizing a carbon source (e.g. ethanol). Produced gas is then fed to 

a contactor, where it reacts with metals that form insoluble sulfides. The precipitate is 

then removed in a clarifier, and pH of water is adjusted with lime before discharge. One 

example of THIOTEQ™ installation is shown in the Figure 4 below. Produced water 

contains less than 0.01 mg/l copper [42]. The advantage of sulfate-reducing bioreactor 

compared to chemical sulfide dosage is lower cost per ton of metal sulfide produces. No 

storage and transportation of hazardous sulfide is required, as it is produced on-site and 

on-demand [43]. However, operation of bioreactor is complicated, as cultivation of bac-

teria takes time, and the colony could be sensitive to changes in environment, such as 

temperature. In Swedish climate operation of bioreactor is likely to be unreliable. 

 

Figure 4. Flowsheet of Paques THIOTEQ™Metal at North American zinc mine [42]. 

Coagulation 

Another option for chemical treatment of AMD is coagulation and flocculation, followed 

by clarification. These well-known treatment methods have been improved by Veolia, 

which offers Actiflo® process for removal of metals from water. Actiflo® is an extremely 
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compact clarifier, which uses microsand for improved floc formation and sludge settlea-

bility. Sand is separated from sludge in a hydrocyclone and returned back to the process, 

which saves costs [44]. Scheme of the process could be seen in the Figure 5 below: 

 

Figure 5. Actiflo® clarifier produced by Veolia. 1 – chemicals addition, 2 – coagulation, 

3 – TurbomixTM flocculation, 4 – clarification, 5 – recirculation [44].  

Actiflo® could be used as a polishing step after lime neutralization, or instead of thickener 

in a HDS process. The advantage of this equipment is compact design and very low resi-

dence time, which allows for rapid adjustments to the process depending on influent water 

volume and quality. Sludge volume is lower than in case of lime neutralization, though 

metals are precipitated as hydroxides. High cost of microsand is a drawback. 

Electrocoagulation 

Electrocoagulation is an emerging water treatment technology that is based on release of 

coagulating agents by electrodes submerged into water. Companies that offer electro-

coagulation solutions include P2W, OWA of Owatec Group (in pilot testing now), Ou-

totec, WaterTectonics, F&T Water Solutions, and Axolot.  

P2W offers a patented electrocoagulation technology that was designed to treat large vol-

umes (hundreds of m3/h) of acid mine drainage. The electrocoagulation process consumes 

electrical energy and pure metal electrodes, which release coagulant to water (typically 

hydroxylated iron and aluminium [45]), therefore eliminating need for chemical reagent 

dosage. The average power consumption per cubic meter per hour is around 0.1-0.5 kWh 

and the period between the replacement of electrodes ranges between 6 and 12 months. 

This process is designed to precipitate metals as hydroxides [46]. The average treatment 

efficiencies are shown in the Table 4 below: 

Table 4. Key features of P2W’s electrocoagulation technology [46]. 

Parameter Cr Cu As Ni Zn Al Pb Mn Ca 

Feed, mg/l 125 200 529 26 250 130 35 40 520 

Effluent, mg/l < 0.1 < 0.1 < 0.05 < 0.1 < 1 < 1 < 0.1 < 0.1 < 20 
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WaterTectonics has developed WaveIonics electrocoagulation enhanced filtration tech-

nology that could work with high flows (up to ca 220 m3/h), in low temperatures and wide 

pH range. This technology was used for clean-up of tailings pond in Montana. Treatment 

consisted of electrocoagulation followed by RO filtration [47]. Operational parameters of 

the treatment plant are presented in the Table 5 below:  

Table 5. Water quality before and after WaveIonics treatment plant in Montana [47]. 

Parameter Units Influent EC effluent RO effluent 

Total suspended solids mg/l 32 11 0.1 

Total dissolved solids mg/l 11700 11800 714 

Sulfate mg/l 4770 4480 34 

Iron, total mg/l 266 0.22 0.01 

Manganese, total mg/l 11.4 0.768 0.005 

Arsenic, total mg/l 3.21 0.01 0.003 

 

The advantages of electrocoagulation over conventional coagulation process include ab-

sence of secondary contamination, low sludge volumes, and elimination of chemical rea-

gents handling, as they are produced on-site. Electricity consumption could be a con-

straint. Moreover, not all contaminants could be removed simultaneously, so multi-step 

coagulation set-up may be required [45].  

Adsorption in fluidized bed columns 

Krüger A/S Denmark (owned by Veolia) has developed MetCleanTM technology based 

on fluidized bed columns for heavy metals removal from water. MetCleanTM unit consists 

of two fluidized bed columns filled with microsand. First column comprises iron process, 

and the second one manganese process. The columns could be used together as well as 

separately or in combination with other treatment units. In the iron process water enters 

the reactor from the bottom together with FeSO4 and an oxidizing agent (e.g. NaClO). In 

the manganese process water is mixed with MnSO4 and KMnO4. Oxidized metals forms 

coating layers on the surface of microsand grains, and by adsorption pollutants are encap-

sulated in the layers of constantly forming adsorptive active surfaces. When granules be-

come few times heavier than the original sand grain, they are removed [48]. The process 

does not have a sand recovery step, unlike Actiflo®. But the obtained sludge could be 

easily dewatered, and when dry it is easy to handle and transport. Overall, it has signifi-

cantly better properties than conventional gypsum sludge.  
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Figure 6. Process scheme of full scale MetCleanTM pilot plant in Avedøreværket for treat-

ment of fluegas washwater [48]. 

One example of MetCleanTM application is removal of heavy metals from flue gas wash-

water (see Figure 6). A pilot plant was tested at Danish power plant Avedøreværket. Ex-

isting gypsum precipitation was supplemented by lamella clarifier, followed by two Mn 

process columns. The inlet water contained 20 to 70 mg/l Mn(II), which was utilized in 

the process. The first column was able to remove all Mn(II) and most of the heavy metals 

(mainly Cd, Ni, Zn, and also Co, Cu, As, Cr, Pb). The second column served as a polishing 

step and had no recirculation. Tests were also made to supplement the MetCleanTM pro-

cess with post-precipitation using sulfide, and the results could be seen in the Table 6 

below. The inlet flow was 5 m3/h and recirculation flow to the first column 25 m3/h.  

As could be seen from the Table 6 below, even after sulfide post-precipitation effluent 

concentrations of most of the metals were higher than 1 µg/l, and almost no zinc was 

removed during sulfide precipitation. These was the best reference result found during 

the literature review, and it shows that removal of metals below values proposed in the 

present thesis is extremely hard to achieve.  

Table 6. Kristineberg inlet water quality and results from 5 m3/h pilot tests of MetCleanTM 

with sulfide post-precipitation for treatment of flue gas wash-water at Avedøreværket, 

unfiltered samples [48]. 

Unfiltered 

sample 
Units 

Kristineberg 

inlet for 

comparison  

Column 1 

inlet (after 

neutralization) 

Column 1 

effluent 

Column 2 

effluent 

Post-precip. 

effluent 

Ba µg/l 43 1150 463 405 334 

Cd µg/l 191 91 13 20 3.7 

Co µg/l 311 219 11.1 18 3.9 

Cr µg/l 40 6.6 5.5 5.5 2.6 

Cu µg/l 23400 15 18 11 2.3 

Hg µg/l 0.09 0.1 0.1 0.04 0.03 

Ni µg/l 95 387 14,8 29.1 6.8 

Pb µg/l 89 8.8 2.8 2.8 <0.6 

Se µg/l na 132 7.2 61.9 na 

Zn µg/l 81600 1830 92 125 105 
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Filtration 

There is also a number of companied that provide membrane filtration solutions, for ex-

ample Veolia, Liqtech, Lenntech, Cembrane, Porex Filtration, and Bauer Water GmbH. 

Porex Filtration division offers POREX® Tubular Membrane Filter™ modules for metal 

contaminated wastewater treatment and reclamation (Figure 7). They claim to reach lev-

els of less than 1 ppm suspended solids and less than 0.1 ppm metals in the effluent [49]. 

However, chemical pre-treatment is required for pH adjustment, oxidation/reduction de-

pending on metals present, as well as coagulant feeding. Membranes also have to be 

chemically cleaned to avoid fouling. 

 

Figure 7. Treatment process scheme of Porex Tubular Membrane Filter Modules in com-

bination with chemical precipitation [49].  

The disadvantage of membrane filtration for AMD treatment includes high capital and 

operational costs, high energy requirements, problems with clogging, fouling, and leaking 

of membranes. They also have limited lifetime of about 5-10 years. The necessity to 

chemically clean or backwash filters means that extra capacity is required to cover for 

downtime during washing. Moreover, produced concentrate is typically not usable and 

requires further treatment before disposal. These makes membrane filtration solutions 

unattractive as a main stage of AMD treatment, but they could be used as a polishing step 

for removal of residual suspended matter from water. 

Summary 

As could be seen from all of the above, often several solutions are combined in order to 

achieve high treatment efficiency. However, none of the solutions described in this Sec-

tion seem to reach effluent quality targets that should be achieved in the present thesis 

work. On average they seem to reduce individual metal concentrations to a level between 

1 mg/l and 0.1 mg/l, but not below 1 µg/l. The most attractive technology seems to be 

chemical sulfide precipitation of metals, as it could work in cold climate and allows pro-

duction of sellable product. Selling the obtained sludge to smelters could cover the oper-

ational costs of treatment plant and decrease sludge disposal expenses.  
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3 Site description and data 

Kristineberg is an underground Cu-Zn mine located in the Västerbotten region in northern 

Sweden. Since discovery of the ore body in 1918 there have been ten mines operating 

within 50 km distance from Kristineberg, but currently it is the only remaining active 

mine [50]. Kristineberg mine produces ores containing mostly Cu and Zn, but also Pb, 

Ag, and Au [51]. The mine has such sulfide-bearing ore minerals as pyrite (FeS2), chal-

copyrite (CuFeS2), sphalerite (ZnS), and galena (PbS) [52]. Sulfide oxidation of pyrite-

rich Zn-Cu ore is the primary case of AMD formation at Kristineberg.  

Boliden is continuously engaged in exploration of new resources, and exploration works 

in the area showed that the ore body continues in the direction of Rävliden, approximately 

2.5 km west of the Kristineberg ore deposit [3]. This deposit is an important part of the 

Boliden area’s continuous development. However, expansion of the mine will result in 

increased volumes of AMD that require treatment.  

3.1 Kristineberg water treatment plant 

 

Figure 8. Kristineberg water treatment plant, view from above (Google maps). 

Top view of Kristineberg water treatment plant is shown on the Figure 8 above. Total 

amount of water collected from the mine area is on average 100 m3/h, which is a maxi-

mum capacity of the treatment plant. Due to the capacity limit sometimes part of the water 

is diverted from the treatment plant and treated only with lime addition followed by sed-

imentation in the tailings pond. This happens when amount of collected mine water in-

creases or if there are disturbances in plant’s operation. 

Table 7 below shows average influent water quality at Kristineberg during the period 

from January 2014 until July 2017. It can be seen that the AMD contains a vast number 

of toxic contaminants at high concentrations and requires treatment. 
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Table 7. Kristineberg average influent composition during the period from 01.2014 to 

07.2017, assuming inflow rate of 100 m3/h. 

Parameter 
Concentration, 

µg/l 

Potential 

recovery, 

kg/d 

Parameter 
Concentration, 

µg/l 

Potential 

recovery, 

kg/d 

Al 73993.0 177.6 Mn  3950.7 9.5 

As 38.1 0.1 Na 60411.6 145.0 

Ba 29.0 0.1 Ni 76.3 0.2 

Ca 339209.0 814.1 Pb 104.4 0.3 

Cd 185.9 0.4 S 855767.0 2053.8 

Co 266.6 0.6 Sb 1.8 0.0 

Cr 40.7 0.1 Si  17543.3 42.1 

Cu 17380.7 41.7 Sr 1118.1 2.7 

Fe 166142.0 398.7 U  25.8 0.1 

Hg 0.0 0.0 V  1.8 0.0 

K 33332.6 80.0 Zn 79644.2 191.1 

Mg 147047.0 352.9 
TOTAL 

SUM, mg/l 
1796.3 4311.1 

 

Based on the data presented above average weight-% of the most important contaminants 

in the water was calculated. Iron accounts for 9.25% of the TDS, while Zn, Al, and Cu 

account for 4.43%, 4.12%, and 0.97% respectively. In the end of 2017 approximate prices 

for metals were 3577 USD/t for Zn and 7066 USD/t for Cu [53]. Assuming same mass 

flow of metals in 2017 as during this period, and 65% profit from recovery, cost of Zn 

and Cu that were lost at the treatment plant in 2017 is approximately $210600 and 

$91000, respectively.  

Based on the data from water quality monitoring program ionic balance of water was 

calculated. It showed that average concentration of anions through the monitoring years 

was 49.86 mEq/l and that of cations 49.64 mEq/l. The error could be attributed to the 

varying concentrations and the fact that metals are present in water in different valence 

forms that were not accounted for in the calculation. Average conductivity of water was 

3361 µS/cm and average concentration of TDS was 1796 mg/l. Ratio between calculated 

average TDS and measured average conductivity is 0.53, which correlates well with the 

literature values of 0.4-0.8.  

Current scheme of the water treatment process at Kristineberg is shown in the Figure 9 

below. Water collected from the mine area is first settling in two sedimentation ponds, 

which are designed to decrease suspended solids load on the plant. Mine water is pumped 

to the main pond, which has a volume of 2000 m3, while the second emergency pond with 

volume 8000 m3 serves as a water storage during extreme events or when plant is not in 

operation. Water is recirculating from emergency to the main pond to avoid freezing dur-

ing winter and to equalize water quality. 

The water treatment process is based on High Density Sludge system (HDS) and consist 

of two stages, namely pH adjustment and thickening. For pH adjustment slaked lime is 

used, which is produced on-site. Adjustment of pH after pre-sedimentation is done in 3 

mixing tanks. In the first tank (V = 50 m3) acidic water is mixed with recirculated sludge 
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from the thickener to reach pH 7.5. Recirculated sludge is added to tanks 1 and 2 through 

a split box in portions that depend on pH in tank 1 and/or total sludge recycling rate. 

Recirculated sludge creates crystallization centres and helps to improve formation of flocs 

and their settleability. Moreover, it aids to decrease lime consumption. Typically recircu-

lation is ca 15% of incoming water volume. 

 

Figure 9. Scheme of water treatment at Kristineberg [54]. 

In the second tank (V = 62 m3) lime is added to further increase pH to 9.5. The second 

and third tanks were designed to be aerated, but this option is currently not used, because 

most of the iron in feed water is in ferric form. Diluted polymer Magnafloc® 10 (BASF 

Mining Solutions) is added to the inflow of the third tank (V = 62 m3), where big flocs 

are formed. Polymer is diluted on-site to obtain 0.05% solution. From the third tank water 

flows to the radial thickener (V = 770 m3, D = 14 m, with inflow of 100 m3/h surface load 

is 0.65 m/h). Part of the sludge is then recirculated back to the first and second tank, and 

part is led to a dewatering stage, which consists of a drum filter. After thickener sludge 

contains about 30% solids, and after drum filter solids content increases to 

about 60% [55]. Sometimes underflow from clarifier is used for mine backfilling without 

prior dewatering. 

Initially thickener was dimensioned for a pilot plant to treat 20 m3/h AMD with a safety 

factor of 2. Later during the design it was considered that AMD flow could be as high as 

70 m3/h and have more diluted concentrations, so all equipment was scaled up except the 

thickener, which was built with diameter of 14 m2, because thickener cost is a large por-

tion of total project cost [55]. Since the start-up plant’s inflow has been ca 100 m3/h. 

Previously presence of turbulence in the clarifier was reported, which could be a factor 

affecting effluent suspended solids. It was also reported that keeping sludge in the thick-

ener for more than one day is beneficial for crystals growth and sludge maturing, which 

improves further filtering. However, sludge should not take most of the thickener volume, 
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otherwise suspended particles would not have enough time to settle and would end up in 

the effluent. 

Drum filter decreases volume of the sludge, however, dewatered sludge still has high 

water content, is very sticky, and hence is difficult to transport. So currently it is more 

preferable to pump underflow from the thickener, mix with sand, and dispose as a back-

filling material for the mine. But since backfilling is presently required only about once 

in two weeks, other means of sludge storage and disposal have to be utilized. 

Treated water from the thicker and drum filter flows via a creek and impoundment 3 to a 

lime station at the beginning of impoundment 4, where it is mixed with flows of mine 

drainage from abandoned mines in the area. There lime is added as a final treatment step 

to ensure metals removal. Sludge formed after lime addition settles in impoundment 4 

before water is discharged to the recipient [54]. 

For lime slaking quicklime is supplied from a silo to a mixing tank, to which clean water 

is added. Temperature increases to about 52 C due to exothermic reaction of lime slak-

ing. Then the suspension is pumped to a buffer tank, where it should be diluted with clean 

water to bring the temperature down. The problem was that both water flows were coming 

into the mixing tank, so quicklime/water ratio was too low, resulting in low temperature. 

Before this thesis was completed the second flow was diverted to the buffer tank, and 

temperature of lime slaking increased to 63 C. Reaching the optimum temperature of   

70 C by adjusting quicklime and water flows would help to improve efficiency of lime 

consumption and metals removal rate.  

3.2 Kristineberg tailings pond 

Currently there are five tailings impoundments in the Kristineberg area that are used to 

treat tailings and AMD (Figure 10). There used to be a concentrator near the mine, but it 

was moved, so now no tailings are produced in the area. 

 

Figure 10. Map of the Kristineberg mine area with impoundments 1, 1B, 2, 3, and 4 of 

the tailings pond [51].  
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Impoundments 1, 1B, and 2 have been partially remediated and are not in use anymore. 

Impoundment 3 is currently partly covered with till. Before entering the impoundment 4 

effluent from the treatment plant mixes with runoff from the area and passes a liming 

station, which is the last stage of water treatment prior to its discharge into a small river 

Vormbäcken. Through Vormbäcken water flows about 40 km in south-east direction via 

Lake Vormträsket into River Vindelälven. The catchment is a heavily protected area, as 

Vindelälven is one of four rivers in northern Sweden not obstructed by hydropower plants 

and therefore considered a pristine environment. One of the most important species in-

habiting the river is naturally reproducing salmon. According to a Swedish national law 

NRL the surrounding creeks contributing with water to the main river are protected as 

well as the river [56]. Vindeläven belongs to Natura 2000 network of protected areas of 

the EU. However, the background metal concentration levels in Vormbäcken are elevated 

due to presence of abandoned mines Hornträskgruvan and Rävlidmyrgruvan upstream 

from the impoundment 4 discharge point. The mixing ratio between Vormbäcken water 

and discharge from impoundment 4 is 12:1 during high flow events (snowmelt in May) 

and 3:1 during low flow periods. The catchment area of the tailings pond is smaller than 

that of the river upstream. Currently, during normal operation discharge water actually 

dilutes water in Vormbäcken in terms of Cd, Cu, and Zn concentrations. Discharge water 

has high ionic strength and Ca concentrations, which causes flocculation of dissolved 

organic matter and association of trace metals in particles. Calcium present in discharged 

water is thought to reduce toxicity of metals in Vormbäcken water and decrease the dis-

tance of their transport [52]. According to Water Information System Sweden Vorm-

bäcken is classified as surface water body with bad ecological and chemical status [57]. 

Since 2012 Boliden Mineral AB runs a monitoring program that includes monthly sam-

pling and analysing of water upstream from the discharge point, in the discharge point, 

and downstream from it. Water discharged from the tailings pond is monitored weekly 

and also as monthly average (at least to individual measurements). Samples are sent to 

ALS laboratory for determination of total metal concentrations (suspended and dis-

solved), phosphate, and also nitrogen species. Monitoring shows that in the sampling 

points metal concentrations have been continuously decreasing since the monthly moni-

toring program has started.  

3.3 Proposed discharge requirements and current water treat-
ment efficiency 

Based on the requirements of EU WFD and obligation to achieve at least good quality 

ecological status for surface water bodies, Boliden Mineral AB has prepared a proposal 

for environmental discharge limits for the extension of Kristineberg mine (see Table 8 

below). The basis for these requirements is Marine and Water Authority Regulations 

(HVMFS 2013:19) on classification and environmental quality standards for surface wa-

ter [58]. Detailed instructions and descriptions of how these regulations should be applied 

on practice are given in [59]. The maximum allowed monthly average concentration is 

calculated from at least two individual measurements. Maximum allowed concentration 

is a concentration that should not be exceeded at an individual measure [58]. Based on 

these regulations Boliden Mineral AB created a proposal for environmental requirements 

that could be imposed on Kristineberg mine in the future. As could be seen from the Table 

8 below, proposed limits are much stricter than those that are currently being used. 
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These limits are related to water discharged to the recipient, and not effluent from the 

treatment plant. But for simplicity hereafter it is assumed that this are treated water re-

quirements.  

Table 8. Kristineberg incoming water parameters for the year 2016, the proposed envi-

ronmental permit requirements, and current requirements. 

Parameter 

(unfiltered 
sample) 

Incoming 

water, 
µg/l 

Proposed requirements Current requirements 

Monthly 
average, 

µg/l  

Maximum 
allowed, 

µg/l 

Monthly 
average, 

µg/l  

Maximum 
allowed, 

µg/l 

Al 69350     

As 35 0.5 8 5 10 (2 months) 

Cd 173 0.25 1.5 2 4 (2 months) 

Cr 31 3.4  -  

Cu 15381 0.5  15 30 (2 months) 

Fe 147433     

Hg 0.03  0.07 -  

Ni 72 4 34 5 10 (2 months) 

Pb 82 1.2 14 5  

U 18  8.6 -  

Zn 74283 6  300 600 (2 months) 

Suspended 

material 
   10 mg/l  

pH 3   ≤7 pH ≤10  

 

Samples of mine water incoming to treatment plant are taken once a month at different 

days and sent to ALS laboratory for total concentration analysis. Samples of outflowing 

water from the treatment plant are also taken once a month for analysis of total concen-

trations, nitrogen and phosphorus species (N-tot, NH4, NO2, NO3, P-TOT, PO4-P), sus-

pended solids, and oil concentration. Nitrogen is not analysed in incoming mine water 

due to assumption that no nitrogen is removed from water by the treatment process, i.e. 

influent and effluent concentrations are equal. This assumption was supported by nitrogen 

species analysis of water sample used for this thesis work made by ALS and its compar-

ison to the effluent water quality data.  

The water quality parameters before and after the treatment at the Kristineberg WTP are 

presented in the Table 9 below.  

Table 9. Incoming and treated water quality at the Kristineberg WTP based on average 

monthly values from 2016. 

Parameter 

(unfiltered sample) 
Unit 

Incoming 

water 

Treated 

water 
Removal % 

Al µg/l 69350 684 99.01 

As µg/l 34.9 1.3 96.27 

Ba µg/l 30.9 28.5 7.71 

Ca mg/l 345 769 na 

Cd µg/l 173 2.3 98.66 

Co µg/l 250 1.2 99.51 

Cr µg/l 31 0.5 98.38 
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Parameter 

(unfiltered sample) 
Unit 

Incoming 

water 

Treated 

water 
Removal % 

Cu µg/l 15381 36.4 99.76 

Fe µg/l 147433 248 99.83 

Hg µg/l 0.03 0.01 62.03 

K mg/l 36 37 na 

Mg mg/l 148 83 43.91 

Mn µg/l 3935 268 93.19 

Na mg/l 67 68 na 

Ni µg/l 72 0.4 99.47 

Pb µg/l 82 11.8 85.64 

S mg/l 852 823 3.34 

Sb µg/l 1.5 0.1 93.62 

Si µg/l 16558 478 97.11 

Sr µg/l 1213 1390 na 

U µg/l 18.2 0.2 99.13 

V µg/l 1.3 0.1 92.14 

Zn µg/l 74283 191 99.74 

Conductivity µS/cm 3567 3347  

SO4 mg/l 2390 2289 4.22 

 

From the data above it could be seen that most of the metals are removed with over 90% 

efficiency. Increase in calcium concentration is due to the lime addition, which also ex-

plains slight increase of sodium, potassium, and some other element concentrations. How-

ever, these removal rates are not sufficient to comply with the new discharge requirements 

shown in the Table 8. 

From all mentioned above it could be concluded that there are two issues that have to be 

addressed in order to meet the proposed limits. First, for the existing treatment plant to 

meet these requirements its operation has to be optimized and a polishing treatment step 

should be added. Second, if the mine is expanded a new treatment plant would be re-

quired. Then new technologies could be used to achieve better metals removal and de-

crease amount of sludge produced. The experimental part of this work described below 

examines potential solutions for polishing treatment and construction of a new plant. 
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4 Materials and methods 

Materials and equipment for conducting experimental work were provided by the labor-

atory of Boliden Mineral AB. Acid mine drainage was taken from the inlet to the Kris-

tineberg’s first sedimentation pond prior to the treatment plant on 12.09.2017 and 

30.11.2017. Sampled water was sent to ALS Scandinavia laboratory for analysis (see Ap-

pendix 4). Reagents used in the screening experiments were industrial grade, and for the 

main experiments analytical grade reagents were used. List of all reagents used in this 

thesis is presented in the Appendix 8.  

Analytical procedures 

During preliminary tests equipment available in laboratory of Boliden Mineral AB was 

used. Samples from the main tests were sent to ALS Scandinavia laboratory.  

Temperature, electrical conductivity, and pH of water were measured using either Mettler 

Toledo or WTW pH 3210 meter. For rapid estimation of metal concentrations in liquid 

samples and sludge X-ray analyser Xepos was used. It provided reliable results for liquid 

samples with high metals concentration and sludge samples, but measuring concentration 

in range of 1 µg/l was not possible.  

During preliminary experiments total Fe and Fe(III) were analysed by quantitative color-

imetric measurement of red-coloured ferric iron complex with 5-sulfosalicylic acid (SSA) 

followed by addition of ammonia and measurement of yellow-coloured complex of SSA 

with total iron [60]. This is a sensitive method that works when concentration of total iron 

in the solution is below 10 mg/l.  

Attempts were made to analyse concentrations of seven dissolved metals (Al, Cd, Cr, Cu, 

Ni, Pb, and Zn) in liquid samples using Hatch Lange express analysis kits and spectro-

photometers Hatch DR5000 and DR2800. These kits could be used for determination of 

trace concentrations of each metal according to instructions provided by the manufac-

turer. However, the procedure proved to be time-consuming and results were unreliable 

due to interference of other species. Analysis for Zn and Al was quite accurate compared 

to ICP analysis. Analysis of Ni, Cr, Cd, and Pb was not possible due to initially low 

concentrations of these elements in AMD. One major difficulty when using Hatch kits is 

that they are designed to be used in a narrow concentration range, but it is hard to predict 

sample dilution rate to obtain results. 

Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-OES) Agilent 

5510 VDV (Vertical Dual View) was used for determining concentrations of each ele-

ment in liquid samples from screening tests. Radial view of plasma was used for the anal-

ysis. Diluted standard solution was prepared for plotting calibration curves. Sample prep-

aration included filtering liquid samples through 0.45 µm filter to remove suspended par-

ticles and addition of nitric acid. Addition of 1 ml 25% acid to 5 ml sample helped to 

dissolve all the remaining suspended matter. Deionised water that served as blank was 

produced with ion-exchange filter containing Silex I B resin supplied by Silhorko-Eu-

rowater A/S. The claimed conductivity of water after ion-exchange treatment is below 

0.5 µS/cm [61], which should be equal about 0.2 mg/l dissolved matter.  
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5 Experimental part 

The experimental part of this thesis consisted of four main parts. Firstly, AMD titration 

tests were conducted to estimate pH levels at which metals would precipitate as hydrox-

ides and amount of alkali required to increase pH of Kristineberg AMD. Secondly, sim-

ulations were done in SolGasWater software to analyse solubility of metals in Kristine-

berg AMD during hydroxide and sulfide precipitation. Thirdly, several series of screening 

tests were done to test different treatment methods and different reagents to get an insight 

into water chemistry and processes that determine metals removal from mine drainage. 

Lastly, three series of main experiments were conducted in order to determine possibility 

to reach the proposed environmental limits. 

5.1 Acid mine drainage titration 

To estimate pH levels for precipitation of metals and metalloids from the solution four 

titration test were conducted. Titrations were done with 0.1M NaOH solution prepared 

by dilution of solid NaOH pellets in tap water. AMD sample was poured from well-

shaked canister into a beaker and placed on magnetic stirring plate. Sodium hydroxide 

was manually dosed from a burette. To continuously monitor pH a silver chloride pH 

electrode (Mettler Tolledo) was used. Titrations 1 and 2 were done with 100 ml samples, 

and titrations 3 and 4 with 200 ml samples. First titration was continued until pH 10.0, 

second until pH 9.9, third until pH 9.0, and fourth until pH 12.2. 

During titrations 3 and 4 samples were taken from the solution to determine changes in 

metal concentration with pH increase. In the third titration samples were poured into vials 

and centrifuged to separate suspended solids. Clear solution was then analysed using 

Xepos, and then both suspended solids and liquid were returned to the sample and titration 

continued. Due to low accuracy of Xepos for determination concentrations in liquid sam-

ples the results of these analyses were not included in the present work. During titration 

4 samples were taken from the solution with syringe and then filtered through 0.45 µm 

membrane to remove suspended solids. The removed volume was not accounted for when 

plotting titration curve, as it was assumed to be negligible compared to total volume of 

the solution. Iron content was analysed by spectrophotometer with SSA solution, while 

Zn and Al were analysed with Hatch kits. Hatch kits only determine metal concentrations 

within a certain narrow range, and it was rather difficult to predict required dilution rate 

for Zn and Al analysis. Due to errors attributed to high dilution rates the results of these 

analyses were not included in the present work but are discusses below.   

Titration tests allowed to determine optimum pH levels for precipitation of metals from 

the solution. Titration curves shown in the Figure 11 below illustrate dependency of pH 

on the amount of 0.1 M NaOH solution dosed. Not all the results of titration 4 are pre-

sented, as it was continued until pH 12.2. It can be seen from the plots below that the 

titration tests had good repeatability. 

From this titration curve equivalent acidity of H2SO4 could be calculated. The equivalence 

point is taken to be pH 7, at which point 18.5 ml of 0.1 M NaOH per 100 ml AMD were 

consumed, meaning 1.85 moles of NaOH were added to the 100 ml sample. Therefore, 

equivalent molarity of H2SO4 is 9.25 mM.  
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Figure 11. Results of four titration experiments with 0.1M NaOH. 

During titration 4 analysis of Fe(III) and total Fe showed that at pH>3 there is no dis-

solved iron present in water, as it all precipitates as Fe(OH)3, meaning that almost all iron 

in the solution is in its oxidized form Fe(III). Analysis of Al showed that its concentration 

decreased steadily and reached minimum at pH ca 6. However, it is important to remem-

ber that at pH over 10 aluminium hydroxide dissolves again.  

This data correlates with the trends shown on the titration curve above. At pH 3 ferric 

iron consumes hydroxide ions and precipitates as Fe(OH)3, therefore preventing pH from 

increasing while NaOH is added. After all iron precipitates, pH starts to increase again 

until it reaches pH 4.3, when Al starts to precipitate as Al(OH)3. Then pH continues to 

increase slowly to 9 and then starts to buffer, presumably due to carbonate equilibrium 

and CO2 gas adsorption.  

5.2 SolGasWater modelling  

SolGasWater (SGW) software was used to model solubility of metals in the Kristineberg 

water sample. The software was developed by Gunnar Eriksson at Umeå University for 

computation of chemical equilibrium systems. The program requires an input of compo-

nents and all chemical species formed from them, as well as equilibrium constant (stabil-

ity constant) for each species. User should also state whether species are in solid or aque-

ous state. When matrix of components and their species is created user can set up such 

parameters of the system as temperature, pressure, redox potential, and ionic strength of 

solution. The program then performs mass balance and thermodynamic calculations and 

solves them with free-energy minimization method. The output of calculations contains 
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data matrix with information about equilibrium composition of the system, which could 

be displayed in different forms according to the needs of the user [62]. 

5.2.1 SolGasWater hydroxide consumption model 

There are several factors that affect solubility of metals in the AMD. These include tem-

perature, ionic strength of the solution, formation of complexes and solids, alkalinity, 

presence of buffers and chelating agents, adsorption, co-precipitation, and aging of solid 

precipitate [63], [64], [65]. These factors make it difficult to build accurate models of 

metal ions behaviour in water. However, theoretical models and thermodynamic calcula-

tions can serve as a guide for organization of experiments and help to determine the gen-

eral trends in solution behaviour.  

For modelling hydroxide precipitation of metals the input concentrations of species were 

taken from the ALS laboratory analysis results of the Kristineberg AMD sample (Appen-

dix 4, screening tests water analysis). Stability constants were taken from two sources 

[66], [67]. The input temperature was 25 C, pressure 1 atm, redox potential 500 mV, 

ionic strength of solution 1M, and pH variation step of 0.1 pH unit. The output data pro-

vided numerous possibilities for analysing the AMD water chemistry, as it allowed un-

derstanding water composition at different pH levels and gave an insight into solubility 

of different species.  

Figure 12 below shows the theoretical OH- ion consumption curve versus the titration 

curve average across the four experiments described earlier. The theoretical OH- con-

sumption curve is divided into differently coloured regions based on consumption of hy-

droxide ion by different metals. These regions represent pH buffering of the solution due 

precipitation of metal hydroxides. Point where the colour changes represents start of pre-

cipitation of another metal hydroxide. 

Precipitation regions of iron and aluminium can be clearly seen on the experimental titra-

tion curve, while it does not give a clear view of pH regions for precipitation of other 

metals. Hydroxide consumption by Fe3+ matched the theoretical consumption curve al-

most exactly. It also corresponded to the literature data, which suggests that Fe3+ precip-

itates at pH 3.0-3.5 as schwertmannite, which is brown-yellow amorphous Fe-oxyhy-

droxy sulfate mineral. It was found that schwertmannite at Kristineberg has formula 

Fe8O8(OH)5.02(SO4)1.49•0.5H2O [21]. At pH above 4 iron could also precipitate as ferrihy-

drite (e.g. (Fe3+)2O3•0.5H2O) [19]. Aluminium precipitation was observed at pH around 

4.2-4.7. It also correlates with the literature on precipitation of aluminium as hydrobasalu-

minite (chemical formula Al4(SO4)(OH)10•15H2O)) [20], [63]. However, it could be seen 

that pH increase was slower compared to theoretical, which could be attributed to the 

kinetics of the reaction and slow release of sulfate ions from aluminium sulfate com-

plexes. After Al had precipitated pH was rising steadily until 8.8, after which the increase 

slowed down, possibly due to CO2 adsorption from the air.  
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Figure 12. Theoretical and experimental hydroxide consumption curves. 

As it can be clearly seen from the Figure 12 above, the total hydroxide consumption to 

achieve pH 10 is approximately same in both cases, which signifies good model validity. 

However, certain regions of the experimental curve differ considerably from the theoret-

ical ones. It can be explained by the inaccuracy of the manual titration method and pH 

meter error, and the fact that theoretical curve represents the system in equilibrium, while 

the experiment system was not in equilibrium condition. Certain reactions take consider-

able amount of time to reach equilibrium state, but SGW does not take into the account 

reaction kinetics. During the titration experiments it was observed that pH of solution 

gradually changed with time after NaOH addition, but waiting until it reaches a constant 

value was not possible. It is also important to note that the SGW model does not take into 

the account co-precipitation and adsorption of heavy metals on iron and aluminium hy-

droxides, which significantly affects solubility of metals and their dissolved concentra-

tions [63], [68]. Results of previous studies show that Fe precipitation has a capacity to 

remove As and Cr from water [63], as well as Cd, Zn, Cu, and Pb [68], while precipitation 

of Al could remove Cu and Si [63]. 

Apart from hydroxide consumption, SGW was also used to plot theoretical curves of 

metal hydroxides solubility, which are presented in Appendix 1. These curves show the 

theoretical lowest possible limit of concentrations that could be achieved using hydroxide 

precipitation for metals removal from AMD. They also show pH at which precipitation 

starts, which is important if selective removal of metals is desired. 

5.2.2 SolGasWater sulfide precipitation model 

Several sulfide precipitation scenarios were modelled using SGW. Based on literature 

data it was expected that solubility of metal sulfides will be significantly lower than that 

of hydroxides [8]. The results of sulfide precipitation modelling are shown in the Appen-

dix 2. Five models were simulated to analyse behaviour of metals in AMD after sulfide 
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addition. Assumed concentration of the main components (based on the ALS laboratory 

analysis results) and sulfide dose for each of the scenarios are shown in the Table 10 

below. Since Al and Cr do not form sulfides in ambient conditions they were not included 

in these calculations. 

Table 10. Sulfide precipitation scenarios, metals concentrations in AMD and respective 

sulfide doses. 

 Scenario number 

 1 2 3 4 5 

Element Millimolar concentration 

Fe 2.4 0 0 0 0 

Mn 0.0835 0.0835 0.0835 0.0835 0.0835 

Cu 0.39 0.39 0.39 0.39 0 

Zn 1.24 1.24 1.24 1.24 1.24 

Cd 0.0017 0.0017 0.0017 0.0017 0.0017 

Ni 0.0016 0.0016 0.0016 0.0016 0.0016 

Co 0.0053 0.0053 0.0053 0.0053 0.0053 

Pb 0.0004 0.0004 0.0004 0.0004 0.0004 

HS- 4.1225 1.7225 2.5838 0.39 1.24 

 

In scenario 1 sulfide amount added was equal to the sum of molar concentrations of all 

metals present in the solution. It was observed that compared to solubility of metal hy-

droxides, solubility of sulfides is significantly lower, which correlated well with the lit-

erature data [8], [69]. The results showed that iron does not react with sulfide, and starts 

to precipitate as Fe(OH)3 at pH 3. Based on these results, for the scenario 2 sulfide con-

centration was decreased for stoichiometric precipitation of all metals except Fe. As in 

the first scenario, Fe did not form compounds with sulfide, and most of it was consumed 

for ZnS precipitation. Since in the scenario 2 there was considerably less H2S and free 

HS- in the solution, solubility of metals increased slightly. For the scenario 3 amount of 

sulfide was increased, and was equal 1.5 times total concentration of all metals except Fe. 

The solubility slightly decreased compared to scenario 2, but was still higher than in sce-

nario 1, since the total amount of free sulfide was lower. Comparing all three scenarios, 

it could be concluded that for the purpose of treating water to the required levels it will 

suffice to add sulphide in stoichiometric or slightly higher dose to precipitate all metals 

except iron. Overdosing of sulphide can cause formation of toxic H2S gas, which is un-

desirable, and will increase operational costs, while not improving the treatment effi-

ciency in a significant way [9]. In the scenario 4 sulfide was added only to remove Cu 

from water that was already free from Fe. Figure 7 in the Appendix 2 shows that Cu would 

be precipitated together with Pb at low pH, but since concentration of the latter is very 

low, it will not have significant effect on purity of copper precipitate. The last scenario 

was meant to evaluate possibility of selective ZnS removal. It showed that despite stoi-

chiometric addition of sulfide for Zn precipitation, Pb and Cd have lower solubility than 

Zn, and therefore there was not enough sulfide to achieve minimum ZnS solubility. So 

compared to Cu, higher pH and more than stoichiometric addition of sulfide is required 

for complete Zn removal, but it would still contain impurities of Pb and Cd. 
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5.2.3 SolGasWater modelling results summary 

Modelling results presented above show that hydroxide precipitation does not allow to 

achieve the proposed environmental requirements, as solubility of metal hydroxides is 

higher than the limit values. On the other hand, solubility of metal sulfides is significantly 

lower and provides an opportunity to comply with proposed requirements. However, Al 

and Cr do not form sulfides, and it was shown that Fe and Mn precipitate as hydroxides 

during sulfide addition. The comparison of hydroxide and sulfide solubility of metals is 

shown in the Appendix 3. Based on this modelling data it was decided to conduct a series 

of screening experiments to test different neutralization agents and sulfide sources to find 

most promising treatment methods. 

5.3 Screening tests 

Applied doses of reagents and results of experiments are shown in Appendix 5. Cells 

coloured in pink indicate values below the proposed discharge requirements. 

After a literature review and modelling a series of screening experiments was made in 

order to determine most promising treatment options for Kristineberg AMD based on the 

proposed environmental discharge requirements for As, Cd, Cr, Cu, Ni, Pb, and Zn. The 

tests were aimed to study four kinds of processes, namely neutralization, sulfide precipi-

tation, neutralization combined with Fenton’s reagent treatment, and Fenton reagent fol-

lowed by oxidation of MnSO4. Before each test AMD sample was filtered through a pa-

per-filter to remove ferric hydroxide precipitate that formed while canister with mine 

drainage was standing in the laboratory. Volume of samples was 200 ml or 100 ml, and 

unless stated otherwise reagents were dosed in liquid form to make pH control and dosing 

easier, and to improve distribution of reagents in solution volume. Magnetic stirrer was 

used for solution mixing. The samples were mixed for ca 20 min after reagent addition 

and left to settle for ca 1 hour. In case of two- and three-stage treatments glass fibre filter 

was used to filter precipitate after each stage. After final stage samples were filtered 

through 0.45 µm filter. Collected samples were analysed with ICP-OES in Boliden’s la-

boratory. All metals except Fe were analysed using calibration with standard solution, 

while for Fe analysis semi-quantitative method was used, that did not required a standard 

for calibration of ICP. Results of screening tests are shown in the Appendix 5. 

5.3.1 Neutralization 

The first series of experiments involved neutralization of AMD with caustic soda, slaked 

lime, limestone, and magnesia milk. Four experiments were done with dry reagents and 

one was repeated with liquid sodium hydroxide. For some reason it was not possible to 

reach pH over 7 with Mg(OH)2. In accordance with SGW software model and literature 

data, higher pH resulted in better removal of metals. Lowest pH of 6.2 was achieved with 

limestone, and it showed lowest metals removal rates for Co, Cu, and Zn. Removal per-

centages were 95% Cu and 35.9% Zn. With Mg(OH)2 pH was 6.7, and it showed signif-

icantly improved removal of Cu and Zn, 99.8% and 63.1% respectively, as well as de-

creased Fe and Al concentrations. According to SGW hydroxide precipitation model, 

Cu(OH)2 should not precipitate until pH reaches 6, and Zn(OH)2 should not precipitate 

until pH 8. Therefore, it could be concluded that adsorption and/or co-precipitation with 

Fe and Al hydroxides play mayor role in Zn and especially Cu removal from the solution. 

It also explains decrease of Pb, and Cd concentrations at pH below 7. Arsenic and Cr 
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were not detected in any of the samples, which signifies that they were adsorbed by Fe 

and Al hydroxides.  

At higher pH, achieved with sodium and calcium hydroxide, it was possible to remove 

Cd, Cu, Ni, Pb, and Zn below detection limit of the equipment. The results also showed 

that best aluminium removal could be achieved at pH ca 6.7, while at high pH levels 

dissolved Al concentration increases. This correlates well with SGW model prediction. 

The difference in results of using solid and liquid NaOH could be due to the fact that they 

were measured at different days, therefore calibration of the equipment was different, 

final pH of the solution was different, and in case of liquid reagent dilution with nitric 

acid was performed before analysis. Different reaction time, pipetting errors, and poor 

mixing of sample could have also affected the results. Thus, the results of these analyses 

are inconclusive as regards to which form of reagent is more efficient for metals removal, 

and what are the lowest concentrations that could be reached using neutralization alone.  

5.3.2 Sulfide precipitation 

The second series of experiments was devoted to studying combined hydroxide and sul-

fide precipitation. For neutralization tests caustic soda was selected, as it allows reaching 

pH values over 9. And unlike slaked lime, it does not have adsorptive properties, so it 

would not interfere with the results obtained by sulfide precipitation. As sulfide source 

three reagents were used, namely sodium sulfide, sodium hydrosulphide, and organosul-

fide TMT15® – liquid reagent produced by Evonic Industries AG. NaHS and Na2S used 

for these tests were industrial grade, so precise concentration and impurities content are 

unknown. Sulfide reagents are easily oxidized in contact with air, which results in for-

mation of thiosalts and decrease of sulfide concentration in the solid reagent. Hence, dos-

ing of sulfide was done according to pH values and based on visual observation of pre-

cipitate formation. In case of TMT15® the required dose estimated with a calculator 

available at the manufacturer’s website was lower than required to precipitate metals ef-

ficiently, which was determined by samples analysis. 

Sulfide was added as a first stage, as according to the SGW model when excess sulfide is 

present in water precipitation of metals should occur at low pH. The precipitate was fil-

tered through a glass fibre filter and NaOH was added to increase pH of the solution to 

ca 9.5. Aliquots were taken for analysis and filtered through 0.45 µm filter after each 

treatment stage. 

When sulfide was added to AMD as a first treatment stage without pH adjustment, low 

doses of Na2S and NaHS resulted in formation of brown particles. These particles 

changed colour to black with increase of sulfide addition and floc size. This colour change 

corresponds well with literature data that describes similar behaviour as formation of cop-

per sulfide [70]. TMT15® addition resulted in formation of brown, but never black pre-

cipitate. After filtration through paper filter a lot of particles went through, which is a 

common problem with metal sulfides, as their particle size is very small [70], [71], [72]. 

Micro glass fibre filter showed better efficiency in particles retention, producing trans-

parent filtrate with almost no suspended solids. As a second step filtrate was treated with 

NaOH to remove residual metals and manganese, and adjust pH. However, as soon as 

base was added to the filtrate black precipitate formed again, which shows that not all 

metal sulfides were precipitated at low pH. After pH was increased to over 9.5 precipitate 
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settled down with black sulfide particles on the bottom and orange hydroxide sludge on 

top of them (Figure 13). In some tests it was also observed that neutralization after sulfide 

addition resulted in formation of greenish precipitate. It could be due to consumption of 

sulfide by ferric iron and its reduction to ferrous at low pH. Ferrous iron hydroxide then 

settles at pH higher than 6 and gives the green colour. This excessive consumption of 

sulfide should be avoided, so removing Fe and Al prior to sulfide precipitation is desira-

ble. 

 

Figure 13. Precipitate formed after sulfide addition, filtration, and hydroxide precipita-

tion. 

One test was done to see how addition of slaked lime would decrease final metals con-

centrations (tests No. 3.2, Appendix 5). Sodium hydrosulphide was selected as the most 

efficient sulfide source, and less of it was added compared to test No. 2.3. The final con-

centrations were exceptionally low. 

Several tests were also done with base addition as a first stage, followed by sulfide pre-

cipitation, but their analyses are not included in this work. When neutralization was done 

as a first treatment stage to remove Fe and Al, orange precipitate of iron and aluminium 

was filtered out with micro glass fibre filter. After sulfide addition formed precipitate was 

light brown, yellow, or light green, but never black. It could signify that most of the cop-

per was co-precipitated with iron and aluminium, or that the black coloured particles were 

iron sulfide. However, according to the SGW model described above iron should not form 

solid compounds with sulfide in this setting. Moreover, some researches showed that pyr-

rhotite or troilite (FeS) only form at pH between 3.6 and 5.7 [8], so it is not likely to be 

observed after sulfide addition to AMD with initial pH 2.6. Sludge analysis was not per-

formed on any of the samples, so it is not possible to say exactly what minerals were 

formed during precipitation. The results of these tests were inconclusive, as final pH was 

increased to 10 in order to remove Mn, so the results could not be compared to the results 

of tests described above. They did show removal of Cd, Cr, Co, Pb, and Zn below the 

detection limits of the equipment. However, removal of Ni was worse compared to treat-

ment where sulfide precipitation was used prior to base addition. But it could be also due 

to the fact that these samples were diluted with nitric acid prior to analysis.  

5.3.3 Neutralization combined with Fenton’s reagent treatment 

The third series of experiments was aimed to investigate how using Fenton’s reagent as a 

polishing step after neutralization can improve removal of residual trace metal concen-
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trations, especially cadmium. For these experiments 800ml of AMD was treated with ad-

dition of slaked lime to pH 9.5 (it later decreased to 9.3). Slaked lime was selected due to 

its cost advantage and the fact that unreacted lime has high adsorption capacity. Moreo-

ver, it is currently used at Kristineberg water treatment plant. After neutralization, the 

solution was filtered through micro glass fibre filter to remove suspended solids. An ali-

quot was then taken for analysis. Then pH of solution was decreased to about 6.5 with 

0.1M sulphuric acid and water was divided into 3 samples 200 ml each. Each sample was 

then treated with different dose of iron and hydrogen peroxide. Selected iron doses were 

25, 50, and 100 mg/l FeSO4 based on recommendation of Boliden’s water treatment ex-

perts. According to the Eq. (31) of Fenton reaction, two moles of ferrous iron are required 

per one mole of peroxide. However, it could be beneficial to use more than stoichiometric 

dose of peroxide to allow for oxidation of other metals as well. Therefore, the selected 

doses of peroxide were double the dose required for iron oxidation. The pH for Fenton 

reaction was between 3 and 4. It was hard to control pH precisely during the reaction, as 

both FeSO4 and H2O2 decrease pH of solution. After peroxide addition formation of or-

ange precipitate was observed (Figure 14). Samples were taken ca 20 minutes after Fenton 

treatment and filtered through 0.45 µm filter. Then using slaked lime pH was increased 

first to 9, and then to 10, and after it stabilized samples were taken and filtered for future 

analysis. 

 

Figure 14. Samples colour after Fenton treatment with three different iron and hydrogen 

peroxide doses (from left to right 25, 50, and 100 mg/l FeSO4). 

The analysis of water after neutralization showed removal of As, Cr, Ni, and Pb below 

the detection limits, while concentrations of Cd, Cu, and Zn were below 1 µg/l. Analysis 

of samples after Fenton treatment showed increased concentrations of almost all elements 

in the solution. This could be due to contamination of water with reagents, as FeSO4 used 

was industrial grade, and both iron sulfate and hydrogen peroxide were prepared long 

time before the experiments and presumably using tap water. Another explanation could 

be the fact that before analysis water after neutralization was filtered through a 0.45 µm 

filter and for the experiments it was only filtered through a fibre-glass filter. Thus there 

were higher concentrations of metals in the water before Fenton treatment than results of 

neutralization test No. 4.0 indicate. It does not explain changes in As concentration and 

why it was so high through the experiments. This could be due to contamination or meas-

uring errors. It was also noticed that after Fenton treatment a lot of small suspended par-

ticles of Fe hydroxide with metals adsorbed on them went through 0.45 µm filter mem-

brane, as filtrate had yellowish colour. This certainly affected the analysis of dissolved 
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metals concentrations. For these reasons it is not possible to make definitive conclusions 

about efficiency of Fenton treatment based on these analyses.  

However, results show that after addition of slaked lime there is a clear decrease in metals 

concentrations. All metals were removed below the required values, while As concentra-

tion was still very high. There was no evidence that pH 10 is better for Cd removal than 

pH 9, but it could be due to insensitivity of equipment for low Cd concentrations. Overall, 

Fenton treatment results showed lower Cd concentrations compared to using lime treat-

ment alone.  

5.3.4 Fenton reagent followed by oxidation of MnSO4 

The fourth series of screening tests was performed to analyse two-stage process consisting 

of Fenton treatment followed by oxidation of manganese sulfate with sodium persulfate. 

These experiments were inspired by Veolia’s MetcleanTM treatment process, described in 

the Section 2.3 Commercial methods. In these experiments no microsand was used. For 

the first treatment stage different doses of Fenton reagent were used, and pH was kept 

around 4 with NaOH. Sodium hydroxide does not have the adsorption properties that un-

reacted lime has, so it allows to see how much metals are removed by Fenton alone. Iron 

dosages were 50 and 150 mg/l FeSO4. More than stoichiometric amount of peroxide was 

added. After about 20 min pH was increased to 5.2 to precipitate residual Al and prevent 

its resolubilization at higher pH. After ca 20 minutes of settling samples were filtered for 

analysis. Solution was filtered through a glass fibre filter and its pH was increased to 8.6 

with NaOH. Then MnSO4 was added followed by addition of Na2S2O8. It was decided to 

use sodium persulfate, as addition of chlorine to treated mine water is undesirable. Two 

combinations of reagents doses were tested. After ca 20 min solution was filtered through 

glass fibre filter and aliquot was taken for analysis. Afterwards pH was increased to 10 to 

see if that would improve cadmium removal. One test was also done to see if addition of 

peroxide alone would results in the same effect as application of Fenton reagent to AMD 

(test No. 5.4, Appendix 5). 

The results of analyses after Fenton treatment and addition of peroxide alone are in the 

same range. It did not seem like application of ferrous iron oxidation as a first treatment 

stage has significant effect on metals removal. Chromium was removed below the detec-

tion limit in all the samples, and in all except one Pb was not detected. However, concen-

trations of As, Cd, and Ni were almost the same as in untreated water. Slight decrease of 

Co, Cu, and Zn concentrations could be seen. After precipitation of MnO2 concentrations 

of all metals decreased, which could be partially due to increase of pH and formation of 

metal hydroxides. But their residual concentrations were slightly below the values pre-

dicted by SGW model. It signifies that metal cations were adsorbed by formed MnO2 or 

co-precipitated with it. Subsequent increase of pH to 10 with NaOH resulted in further 

decrease of metals concentrations, though in none of the cases the proposed requirements 

were achieved for all the parameters. Concentrations of Cu and Zn were above the re-

quired limits in all samples. Generally, the results were worse than those of any other 

treatment method described above. It could be due to small particles formation and their 

presence in filtrate before analysis, or reagents dosages being not optimal.  
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5.3.5 Screening tests summary and choice of treatment methods 

Results of screening tests are shown in the Appendix 5. All samples from the screening 

tests were analysed with ICP-OES at Boliden’s laboratory. Some samples required dilu-

tion with nitric acid, as even after filtration through 0.45 µm filter some particulate matter 

was still present in the solution and was blocking nebulizer. The factors that could have 

affected the analysis include reagents purity, pipetting errors, contamination (e.g. from 

glassware and pH electrodes), sample volume, mixing speed and time, differences in final 

pH, which was hard to control, sedimentation time and precipitate aging, amount of pre-

cipitate smaller than 0.45 µm filter, sensitivity of ICP and its calibration. 

Though it is hard to make definitive conclusions regarding efficiency of each treatment 

method based on the screening tests results, they gave an insight into the mechanisms 

behind metals removal from water. The results showed that neutralization alone removes 

metals to concentrations below predicted by SGW model.  But for some metals, such as 

Al, Cu, and Zn, the model is useful for prediction of pH at which solubility is at its mini-

mum. As it could be seen from the results, most of the analyses showed undetectable 

concentrations of Cd, Cr, and Pb. It could be attributed to the relatively low sensitivity of 

ICP-OES equipment used and initially low concentrations of those elements. However, 

the fact that metal concentrations were below the saturation concentrations of those met-

als at the given pH range evidences adsorption of metals on Fe(III) oxy hydroxysulfate 

and Al hydroxysulfate, that has been reported in the literature [48], [63], [64]. The screen-

ing tests also showed that using base addition most of the Cu is removed at pH below 7, 

meaning that it is adsorbed on Fe or Al hydroxides. 

Based on the results discussed above three treatment methods were selected for further 

investigation during the main experiment series. The summary of selected treatment 

methods is shown in the Table 11 below. Justification for selection of these methods is 

presented below. 

Table 11. Treatment methods selected for the main experimental series. 

Method description Number of stages Reagents 

Neutralization for Fe and Al removal fol-

lowed by sulfide precipitation and final 

pH adjustment 

3 Ca(OH)2, NaHS 

Neutralization followed by Fenton reagent 2 
Ca(OH)2, FeSO4, 

H2O2 

Neutralization followed by manganese 

oxidation 
2 

Ca(OH)2, MnSO4, 

H2O2 

 

The first selected treatment is three-stage process, consisting of Ca(OH)2 neutralization 

for Al and Fe removal followed by sulfide precipitation with NaHS, and subsequent lime 

addition for pH adjustment and polishing. Even though this method was not tried during 

the screening tests, it seems promising for the following reasons: 

a. Removing Fe and Al before sulfide addition would decrease sulfide consumption;  
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b. Previous research showed that in comparison to sulfide precipitation, precipitation of 

hydroxides followed by sulfides requires less NaHS. Hence cost savings and less of 

toxic regent required [69]; 

c. There exists successful ChemSulphide® technology that operates based on this treat-

ment method; 

d. Lower sludge volumes compared to traditional lime precipitation; 

e. Production of potentially valuable ZnS product (with low impurities of copper and 

other metals), which could be put through concentrator or smelted directly;  

f. Produced lime sludge would contain less toxic metals, and therefore would be easier 

to dispose. Additional tests would have to be done to estimate its stability, physical 

and chemical properties. It could possibly be suitable for leaching to obtain copper 

product;  

g. Aluminium and Fe would be removed at the pH level where they are least soluble; 

h. Lower solubility of sulfides at a wide range of pH would ensure low effluent concen-

trations. 

However, the disadvantages of this method include the following: 

a. Toxicity of sulfides, difficulties with their handling, and difficulties of dosing con-

trol; 

b. Excessive addition of sulfides could result in harmful H2S gas release; 

c. Addition of sulfides could increase amount of sulfates in the effluent. So addition of 

ettringite process might be required is sulfate removal is needed; 

d. Excess sulfide dosages could lead to thiosalts formation in the effluent; 

e. Typically sulfide precipitate consists of very fine particles that hinder solid-liquid 

separation, but polymer addition could solve this issue. 

The second treatment method selected was Fenton reagent as polishing step after neutral-

ization. Boliden Mineral AB already has several Fenton treatment plants in operation in 

different locations, and has in-house developed technology for building new Fenton 

plants. This method would not require significant changes in the existing treatment pro-

cess, which already shows good rate of metals removal. It could be added as a polishing 

step, with an aim to ensure lower metal concentrations in the effluent. The advantages of 

the proposed process include the following: 

a. Relatively inexpensive and non-hazardous reagents; 

b. The technology is proven to be effective for metals removal and is widely used in the 

world and by Boliden Mineral AB; 

c. Schwertmannite and ferrihydrite are working well for adsorption of anions, such as 

arsenate (AsO4
3-) and chromate (CrO4

2-); 

d. Sludge after lime precipitation could be leached to obtain valuable metals; 

e. Polishing stage would be easy to add to the existing treatment train; 

The disadvantages of Fenton reagent treatment method include the following: 

a. High volume and bad properties of gypsum sludge, difficulties in dewatering, trans-

portation, and storage; 

b. Large volumes of iron hydroxide sludge that contains toxic metals, which is hard to 

dispose; 
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c. Acid addition to water is required in order to decrease pH back to about 4-6 after 

lime treatment, which creates costs and increases sulfate content in water; 

d. Alkali addition is required after Fenton treatment to precipitate the residual metals as 

hydroxides and increase pH back to about 9.5; 

e. Currently no requirements for Al levels in effluent are anticipated, however, it is 

important to take Al concentrations in the account. During lime precipitation at high 

pH Al could resolubilize; 

f. Sludge obtained after Fenton treatment would likely not have commercial value as it 

would contains low concentration of metals and high concentration of iron; 

g. Polymer addition might be required for effective floc formation and precipitation of 

the sludge; 

h. Possible increase of Fe content in the effluent; 

i. Increase of sulfate content in water from added ferrous sulfate. 

The third treatment method selected for further tests was neutralization of AMD with lime 

followed by polishing step of MnSO4 oxidation with H2O2. Peroxide was used due to its 

capacity to produce hydroxyl radicals with high oxidation potential and decomposition to 

environmentally friendly compounds – oxygen gas and water.  As in case of Fenton, this 

method could serve as a polishing step for further decrease of metal concentrations in the 

effluent. The advantages of the proposed process include the following: 

a. Relatively inexpensive and non-hazardous reagents; 

b. Compared to using Fenton as a polishing step, Mn oxidation does not require de-

crease of pH to 4, as it works best at pH ca 8.6. Therefore, the process requires no 

acid reagent. It also would consume less alkali, as after Fenton pH needs to be in-

crease from 4 to 9.5, and in this case it would be increased only from 8.6 to 9.5; 

c. Mn works well for base metals cations precipitation, e.g. Cu and Zn, while Fenton 

works better for As and Cr anions removal by co-precipitation and absorption; 

d. Sludge after lime precipitation could be leached to obtain valuable metals; 

e. Polishing stage would be easy to add to the existing treatment train; 

However, this method has a number of disadvantages, similar to those of Fenton: 

a. High volume and bad properties of limed sludge, difficulties in dewatering, transpor-

tation, and storage; 

b. Large volumes of manganese hydroxide sludge that contains toxic metals, which is 

hard to dispose; 

c. Boliden already has several Fenton plants in operation, and has the knowledge to 

build new ones. Developing and testing Mn oxidation plant could take some time. 

d. Possible Al resolubilization at high pH; 

e. Polymer addition might be required for effective floc formation and precipitation of 

the sludge; 

f. Possible increase of Mn content in the effluent and increase of sulfate content. 

For the main tests slaked lime was selected as a neutralization agent due to its advantages 

over other reagents under the study, described in detail in the Section 2.2.1. Lime is cur-

rently used at Kristineberg water treatment plant, and allows achieving pH 9.5 in the ef-

fluent. The drawback of using slaked lime is the necessity of auxiliary equipment for 

slaking.  
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5.4 Main experiments  

The three series of main experiments were designed using MODDE 8.0 software for de-

sign of experiments (DOE). DOE is an approach for organization of experimental work, 

which aids to select a smallest possible set of experiments that would determine relation-

ship between factors affecting a process and output of the process. After experiments are 

performed and data is input in the software, MODDE constructs a predictive model that 

shows effect of factors and their interactions on the process output. The model then could 

show the optimum combination of factor setting for a desired process output. DOE could 

be used for three objectives [73], [74]: 

1. Screening – to determine which factors are the most influential on the process 

output and at what range; 

2. Optimization – to find the optimum setting for the process; 

3. Robustness testing – to determine whether robustness of the process to small fluc-

tuations in factor levels could be guaranteed close to the optimum point or should 

specifications be changed in order to achieve it. 

Another method to conduct experiments is COST approach – change one single variable 

at a time. Compared to DOE, COST approach does not allow estimation of factor inter-

actions influence on the process. Moreover, COST makes it difficult to assess systematic 

and unsystematic variability (i.e. effects and noise). Furthermore, the advantage of DOE 

is that it can produce response counter plot of the investigated system, which shows a best 

direction in which factors should be changed to find the optimum [74].  

For the main tests DOE approach was used with screening design objective, as it requires 

minimal number of test runs and is typically applied when factors range is unknown and 

their importance unclear.  Full factorial design was selected with 2 levels, as only two 

controlled factors were used for each model. The design is orthogonal (balanced) and 

consisted of all combinations of the factor levels, with estimated effect of one factor being 

independent of the effects of the other factor. PLS method (partial least squares regres-

sion) was used to fit the model.  As responses concentrations of metals in the treated water 

were selected. Each main experiment therefore consisted of 4 design runs and 3 centre 

point runs (CP) though for Mn oxidation only 2 centre point experiments were done. 

5.4.1 Three-stage treatment with lime and NaHS 

The selected treatment consisted of three stages, namely pH adjustment for precipitation 

of Fe and Al, NaHS addition for precipitation of ZnS and other metal sulfides, and lime 

addition for pH adjustment and polishing.  

For experiments design two factors were selected. First factor was the pH before sulfide 

precipitation. As described in Section 5.2.1 SolGasWater hydroxide consumption model, 

Fe(III) and Al hydroxides precipitate at different pH levels. The aim of varying the pH 

was to see how much metals how much of Fe and Al remain in the solution at pH levels 

between 4 and 5, and how much metals are adsorbed on Fe(III) and Al hydroxides, as 

these affects the subsequent sulfide precipitation. The second factor was concentration of 

sulfide as NaHS dose added during the second stage. NaHS was added as 0.8 M solution. 

The concentration of NaHS was varied between 0.675 and 2.025 mmol NaHS to 1 litre 
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AMD (0.05-0.15 g/l NaHS). These values were selected based on the SGW sulfide pre-

cipitation model (Section 5.2.2) and results of screening tests. It is important to note here 

that the SGW model was done for sulfide addition to AMD without preliminary lime 

treatment. The summary of experiments is presented in the Table 12 below. 

Table 12. Three-stage treatment experiments. Reagents doses and pH. 

Test 

No. 

pH after 

first stage 

neutrali-

zation 

ml 

Ca(OH)2 

0.8M 

/500ml 

pH after 

Ca(OH)2 

g 

NaHS 

 / l 

AMD 

mmol 

NaHS 

 / l 

AMD 

pH after 

NaHS and 

filtration 

ml 0.8M 

Ca(OH)2 

/ 500 m 

Final 

pH 

1 4.2 0.8 4.3 0.05 0.675 4.5 4.1 9.2 

2 4.2 0.8 4.3 0.15 2.025 4.3 4.1 9.3 

3 4.6 2 5.7 0.1 1.350 5.8 0.7 9.2 

4 4.6 2 5.6 0.1 1.350 5.5 1.1 9.1 

5 4.6 2 5.6 0.1 1.350 5.4 1.1 9.4 

6 5.2 0.7 6.6 0.05 0.675 6.6 0.6 9.3 

7 5.2 0.4 6.3 0.15 2.025 6.7 0.4 9.4 

 

Three batches of AMD treated with lime were prepared for three levels pH before sulfide 

addition (first controlled factor). Due to difficulties in precise pH control the pH levels 

after lime treatment were 4.2, 4.6, and 5.2. Water after lime treatment was left to sediment 

for approximately 24 hours. Then it was filtered through a glass fibre filter. Aliquot was 

taken from each batch for analysis. For experiments 500 ml samples were taken and lime 

was added to increase pH before NaHS addition, as higher pH results in better metals 

removal. It was planned to increase pH to 3 different levels, but due to differences in pH 

control tests 6 and 7 had different pH before NaHS. Magnetic stirrer was used for reagents 

mixing. After addition of NaHS solution was mixed rapidly for about 5 min and then 

slowly for about 15 min before it was let to settle for around one hour. Then samples were 

filtered through a glass fibre filter to remove most of the suspended solids, but since metal 

sulfides form very fine particles, samples were then filtered again through 0.45 µm filter. 

Aliquot was then taken for analysis, and the remained solution was treated with lime. 

After lime addition solution was mixed rapidly for about 5 min and then slowly for about 

15 min before it was let to settle for around one hour. Then it was filtered through 0.45 

µm filter and saved for analysis.  

5.4.2 Lime neutralization followed by Fenton reagent 

As described in the Section 2.2.3 Fenton reagent, reaction of FeSO4 and H2O2 at pH about 

3-5 results in precipitation of Fe(III) hydroxide, which removes ions of metals and met-

alloids by co-precipitation and adsorption.  

During the design of Fenton reagent experiment 2 factors were selected, namely concen-

tration of FeSO4•7H2O added, which varied from 30 to 100 mg Fe to 1 litre AMD, and 

concentration of H2O2, which was varied between 2 and 2.5 moles of per mole of 

FeSO4•7H2O. The concentration was selected to be several times higher than stoichio-

metrically required to make sure that all iron is completely oxidized. The summary of 

experiments is presented in the Table 13 below: 
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Table 13. Fenton treatment experiments. FeSO4, H2O2, and lime doses.  

Test 

No. 
Initial pH 

mg Fe/l 

AMD 

H2O2:Fe     

molar 

ratio 

pH after 

FeSO4+H2O2 

ml 0.8M 

Ca(OH)2 

/150 ml 

Final pH 

1 8.8 30 2:1 3.7 0.4 9.5 

2 8.8 30 2.5:1 3.6 0.6 9.3 

3 8.8 65 2.25:1 3.3 0.7 9.5 

4 8.7 65 2.25:1 3.3 0.7 9.3 

5 8.6 65 2.25:1 3.4 0,7 9.3 

6 8.9 100 2:1 3.3 1.1 9.4 

7 8.8 100 2.5:1 3.3 1.3 9.4 

 

For these experiments a batch of lime neutralized water was prepared, which ensured that 

water quality before Fenton treatment is the same for all test runs. Lime was added to 

AMD to pH 9.5, after which it was left to mix for about 30 min and then to settle for about 

24 hours. Then water was filtered through a paper filter to remove suspended particles. A 

150 ml volume of lime neutralized water was used in each experiment. Initial pH of water 

was about 8.9 (it decreased from 9.5 presumably due to slow precipitation of residual 

metal hydroxides). Using 0.01 M sulphuric acid pH was adjusted to around 6.0. Then it 

further decreased to required level of about 3.5 after FeSO4 and H2O2 addition. Magnetic 

stirrer was used for mixing the solution.  First Fe was dosed as 40 g/l FeSO4•7H2O solu-

tion and then H2O2 was dosed as 3.3% solution from a pipette. The solution was then 

mixed at moderate speed for about 10 min and at low speed for about 20 min. Formation 

of yellow-orange precipitate was observed. Then lime was added to the solution to reach 

pH 9.5, but it was gradually decreasing after it, so final pH varied through the experi-

ments. No polymer was added to improve sedimentation. After around 20 min of mixing 

solution was left to settle for about an hour before being filtered through 0.45 µm filter 

and stored for analysis.  

5.4.3 Lime neutralization followed by Mn oxidation 

As described in Section 2.2.4 Manganese sulfate oxidation, several oxidizing agents could 

be used to oxidize MnSO4 and obtain precipitate of MnO2, which has high adsorption 

capacity for base metals removal. Oxidizing agents that were considered for this series of 

experiments included NaClO, Na2S2O8, KMnO4, and H2O2. The advantages and disad-

vantages of these oxidants are described in the Section 2.2.4. Rapid tests were done with 

each of these oxidants to observe how they react with MnSO4.  

The tests showed that MnSO4 readily reacts with KMnO4 producing dark brown precipi-

tate. However, at alkaline pH>8.5 addition of NaClO, Na2S2O8, and H2O2 at higher than 

1:1 molar dose did not cause the reaction of MnO2 formation until lime or NaOH was 

added to the solution. As discussed in the Section 2.2.4 Manganese sulfate oxidation, 

oxidation of Mn(II) has low kinetic rate and could take up to several days without pres-

ence of catalyst. After alkali addition to the sample with MnSO4 and oxidant, formation 

of brown flocs was observed which were changing colour to more dark brown with time. 

Flocs were rather big, but were not always settling well, which could be seen at the Figure 
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15 and Figure 16 below. Flocs formed after permanganate addition were the biggest, 

though not all of them settled and some were attached to walls. Oxidation with hypo-

chlorite resulted in formation of small particles, which settled rather well. Particles after 

persulfate addition were also small, and after filtration through 0.45 µm filter solution 

filtrate had colour. After oxidation with peroxide smallest fines were formed, which did 

not settle and stayed suspended in the solution. Residual concentrations of metals in these 

samples were not measured.  

 

Figure 15. Precipitate of MnO2 33 minutes after addition of 200 mg MnSO4 per litre 

neutralized AMD and its oxidation with Na2S2O8 (1:1.5 molar ratio). 

 

Figure 16. Precipitate of MnO2 obtained after oxidation of 50 mg MnSO4 per litre with 

different oxidants, left to right Na2S2O8, H2O2, KMnO4, and NaClO. 

The issue with flocs settling could be due to formation of small bubbles that attach to 

flocs and carry them to the surface, or too high oxidation-reduction potential of water 

after oxidant addition. Further investigations are required to select optimal oxidant dose 

and flocculation aid.  
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After the tests hydrogen peroxide was selected to be an oxidizing agent based on the fact 

that it decomposes to water and oxygen gas, thus not producing secondary contaminants. 

During the design of MnSO4 oxidation experiments 2 factors were selected, namely con-

centration of MnSO4•H2O added, which varied from 50 to 200 mg Mn per 1 litre AMD, 

and concentration of H2O2, which was varied between 2 and 3 mole peroxide per mole of 

MnSO4•H2O.  Two experiments were also done to see if combination of MnSO4 and lime 

would work without addition of oxidizing agent. Preliminary tests showed formation of 

brown flocs of MnO2 after addition of MnSO4 and lime or NaOH. Concentration of Mn 

was selected to be 50 and 125 mg/l and final pH was adjusted to about 9.5. The test pro-

cedure was the same as described above, and same water after lime treatment was used.  

The summary of experiments is presented in the Table 14 below. 

Table 14. Manganese oxidation experiments. MnSO4, H2O2, and lime doses. 

Test 

No. 

  

mg Mn/l 

AMD 

H2O2:MnSO4     

molar ratio 

ml of 0.8M 

Ca(OH)2 

/150 ml 

Final 

pH 

1 50 2:1 0.3 9.7 

2 50 3:1 0.2 9.3 

3 125 2.5:1 0.4 9.1 

4 125 2.5:1 0.4 8.9 

5 200 2:1 0.4 9.0 

6 200 3:1 0.4 8.9 

7 50 No H2O2 0.3 9.5 

8 125 No H2O2 0.6 9.4 

 

For these experiments a batch of lime neutralized water was prepared, which ensured that 

water quality is the same for all test runs. Lime was added to AMD to pH 9.5, after which it 

was left to mix for about 30 min and then to settle for about 24 hours. Then water was filtered 

through a paper filter to remove suspended particles. A 150ml volume of lime neutralized 

water was used in each experiment. Adjustment of pH to 8.6 was not done, as initial pH 

of solution was around 8.9 (it decreased from 9.5 presumably due to slow precipitation 

of residual metal hydroxides), and after addition of MnSO4 and H2O2 it was decreasing 

slightly. Magnetic stirrer was used for mixing of solution. First Mn was dosed as 40 g/l 

MnSO4•H2O solution and then H2O2 was dosed as 3.3% solution from a pipette. The so-

lution was then mixed at moderate speed for about 5 min. No precipitate formed when 

both MnSO4 and H2O2 were added to the solution. However, after lime was added for-

mation of dark brown flocs of MnO2 was observed. Lime was dosed to reach pH about 

9.5, but it was gradually decreasing after it, so final pH varied through the experiments. 

After final pH was reached 0.1 ml of anionic polymer Magnafloc 10 (0.05%) was added 

to improve sludge precipitation. After around 10 min of mixing solution was left to settle 

without mixing for about an hour before being filtered through 0.45 µm filter and stored 

for analysis.  
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6 Results 

In the present study, acidic mine drainage from Kristineberg mine in norther Sweden was 

subjected to several treatment methods for metals removal from water. The AMD was 

characterised by low pH of ca 2.8 and high concentrations of sulfate (ca 2600 mg/l), iron 

(ca 180 mg/l), and other metals and metalloids (ca 95 mg/l Al, 82 mg/l Zn, 48 mg/l Mn, 

23 mg/l Cu, 300 µg/l Co, 190 µg/l Cd, 100 µg/l Pb, 21 µg/l As). Most of the iron in water 

was in ferric form, supposedly due to activity of acidophilic Fe-oxidizing bacteria.  

The results of main experiments are presented in Appendices 6 and 7. Since the results of 

Fenton and Mn oxidation experiments showed poor repeatability, it was not possible to 

evaluate the results using MODDE software model. A model was made for sulfide pre-

cipitation of metals with NaHS, which showed poor validity, but allowed to get an insight 

into the sulfide precipitation process. 

Analysis of precipitates was not performed, as it was out of scope for the present thesis 

work. Moreover, such analysis would be difficult to conduct due to small amount of pre-

cipitate formed during the experiments. Volume of sludge formed during precipitation 

and its properties were not analysed for the same reasons. Therefore, information regard-

ing minerals that formed during precipitation is not available. The speculations regarding 

which minerals were controlling concentration of Fe, Al, and Mn in the solution are based 

on the reviewed literature data.  

The results of experiments in most cases showed better removal of metals than the pre-

dictions of SGW precipitation models. These could be explained by the fact that SGW 

model is based on equilibrium analytical calculations, and does not take into the account 

such phenomena as adsorption and co-precipitation. However, as had been described 

above in Section 2.2.3 Fenton reagent and Section 2.2.4 Manganese sulfate oxidation, 

adsorption and co-precipitation play important role in metals removal from water during 

formation and precipitation of Fe hydroxide and Mn dioxide. Decrease in dissolved met-

als concentrations below their solubility level could also be attributed to co-precipitation 

and adsorption of metal ions on Al hydroxide and unreacted lime particles.  

The results of lime treatment to pH about 9.5 prior to Fenton and Mn oxidation experi-

ments showed that concentrations of all metals except Al, Fe, and Cu are below the solu-

bility curves modelled in SGW presented in Appendix 1. Based on the literature data, it 

could be suggested that most of the As, Cr, and Pb ions are removed from the solution 

first during precipitation of ferric iron as schwertmannite at pH about 3-3.5 [63]. About 

20% of Cu is also removed during iron precipitation. Then during precipitation of Al as 

basaluminite at pH about 4.2-4.7 Cu ions concentration is further decreased and some Si 

is removed from the solution [63].  With further increase of pH precipitation of Mn oxides 

at pH over 7 could have played a role in removal residual Cu and Zn, as well as Ni, Cd, 

and Co, as reported in the literature [19]. Manganese was reported to precipitate from 

mine drainage as birnessite and manganite, though no crystalline phases were detected 

and precipitate was fine-grained with Mn present in different valence states [19].  
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6.1 Three-stage treatment with NaHS 

Comprehensive results of the three-stage treatment tests are shown in the Appendix 6. 

Cells coloured in pink indicate values below the proposed discharge requirements. 

Together with samples after NaHS tests a sample of untreated AMD was analysed again, 

as while water was standing still in laboratory a lot of brown precipitate of ferric iron 

hydroxide has formed. After one month there was nearly 97% decreased in iron content, 

approximately 90% decrease in As, 80% in chrome, 20% in copper, and 55% in lead 

concentration. Concentrations of Al and other metals did not change significantly. Raw 

AMD analyses and AMD analyses after one month are shown in the Table 15 below.   

As described earlier, the experimental procedure included preparation of three batches of 

water with different pH levels, namely 4.2, 4.6, and 5.2. Samples from these batches were 

analysed for total concentration. The results of analyses are presented in the Appendix 6 

and in the Table 15 below. Analysis of sample with pH 4.6 showed concentrations of 

elements higher than in raw water, which could be attributed to presence of suspended 

solids in the sample, contamination, or measuring error.  

Table 15. Results of three-stage experiments, water quality after first stage lime addition. 

Sample name pH 
Al, 

mg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

mg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

mg/l 

Fe, 

mg/l 

Raw AMD 2.8 84.1 14.7 176 295 30.3 21.9 71.6 251 78.0 141.0 

Raw AMD 

after 1 month 

sedimentation 

2.8 87.2 1.6 182 286 6.0 17.7 86.4 117 83.6 4.2 

Test 1 after 

lime addition 
4.2 20.0 1.5 174 278 <2.0 13.3 78.1 63 81.9 2.2 

Test 2 after 

lime addition 
4.6 26.2 9.3 170 268 32.9 16.9 81.0 315 79.4 3.1 

Test 3 after 

lime addition 
5.2 2.5 0.8 177 279 <0.9 8.6 85.2 18 79.8 0.4 

 

When pH was increased to 4.2 almost half of the remaining Fe and about 77% of Al were 

removed from the solution, as well as 25% of Cu and 50% of Pb.  

Comparing samples with pH 4.2 and pH 5.2 we could see that the latter had significantly 

lower concentrations of Fe, Al, As, Cr, Cu, and Pb. Copper concentration has decreased 

by 65%. Since there was relatively small amount of iron left in the solution, copper re-

moval at pH between 4 and 5 could be attributed to adsorption or co-precipitation with 

aluminium. At pH 5.2 only about 60% of the initial Cu content was left in the solution. 

This correlates well with the literature data on role of aluminium in the removal of metals 

from water [19]. However, concentrations of Cd, Co, Ni, and Zn were virtually not af-

fected by the pH increase.  

The results of sulfide precipitation are presented in the Table 16 below. Cells coloured in 

pink indicate values below the proposed discharge requirements. The experiments 

showed that only the highest NaHS dose in combination with high pH achieved complete 

Zn removal. But copper was removed even at lowest pH and lowest NaHS dose. Another 
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observation is that Ni concentrations were rather high even after last treatment stage in 

all the experiments. Arsenic concentrations after NaHS addition were generally lower 

than after lime addition to pH over 9, but never below the proposed requirements. What 

is also interesting to note is that concentrations of sulphur and sulfate were almost the 

same in all the analysed samples. In Test 7 more than stoichiometric amount of sulphide 

was added, yet it had no effect on residual sulphur and sulfate concentrations. This could 

be due to formation of H2S gas that was noticed during the experiments.  

Table 16. Results of three-stage experiments, water quality after second stage NaHS ad-

dition. 

Sample name 

NaHS 

dose, 

g/l 

pH 

after 

NaHS 

As, 

µg/l 

Cd, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

µg/l 

S,  

mg/l 

Requirements   0.5 0.25 3.4 0.5 4.0 1.2 6  

Test 1  0.05 4.5 1.6 2 5.5 <1 81.0 0.4 57100 933 

Test 2  0.15 4.3 0.7 <0.05 5.4 <1 79.5 <0.2 12 930 

Test 3  0.1 5.8 0.8 <0.05 <0.5 <1 72.2 <0.2 1420 933 

Test 4  0.1 5.5 0.6 <0.05 <0.5 <1 72.8 <0.2 48 942 

Test 5  0.1 5.4 0.7 <0.05 <0.5 <1 70.9 <0.2 153 940 

Test 6  0.05 6.6 0.6 0.08 <0.5 <1 79.3 <0.2 17500 939 

Test 7  0.15 6.7 0.6 <0.05 <0.5 <1 43.3 <0.2 <2 928 

 

Because the tests described above showed insufficient Ni removal, it was decided to con-

duct three identical additional tests with higher pH. Raw water was treated with lime to 

pH 6.1, and after sedimentation and filtration 0.1 g/l dose NaHS was added together with 

NaOH to reach pH ca 8.5, which should have been sufficient for Co and Ni removal below 

0.1 µg/l according to SGW sulfide precipitation Scenario 2 (Figure 1, Appendix 2). Dur-

ing NaHS addition pH increase was observed. The results of these tests are shown in the 

Table 17 below. Cells coloured in pink indicate values below the proposed discharge re-

quirements. 

Table 17. Additional 3-stage sulfide precipitation tests for Ni removal with NaHS dose 

0.1 g/l. 

Test 

No. 
 Stage pH 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

µg/l 

S, 

mg/l 

Requirements  0.5 0.25  3.4 0.5 4 1.2 6  

Unfilt. raw water 2.8 5.7 196 306 35 19400 89 191 87400 1030 

First stage pH adj. 6.1 0.8 179 279 0.9 4040 83 1.5 76800 997 

1 After NaHS 8.8 <0.5 <0.05 31 <0.5 <1 47 <0.2 <2 973 

1 After lime 9.5 0.7 <0.05 20 <0.5 <1 41 <0.2 <2 1070 

2 After NaHS 8.6 <0.5 <0.05 21 <0.5 <1 45 <0.2 <2 962 

2 After lime 9.4 <0.5 <0.05 17 <0.5 <1 44 <0.2 2.4 1080 

3 After NaHS 8.7 0.7 <0.05 12 <0.5 <1 42 <0.2 <2 1060 

3 After lime 9.4 <0.5 <0.05 16 <0.5 <1 42 <0.2 <2 1080 
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As could be seen from the table above, Ni was not removed successfully. Analysing lit-

erature data on sulfide precipitation of Ni it was found that several factors could explain 

these results. Firstly, nickel does not react with H2S(aq) species at ambient conditions and 

requires bisulfide ions to be present in the solution. Therefore, alkaline pH is required for 

NiS precipitation. Some sources recommend pH ca 10 for high Ni removal [9], [75]. Dur-

ing these experiments pH was ca 8.6. Secondly, addition of more than stoichiometric sul-

fide could result in precipitate dissolution, so it is important to keep Ni:S ratio 1:1 [76]. 

Also excess sulfide addition results in formation of aqueous polysulfide species that con-

sume excess sulfide from solution and make it unavailable for metal sulfide precipitation 

[77]. Thirdly, it was reported that in presence of oxygen soluble Ni(OH)2 and NiSO4 could 

form [9]. These could explain high Ni concentrations in the treated water. Therefore, ad-

ditional tests are required to find optimum conditions for Ni removal. 

Removal of uranium was worse compared to neutralization followed by polishing, though 

in most of the samples it was below the proposed requirements. Mercury was below the 

proposed limits already in the raw water. 

6.1.1 MODDE model simulation for sulphide precipitation 

As regards to MODDE model, there were two factors that were varied in this experiment 

design, namely pH after lime addition prior to sulfide precipitation and amount of NaHS 

added. However, there were over factors that affected the experiments, but were not in-

cluded in controlled factors for the model, for example concentration of metals after Fe 

and Al precipitation. Experimenting with MODDE model it was found that the best model 

parameters are achieved using three factors: NaHS concentration after Cu precipitation 

(controlled), pH after NaHS addition (uncontrolled factor), and the combination of the 

two. Using pH before NaHS addition as a factor did not result in a good model. Using 

those three factors resulted in condition number for the model to be 1.378. Condition 

number is a measure of how spherical design is, i.e. it shows the ratio between the longest 

and shortest diagonals of design matrix. For a screening design it should be below 3, and 

closer to 1 [78]. The model was designed only for sulfide precipitation, and did not in-

clude data after last pH adjustment stage. Furthermore, model did not include all of the 

analysed elements, as concentrations of Cd, Cr, Cu, and Pb were below the detection limit 

in most of the samples. Arsenic analyses were also not included in the model because 

they had high measuring uncertainty. Therefore, responses of the model included only 

residual concentrations of Al, Co, Ni, Zn, and Fe.  

Responses for Al and Zn were transformed using logarithmic transformation 

(10Log(C1*Y+C2)), with C1 being 1 and C2 being zero. Transforming other responses 

did not improve the model.   

Figure 17 below shows the main MODDE model parameters. Parameter R2 shows per-

cent of variation of the response explained by the model. The second bar shows Q2 pa-

rameter, which is the fraction of the variation of the response predicted by the model 

according to cross validation and expressed in the same units as R2. If both R2 and Q2 

are close to 1 it is an indication of a good model. In the developed model R2 varies be-

tween 0.90 for Zn and 0.99 for Ni, and Q2 varies between 0.49 for Co and 0.93 for Al. 

The third bar shows validity of the model, and for a model without lack of fit it should be 
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over 0.25. For all the responses under the study Model Validity is over 0.67, signifying 

that model error range is in the same range as the pure error and there is no significant 

lack of fit. The last bar shows pure error, which is variation of the response under the 

same conditions. The closer it is to 1, the better is reproducibility of the experiments. For 

all the responses it is higher than 0.95.  

 

Figure 17. MODDE model parameters of sulfide precipitation model. 

Figure 18 below shows scaled and centred PLS coefficients that could be used for model 

interpretation. Coefficients show response change when factor changes from 0 to +1. So 

the bigger the bar is, the more response changes with the change in a factor. The error 

bars show 95% confidence interval for a given response. Long bars indicate that measured 

responses had high variation, and short bars show that responses were varying in a more 

narrow range. If these bars cross zero, it means that the factor is not statistically signifi-

cant for the model. As could be seen, the selected model factors are insignificant for some 

of the responses. For example, since Al and Fe do not form sulfides, NaHS dose has no 

effect on their residual concentration, while increase in pH results in precipitation of Fe 

and Al hydroxides. Arsenic was not included in SGW model, but it is known that at pH 

when H2S(aq) is the dominant sulphide species, arsenic could precipitate as As2S3 or 

As2S5. At higher pH As3+ and As5+ form soluble sulphide complexes. There should also 

be correlation between NaHS dose, pH and Zn concentration, but it can’t be seen from 

this figure. However, all three factors are important for Co and Ni residual concentrations. 



58 

 

 

Figure 18. Regression coefficients for all factors of the sulfide precipitation model. 

Figure 19 and Figure 20 below present the Normal Probability Plot of standardized resid-

uals plotted on a cumulative normal probability scale. The raw residual is the difference 

between the observed and the fitted (predicted) value, and the standardized residual is the 

raw residual divided by the residual standard deviation. The plot of standardized residuals 

serves for detection of outliers and accessing normality of residuals. It could be seen that 

for all the analysed responses residuals are not lying on the straight line. But they are 

within the -4 to +4 standard deviation interval, so the experiments had no outliers. There-

fore, it could be concluded that residuals are random and normally distributed. 

 

Figure 19.  Normal Probability Plot of standardized residuals of the sulfide precipitation 

model for Al, Zn, and Fe. 
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Figure 20.  Normal Probability Plot of standardized residuals of the sulfide precipitation 

model for Co and Ni. 

From Figure 21 and Figure 22 we could see Observed vs. Predicted Plot, which shows 

how close measured values of responses are to those predicted by the model. Since the 

developed model does not have high Q2 parameter, not all predicted values fall on the 

straight line. So the model does not predict the results of experiments well.  

 

Figure 21. Observed vs. Predicted Plot of the sulfide precipitation model for Al, Zn, and 

Fe. 
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Figure 22. Observed vs. Predicted Plot of the sulfide precipitation model for Co and Ni. 

Even though the designed model could not be said to be representative of the real system 

due to its poor predictive power (Q2) and validity, it is possible to use this model to illus-

trate correlation between all terms in the model and all the responses. Ten of the largest 

correlations are presented in Figure 23. What could be easily seen is high correlation 

between Co, Ni, and Zn concentrations after sulfide precipitation. However, it is im-

portant to remember that correlation does not imply causation. Cobalt and nickel have 

very similar properties and atomic weight, so they are likely to be removed by the same 

mechanisms and at the same pH range. Correlation between Al and Fe removal is also 

high, but this is due to the fact that both of them precipitate at low pH, which could also 

be seen from dependency of these metal residual content on pH during sulfide addition. 

What is also shown on this figure is inverse dependency of Zn, Co, and Ni concentrations 

on NaHS dose. 

 

Figure 23.  Plot of 10 largest correlations of the sulfide precipitation model. 
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6.2 Lime neutralization followed by Fenton reagent 

Comprehensive results of analyses are presented in Appendix 7. Cells coloured in pink 

indicate values below the proposed discharge requirements. 

In each of the seven experiments after Fenton treatment concentrations of Cd, Cr, Ni, Pb, 

and Zn were below those required by the proposed environmental targets. In all of the 

analysed samples concentrations of Cd were <0.05 µg/l, Pb <0.2 µg/l, and Zn <2 µg/l, 

which is below the limits of detection of ALS laboratory.  

After lime treatment Cr, Ni, Pb, and Zn were already below the proposed discharge limits 

(see Table 18). Concentration of Zn was 20 times lower than what is typical Zn concen-

tration in the treatment plant effluent. This signifies that it is possible to achieve better Zn 

removal using lime alone.  

Table 18. Results of polishing Fenton reagent treatment after lime neutralization. 

Test 

No. 

Fe dose, 

mg/l 
pH 

As, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 

Fe, 

µg/l 

S, 

mg/l 

Raw AMD 2.8 14.7 295.0 30.30 21900.0 4260 71.6 141.0 921 

After lime 

neutralization 
9 0.9 0.2 1.72 4.2 122 <0.5 <4.0 921 

1 30 9.5 0.5 0.7 0.791 1.5 2.5 0.8 26.2 948 

2 100 9.3 0.5 0.6 1.63 1.1 1.4 1.0 48.5 958 

3 65 9.5 0.6 0.2 1.34 <1.0 1.3 1.6 31.3 960 

4 65 9.3 <0.5 0.1 0.932 <1.0 1.3 1.0 47.1 984 

5 65 9.3 0.8 0.3 0.754 <1.0 0.5 1.4 23.0 1000 

6 30 9.4 <0.5 0.2 1.54 <1.0 0.6 1.3 28.9 1020 

7 100 9.3 0.5 0.1 1.22 1.2 0.8 1.0 33.5 980 

 

The repeatability of experiments was quite poor, as results of centre point experiments 

were varying in a wide range. This could be attributed to difficulties in pH control and 

dosing of lime suspension, pipetting errors, contamination, mixing, measuring error, etc.   

Compared to water quality after lime treatment, samples after Fenton reagent treatment 

had lower concentrations of all metals, except Fe, which was a secondary contaminant. 

Cadmium was successfully removed below the required limit and below the detection 

limit, while As and Cu concentrations in most cases were still higher than required. Since 

analysis of precipitate was not performed, it is not possible to say whether metals were 

removed due to adsorption on iron hydroxide, manganese hydroxide, or on lime particles. 

6.3 Lime neutralization followed by Mn oxidation 

Comprehensive results of analyses are presented in Appendix 7. Cells coloured in pink 

indicate values below the proposed discharge requirements. 
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For the main tests H2O2 was used as an oxidant. After MnSO4 oxidation Magnafloc 10 

(0.05%) was added to the solution to improve sedimentation. It was observed that most 

of the flocs were bonded together, though some small fines were still suspended. Moreo-

ver, in some cases the bonded flocs were rising to the surface some time after being pre-

cipitated on the bottom, as peroxide produced a lot of small bubbles. This should be con-

sidered when selecting flocculant and designing clarification and sludge removal systems. 

The results of experiments are presented in the Table 19 below. Cells coloured in pink 

indicate values below the proposed discharge requirements. 

In each of the eight experiments after manganese oxidation treatment concentrations of 

Cd, Cr, Pb, and Zn were below those required by the proposed environmental targets. In 

all analysed samples concentrations of Zn were <2 µg/l, which is below the limits of 

detection of ALS laboratory.  

Table 19. Results of polishing treatment with MnSO4 oxidation by H2O2 after lime neu-

tralization. 

Test 

No. 

Mn dose, 

mg/l 
pH 

As, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 

Fe, 

µg/l 

S, 

mg/l 

Raw AMD 2.8 14.7 295.0 30.30 21900.0 4260 71.6 141.0 921 

After lime 

neutralization 
9.3 0.90 0.19 2.24 3.9 63 <0.5 <4.0 914 

1 50 9.7 0.60 0.09 1.96 2.1 15 <0.5 <4.0 970 

2 200 9.3 0.60 0.08 1.94 1.1 109 <0.5 <4.0 962 

3 125 9.1 0.75 0.11 1.65 <1.0 5730 <0.5 <4.0 1010 

4 125 8.9 0.54 0.32 1.59 1.2 44800 <0.5 <4.0 994 

5 50 9 0.80 0.59 1.43 <1.0 77000 1.0 <4.0 1030 

6 200 8.9 0.73 0.61 1.23 <1.0 84100 0.6 <4.0 1060 

7 50 9.5 0.82 <0.05 0.66 <1.0 2970 0.6 4.3 921 

8 125 9.4 0.66 <0.05 <0.50 <1.0 27000 <0.5 <4.0 886 

 

Results of MnSO4 oxidation with H2O2 after lime treatment showed decrease in concen-

trations of all metals. However, removal of As was not significant and generally worse 

than that achieved by Fenton. Higher Mn concentration showed poor removal of As, Cd, 

Co, Ni, and Pb, while lower concentrations showed better results, except in case of Cu, 

when higher concentrations of Mn showed improved removal. Generally, compared to 

Fenton oxidation, 50 mg Mn/l was significantly superior at removing Co reaching levels 

below 0.1 µg/l, but was inferior otherwise. Moreover, at higher concentrations a lot of 

residual Mn was left in the solution. This could be due to insufficient reaction time and 

small particle size of MnO2 precipitate that passed through a filter membrane. This would 

also explain higher residual metals concentrations at higher Mn dosages, as some MnO2 

particles could have had metal ions adsorbed on their surface.   

Overall, the experiments showed that 50 mg Mn per litre neutralized AMD is a sufficient 

dose for polishing of lime treated mine water, as it helps to further decrease dissolved 

metal concentrations. Its treatment efficiency is comparable to that of Fenton and allows 
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reaching the proposed requirements for all the metals except As and Cu. The two experi-

ments of MnSO4 reaction with lime without addition of oxidant showed as good results 

as those of MnSO4 with H2O2. However, the reaction was rather slow, and it was taking 

about 1 hour for big flocs to form. There also seemed to be less sludge, and it was initially 

not as dark brown as sludge formed in sample where H2O2 was added. However, removal 

of Co, Cr and Cu was higher than in case of oxidant addition, and residual Al was ex-

tremely low, below 5 µg/l. These could be due to the longer reaction time. But As removal 

was not as good as in experiments with oxidant, and residual Mn was quite high.  
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7 Discussion 

The goal of the present thesis work was to find the best water treatment method for re-

moval of metals from Kristineberg mine water and show whether or not they could satisfy 

environmental discharge requirements proposed by Boliden Mineral AB. The proposed 

requirements would impose discharge restrictions on the elements presented in the Table 

20 below: 

Table 20. Kristineberg average incoming water quality for the year 2016 and proposed 

environmental discharge requirements. 

Parameter 

(unfiltered 

sample) 

Incoming 

water, 

µg/l 

Proposed discharge 

requirements 

Monthly 

average, 

µg/l  

Maximum 

allowed, 

µg/l 

Al 69350   

As 35 0.5 8 

Cd 173 0.25 1.5 

Cr 31 3.4  

Cu 15381 0.5  

Fe 147433   

Hg 0.03  0.07 

Ni 72 4 34 

Pb 82 1.2 14 

U 18  8.6 

Zn 74283 6  

 

The proposed requirements are considerably stricter than the current ones. It is a new 

tendency in Swedish environmental legislation to aim for analytical detection limit as a 

basis for discharge requirements, however, it is not always a justified approach that brings 

up several issues. Firstly, some metals are essential for aquatic ecosystems and should be 

present in water in small concentrations. For example, zinc is a vital microelement that is 

involved in nucleic acid synthesis and occurs in many enzymes [79]. When establishing 

the discharge limits several factors should be taken into account. It is important to re-

member that amount of bioavailable metals is not equal to total amount of metals present 

in water, as it depends on pH and temperature, water hardness, and presence of organic 

matter. Current discharge requirements for Kristineberg were made taking into the ac-

count bioavailability of Cd, Cu, and Zn. Another factor that has to be kept in mind is acute 

toxicity of metals, which could vary depending on presence of other pollutants. Back-

ground concentrations should also be considered when establishing discharge limits. If 

background concentrations of metals are naturally high ecosystems are adapted to these 

concentrations and any changes in water quality could shift the ecosystem balance [52]. 

Therefore, field observations on toxicity of water discharged to recipient are necessary to 

establish levels of metal concentrations harmless to aquatic life.  

Secondly, as the present work showed, in laboratory conditions it was hard to achieve the 

new limits for all the metals at the same time even after using a two- and three-stage 

treatment methods and filtering final samples through 0.45 µm filter. Increasing number 
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of treatment stages would lead to significant increase in operational and investment costs. 

And scaling up processes from laboratory to full-scale usually results in at least 2 times 

higher residual concentrations. Therefore, it is hard to expect that these low values are 

practically achievable for a full-scale water treatment plant.  

Thirdly, high investments are required from companies to change their existing water 

treatment operations, and in case of new projects it could deem them unfeasible due to 

high water treatment costs. 

Fourthly, because these values are on the lower border of detection limit of analytical 

equipment, they are very hard to measure accurately, and the measuring error could be as 

high as 30-50%. This makes enforcement of these limits hard to control. And such inac-

curacy could make a difference between paying and not paying environmental fines. 

To sum up, the new limits do not necessarily lead to environmental benefits, are extremely 

hard to reach, require high investments, and make compliance very hard to control. 

The current treatment plant at Kristineberg is based on HDS process, which utilizes lime 

for neutralization and precipitation of metals as hydroxides. Concentrations of Cr, Ni, Pb, 

Hg, and U in the effluent from the existing plant are consistently lower than demanded 

by the proposed discharge limits. However, concentrations of As and Cd are several times 

higher than the new limits, while concentrations of Zn and Cu are 10-fold and 30- fold 

higher, respectively. The produced sludge has high volume, low solids content, and is 

problematic to transport and dispose. In case of increase of mine production increase of 

mine drainage volume is expected, which would render existing treatment plant incapable 

to cope with high load and produce treated water of the required quality.  

Overall, none of the commercial technologies reviewed in this work have shown that it is 

possible to reach effluent concentrations of all metals lower than the proposed require-

ments for Kristineberg. The best reference found was MetCleanTM pilot plant with two 

Mn process columns combined with sulfide post-precipitation for treatment of flue gas 

wash water. The plant inlet flow was 5 m3/h and it was installed after neutralization and 

clarification. Effluent metal concentrations after sulfide precipitation were below 10 µg/l, 

though Zn concentration was over 100 µg/l (see Section 2.3 Commercial methods).  

Most of the academic research papers reviewed here were focusing on removal of metals 

from more heavily contaminated streams to values below 1 mg/l, and none of them have 

shown metals removal to levels below 1 µg/l. One of the mayor difficulties being men-

tioned was solid-liquid separation. Moreover, most of the research papers focus on re-

moval of one or few metals, and rarely more than four, because removing all the metals 

in one process is usually not possible. All metals have different properties, require special 

reaction time, pH and reagents for precipitation.  

Therefore, it could be concluded that the proposed discharge limits are unrealistically 

low, especially for As, and it is likely that a full-scale water treatment plant would not be 

able to consistently reach these limits for all the specified metals. 
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8 Recommendations 

The following recommendation are based on field visits to the Kristineberg water treat-

ment plant, literature review, and experimental work described in this thesis. The recom-

mendations are divided into three categories: optimization of the existing treatment plant, 

addition of a polishing treatment step to the existing plant, and construction of a new plant 

to treat larger volumes of AMD if Kristineberg is expanded. These recommendations 

could also be applied to water treatment plants of other mines.  

8.1 Optimization of the existing plant 

The results of laboratory experiments conducted in the present thesis work show that with 

lime neutralization much lower values of Cu and Zn could be achieved.  Concentrations 

of Cu and Zn in main tests samples after lime treatment were below 5 µg/l. Assuming 

engineering design factor of 2, we could expect that a full-scale plant could reach 10 µg/l 

concentrations of Cu and Zn. Therefore, it could be suggested that the performance of 

existing plant should be optimized in order to improve metals removal efficiency. The 

main issues identified are lime slaking process, clarification, and sludge dewatering. 

Lime slaking 

Lime slaking temperature in the mixing tank should be above 60 C in order to produce 

small hydrated lime particles with large reactive surface area. The process should be con-

trolled by measuring temperature of the lime slurry and adjusting quicklime to water ratio 

[80]. Currently the ratio is fixed and temperature in the slaker is not constant. Increasing 

slaking temperature should make lime slurry more reactive, hence decreasing required 

lime consumption and improving metals precipitation.   

Clarification and dewatering 

Overflow of suspended solids from the thickener and poor quality of sludge after drum 

filter are currently a big issue. Surface load of the thickener is high, and often high sludge 

level in the thickener results in increased suspended solids concentration in the effluent. 

Average sludge level in the thickener is 4.2 m, which means that sludge accounts for 84% 

of the thickener’s volume, while optimum level would be 30%. The bottleneck seems to 

be capacity of drum filter, which could not dewater more sludge than it currently does. 

To improve sludge dewatering possibility to install pressure filter, tube press filter, or 

centrifuge instead of the drum filter should be researched. Decreasing sludge level would 

increase clarification time, so suspended solids would have more time to settle and efflu-

ent would have better quality. 

To avoid suspended particles in the effluent an Actiflo® plant could be installed instead 

of the existing thickener. Actiflo® is a compact coagulation, flocculation and sedimenta-

tion system with very low footprint. Compact design and low residence time allows for 

fast process adjustment. It has already been tested at Kristineberg and showed good re-

sults. 
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8.2 Construction of polishing treatment plant 

The polishing treatment technologies discussed in this work, namely Fenton reagent and 

manganese oxidation, could help to further decrease the dissolved metal concentrations 

in the effluent water from the existing plant. Since Fenton reagent plants are already op-

erating at other Boliden’s sites, it would be a better choice. The experiments conducted 

during this work showed applying Fenton after neutralization allows to further decrease 

concentrations of all metals below the proposed limits, however, As and Cu concentra-

tions were not consistently lower than required. It could be expected that on a large scale 

long retention and sedimentation time would lead to improved metals removal.  

The experiments showed that more than stoichiometric addition of peroxide is required 

for successful operation of Fenton reagent, and that 65 mg Fe per litre of neutralized AMD 

is a sufficient dose. Bench-scale tests are recommended to further investigate the opera-

tional conditions and reagent doses required for the optimal metals removal. 

8.3 Additional research into sulfide precipitation 

The main advantage of sulfide precipitation over neutralization is that it produces sludge 

that could be sent to smelters. Large volumes of sludge are always problematic and create 

costs of transportation and disposing. Using sulfide precipitation amount of hydroxide 

sludge could be decreased, therefore decreasing the sludge handling costs. Hence it is a 

promising technology and its potential application should be researched further.  

Laboratory experiments showed superior removal of Cu and Zn with sulfide precipitation 

compared to neutralization and polishing. Three-stage sulfide precipitation experiments 

showed that all elements except nickel could be removed to meet the proposed require-

ments. Additional tests are recommended to find optimum conditions for NiS removal. It 

is possible that nickel would be removed if during sulfide addition pH>10 is achieved. 

Using hydrogen sulfide gas as a sulfide source is also recommended. Combination of 

N2/H2S would improve sulfide distribution, prevent supersaturation and formation of 

small fines, and remove oxygen from the solution. It is also recommended to make ex-

periments with larger amounts of water to determine amount of sludge formed during 

precipitation, its composition, and suitability for processing at concentrator. Data from 

MetCleanTM pilot plant combined with sulfide precipitation, reported in Section 2.3 Com-

mercial methods, shows that effluent values of Ni below 7 µg/l are achievable [48]. 

It could be also recommended to use commercially developed technologies for pilot-tests 

of sulfide precipitation. One option could be ChemSulphide® process offered by BioteQ 

Environmental Technologies, which is based on metal sulfide precipitation with NaHS. 

Another option is SULFATEQ™ technology offered by Paques. It is based on biological 

process, simultaneously removes sulfate and produces sulfide for metals precipitation. 

There currently are some obstacles that prevent successful operation of biological sulfide 

plants in northern climate and additional research is needed to resolve them. 

Based on the results of laboratory experiments, modelling, and literature review, a water 

treatment process scheme is proposed for combined removal of Cu and Zn sulfides after 

Fe and Al precipitation. Bench-scale tests are recommended to determine process param-

eters, lowest effluent concentrations achievable, and sludge quality. 
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The Figure 24 below shows a proposed scheme for separate removal of Fe and Al as 

hydroxides with subsequent recovery of Zn and Cu as sulfides. Water from the mine 

should first be collected in sedimentation ponds, where most of the ferric iron would pre-

cipitate and adsorb As, Cr, and Pb. The ponds are required for extreme rain events and in 

case treatment plant is out of operation. After sedimentation water enters high density 

sludge process for Fe and Al removal. There are two mixing tanks for pH adjustment with 

limestone and a lamella or conventional thickener for sedimentation and clarification. In 

the first mixing tank incoming water mixes with recirculated sludge from a clarifier to 

reach pH ca 3.5, and dry limestone is added to the second tank to further increase pH to 

ca 5.5. Lower pH would results in higher Fe and Al concentration in sulfide sludge. In-

creasing pH above 6 would results in less impurities in the sulfide sludge but loss of Cu 

content, as ca 80% of Cu is removed with Fe and Al at pH 6.  Step-wise pH increase is 

recommended to avoid pH overshoot, increase reaction time and avoid formation of small 

fines. Sludge recirculation would decrease reagent consumption and improve floc for-

mation. Using limestone would eliminate costs required for lime slaking. Moreover, lime-

stone is the cheapest neutralization agent available. Using dry reagent decreases volume 

of water needed to be treated. And due to its properties it would not be possible to over-

shoot pH over 7. It is also known that limestone produces smaller volumes of sludge 

compared to slaked lime. 

 

Figure 24. Proposed process scheme for a new mine water treatment plant. 

The neutralized water could be settled in lamella clarifier with polymer addition.  Using 

lamella would decrease footprint of the plant, however, sludge from conventional thick-

ener is denser, and hence requires smaller sludge dewatering equipment. For dewatering 

the underflow from clarifier pressure filter could be used. Some part of underflow from 

thickener could be used for mine backfilling if needed. Filtrate should then be directed to 
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the first mixing tank and dewatered sludge could be utilized for mine backfilling. The 

overflow from the first clarifier enters the second mixing tank where it is mixed with a 

sulfide source and NaOH for pH control. Mixture of nitrogen and hydrogen sulfide gas 

could be used. Using gaseous sulfide addition is advantageous compared to liquid rea-

gents, as it allows more even distribution of sulfide through the tank volume. Nitrogen 

acts as a carrier gas and simultaneously purges solution from oxygen, preventing oxida-

tion of metals. For pH control use of sodium hydroxide is advice. It is a more expensive 

alkali agent but it would produce more pure sulfide sludge compared to lime addition. 

And because sodium hydroxide is readily soluble in water, it is more easily dosed and 

distributed through the solution volume. Special pS electrode should be used to automate 

control of sulfide dosage and avoid under- and overdosing. Underdosing would result in 

dissolved metals being left in the solution, hence poor removal efficiency. Overdosing is 

dangerous because excess sulfide causes formation of small particles that are hard to sep-

arate from solution, it could also cause precipitate to redissolve. Moreover, polysulfide 

species could form that consume sulfide and prevent it from reacting with metals. Lastly, 

excess of sulfide in solution could result in formation of thiosalts in the effluent. There-

fore, it is important to keep stoichiometric sulfide addition.   

After mixing sulfide sludge polymer should be added to improve clarification, and flocs 

should be separated in the second lamella or radial clarifier and then dewatered in a cen-

trifuge. The sulfide precipitation equipment should be sealed and proper ventilation 

should be installed to avoid H2S leakages. Captured gas could be led to the third precipi-

tation tank and reused. Clear water from the third sedimentation tank could be filtered 

through a sand filter or ultrafiltration membrane filter to ensure removal of all suspended 

particles. DynaSandTM filter is a continuously operating self-cleaning filter that does not 

require time for backwashing, so it could be a good choice. One DynaSandTM filter with 

5 m diameter is required for 25 m3/h flow, so several filters would be needed. The small 

amounts of sludge from sand filter could be mixed with hydroxide precipitation sludge 

and dewatered together. 

In case bench-scale tests show that sand filter is not enough to capture small sulfide par-

ticles that don’t settle in the clarifier, ultrafiltration filter could be installed instead. Pore 

size of UF filters ranges from 5 to 0.1 µm, so it could filter out colloidal matter, but does 

not need high pressure for operation. In this case reject water could be sent back to the 

beginning of sulfide process.  

All equipment belonging to the sulfide precipitation stage should be sealed and have nec-

essary ventilation to avoid presence of hydrogen sulfide gas in the water treatment plant 

building. In case there is large amount of sulfide gas coming from the third mixing tank, 

it could be captured and recirculated back to the process. Otherwise all gas should be 

collected and treated in scrubbers with, for example, sodium hydroxide.  

The proposed plant should be able to reduce metal concentrations below the proposed 

limits, produce less gypsum sludge than currently used HDS plant, and recover most of 

the zinc from water together with small amount of copper.  
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Appendix 1. SolGasWater modelling results for metal hydroxides solubility.  

   

Figure 1. SolGasWater hydroxide precipitation model without ammonia.     Figure 2. SolGasWater hydroxide precipitation model with ammonia.  
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 Appendix 2. SolGasWater modelling results for metal sulfides solubility. 

   

Figure 1. SolGasWater sulfide precipitation model Scenario 1 –                      Figure 2. SolGasWater sulfide precipitation model Scenario 1 – 

stoichiometric sulfide addition.            stoichiometric sulfide addition. 
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Figure 3. SolGasWater sulfide precipitation model Scenario 2 –                       Figure 4. SolGasWater sulfide precipitation model Scenario 2 – 

stoichiometric sulfide addition after Fe precipitation.           stoichiometric sulfide addition after Fe precipitation. 
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Figure 5. SolGasWater sulfide precipitation model Scenario 3-                            Figure 6. SolGasWater sulfide precipitation model Scenario 3 – 

1.5 times stoichiometric sulfide addition after Fe removal.              1.5 times stoichiometric sulfide addition after Fe removal. 
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Figure 7. SolGasWater sulfide precipitation model Scenario 4 –                             Figure 8. SolGasWater sulfide precipitation model Scenario 4 – 

after Fe removal, stoichiometric sulfide addition for                                       after Fe removal, stoichiometric sulfide addition for  

                 selective Cu removal.                    selective Cu removal. 
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Figure 9. SolGasWater sulfide precipitation model Scenario 5 –                         Figure 10. SolGasWater sulfide precipitation model Scenario 5 – 

after Fe and Cu removal, stoichiometric sulfide addition for                after Fe removal, stoichiometric sulfide addition for  

                 selective Zn removal.                    selective Zn removal. 
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Appendix 3. Metal hydroxides and sulfides solubility in comparison with the proposed require-
ments. 

 

Metal 

ion 

 

Minimum hydroxide 

solubility, 

µg/l 

Precipi-

tation 

pH 

Min. 

solub. 

pH 

Minimum sulfide 

solubility, µg/l 

Precipi-

tation 

pH 

Min. 

solub. 

pH 

Monthly aver-

age treatment 

requirement, 

µg/l 

Max. allowed 

concentration 

requirement, 

µg/l 

Al3+ 9.61 4.3 6.9 
Does not form 

sulfides 
    

As2+ Does not precipitate      0.5 8.0 

Ca2+ Does not precipitate        

Cd2+ 42.91 10.3 11 6.02*10-11 1.4 10.7 0.25 1.5 

Co2+ 40.38 9.8 11.3 9.66*10-7 4.2 10.2   

Cr2+ 24.12 7.8 8.2 
Does not form  

sulfides 
  3.4  

Cu2+ 0.31 6.1 9.9 4.45*10-19 NA 86 0.5  

Fe3+ 0.29 3 8      

Mg2+ 0.07 9.9 14      

Mn2+ 1.14 9.7 12.5 1.14 Mn(OH)2 
7.3 

MnS 
12.5   

Ni2+ 7.30 9.7 10.8 5.18*10-5 5.4 10.3 4.0 34.0 

Pb2+ Does not precipitate   3.55*10-13 NA 9.1 1.2 14.0 

Zn2+ 10250.90 8.1 8.8 4.79*10-9 NA 8.6 6.0  
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Appendix 4. Results of ALS laboratory analysis of Kristineberg AMD 

 

Parameter Units 

Screening tests 

water, unfiltered, 

analysed 

12.09.17 

Measuring 

uncertainty 

Screening tests 

water,     filtered, 

analysed 

12.09.17 

Measuring 

uncertainty 

Main tests water, 

filtered, 

analysed 

28.11.17 

Measuring 

uncertainty 

Ca mg/l 357 ±34 355 ±45 369 ±46 

Fe mg/l 182 ±22 134 ±16 141 ±17 

K mg/l 32.4 ±2.8 32.2 ±4.0 33.1 ±4.1 

Mg mg/l 178 ±21 177 ±21 170 ±20 

Na mg/l 57.9 ±4.5 59.2 ±7.3 70.7 ±8.7 

Si mg/l 18.9 ±2.9 17.9 ±2.1 17.9 ±2.1 

Al µg/l 94900 ±13000 93400 ±14400 84100 ±13000 

As µg/l 20.6 ±3.8 4.64 ±0.84 14.7 ±3.1 

Ba µg/l 43.1 ±8.4 36.8 ±7.2 25.1 ±4.9 

Cd µg/l 191 ±31 193 ±25 176 ±29 

Co µg/l 311 ±48 315 ±38 295 ±38 

Cr µg/l 40.3 ±7.7 36.1 ±5.8 30.3 ±6.2 

Cu µg/l 23400 ±4250 25000 ±3080 21900 ±2680 

Hg µg/l 0.087 ±0.0167 0.0359 ±0.0188 <0.02  

Mn µg/l 4880 ±840 4590 ±541 4260 ±501 

Mo µg/l <3  <1  2.76 ±0.92 

Ni µg/l 95.1 ±19.1 91.1 ±13.3 71.6 ±14.6 

Pb µg/l 88.9 ±17.0 86.3 ±16.5 251 ±48 

Sb µg/l 1.03 ±0.31 <0.2  0.452 ±0.124 

Sr µg/l 1110 ±191 1030 ±145 1150 ±162 
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Parameter Units 

Screening tests 

water, unfiltered, 

analysed 

12.09.17 

Measuring 

uncertainty 

Screening tests 

water,     filtered, 

analysed 

12.09.17 

Measuring 

uncertainty 

Main tests water, 

filtered, 

analysed 

28.11.17 

Measuring 

uncertainty 

U µg/l 20.8 ±4.0 22.9 ±4.5 19.1 ±3.8 

V µg/l 2.10 ±0.66 0.102 ±0.070 0.182 ±0.152 

Zn µg/l 81600 ±9430 81100 ±9970 78000 ±9410 

Stabilized with 

H2O2 for S anal-

ysis 

No  Yes  Yes  

S mg/l 953 ±78 961 ±148 921 ±142 

SO4 mg/l 2600 ±390   2780 ±418 

N tot mg/l 27.0 ±8.11     

NH4-N mg/l 11.0 ±1.65     

NO3-N mg/l 14.2      

NO2-N mg/l 0.764 ±0.115     

 

Unfiltered sample was analysed for total concentrations. The analysis was done after diluting 12ml samples with 1.2 ml ultrapure nitric acid and 

treating it in autoclave. ICP-SFMS (inductively coupled plasma sector field mass spectrometry) was used for determination of As, Cr, Cu, Mn, Pb, 

and U. ICP-AES was used for determination of Fe, S, Si, Al, Cd, Co, Ni, and Zn. Mercury was determined with atomic fluorescence spectrometry 

(AFS). 

Filtered samples were analysed for dissolved metal concentrations, i.e. they were filtered through a 0.45 µm filter prior to being sent for analysis. 

These samples were not digested prior to analysis. ICP-SFMS (inductively coupled plasma sector field mass spectrometry) was used for determination 

of Fe, Al, As, Cd, Co, Cr, Cu, Pb, Ni, and U. ICP-AES was used for determination of S, Si, Mn, and Mg. Mercury was determined with atomic 

fluorescence spectrometry (AFS). Analysis with ICP-SFMS has been done according to SS EN ISO 17294-1, 2 (mod) and EPA method 200.8 (mod). 

Analysis with ICP-AES has been done according to SS EN ISO 11885 (Mod) and EPA Method 200.7 (Mod). Hg analysis with AFS has been done 
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according to SS EN ISO 17852. Sulfate content was measured according to CZ_SOP_D06_02_068 (CSN ISO 10304-1, CSN EN 16192) Determina-

tion of dissolved fluoride, chloride, nitrite, bromide, nitrate and sulfate by ionic liquid chromatography and determination of nitrite nitrogen and nitrate 

nitrogen and sulfate sulfur by calculation from measured values. 
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Appendix 5. Results of screening tests. Analyzed by ICP-OES at Boliden’s laboratory 

Legend: pink cells – below requirement for a given metal, blue cells – conform to requirements for all metals. 

Test 

No. 

No. 

of 

stag

es 

 Test name 
Reagent 

dose, ml 
pH 

Al, 

µg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

µg/l 

Fe, 

µg/l 

Acid 

dilu-

tion 

  

Raw water, unfiltered 

ALS results  
0 2.6 94900 20.6 191 311 40.3 23400 4880 95.1 88.9 81600 182000  

Treated water quality at 

Kristineberg, av. for 2016 
   684 1.3 2.31 1.32 0.49 36.38 268.17 0.38 11.75 191.09 247.67  

    Requirements     0.5 0.25  3.4 0.5  4 1.2 6   

Analysis done 26.10. One-stage neutralization treatment. Solid reagents used, except in test 5.0 liquid 0.4M NaOH was used (analysed 24.11). 

5.0  1 200ml AMD+NaOH  14.6 9.5 804 0 1 2.7 0 9.6 16.2 11.3 2.4 82.1 18.9 yes 

1.1 1  200ml AMD+NaOH 0.2275g 9.2 1149 0 0 0.3 0 0 34.5 0 0 1.3 3.0  

1.2 1 200ml AMD+Ca(OH)2 0.9557g 9.4 139 0 0 1.6 0 0 0 0 0 0 3.7  

1.3 1 200ml AMD+CaCO3 0.8832g 6.2 112 0 97.2 285.1 0 1135.5 4090.3 68.8 0 52283.7 132.8  

1.4 1 200ml AMD+Mg(OH)2 0.5848g 6.7 62 0 128.8 271.2 0 50.6 4158.1 69.3 2.1 30099.6 2.7  

Analysis done 26.10. Two-stage treatment: sulfide precipitation followed by glass fibre filtration and pH adjustment with sodium hydroxide. 

Reagent concentrations: Na2S 0.12M, NaHS 0.12M, TMT15® undiluted, NaOH 0.1M. 

2.2 1 200ml AMD + Na2S 10 4.2 42398 18.7 0 0 3.8 0 3902.1 51.4 3.7 61.1 87125.4  

2.2 2 
200ml AMD + Na2S  

+ NaOH 
10+11 9.6 125 21 0 0 0 0 5 0 0 0 3958.3  

 

2.3 1 200ml AMD + NaHS 30 4.1 42287 0 0 38.2 13.9 0 3756.7 59.2 0 27.2 90782.0  

2.3 2 
200ml AMD + NaHS  

+ NaOH 
30+10.5 9.5 287 0 0 0 0 0 10.4 0 0 1.7 3109.0  
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Test 

No. 

No. 

of 

stag

es 

 Test name 
Reagent 

dose, ml 
pH 

Al, 

µg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

µg/l 

Fe, 

µg/l 

Acid 

dilu-

tion 

2.4 1 200ml AMD + TMT15® 1.4 4.4 17648 8.5 0 135.9 0 0 4169.2 72.5 4.1 40331.4 85383.7  

2.4 2 
200ml AMD + TMT15® 

+ NaOH 
1.4+9.7 9.5 217 0 0 6 0 0 87.1 0 0 293 2486.9  

                 

2.5 1 200 ml AMD + TMT15® 2 5.5 274 9.8 0 129 0 0 4006.7 44.2 0 4849.6 58140.5  

2.5 2 
200 ml AMD + TMT15®   

+ NaOH 
2+7.8 9.5 193 6.4 0 60.5 0 0 107.7 0 0 0 1140.1  

Analysis done 03.11.  Two-stage treatment: sulfide precipitation followed by glass fibre filtration and pH adjustment with calcium hydroxide. 

Reagent concentrations: NaHS 0.12M, Ca(OH)2 0.2M. Analysis of solution after NaHS addition was not done. 

3.2 2 
200ml AMD + NaHS    

+ Ca(OH)2 
20+6.5 4.5, 9.5 99 0 0 0 0 0 0 0.1 0 0  yes 

Analysis done 03.11.  Two-stage treatment: AMD neutralization with calcium hydroxide followed by glass fibre filtration, pH adjustment, Fenton reagent treat-

ment, and final pH adjustment first to 9 and then to 10 (for Cd removal).  Reagent concentrations: FeSO4 10g/l, H2O2 3.3%, Ca(OH)2 0.2M. 

4.0 1 800ml AMD + Ca(OH)2 60 9.3 2882 0 0.6 0 0 0.1 18.1 0 0 0.3  yes 

 

4.1 2 
200ml AMD + FeSO4      + 

H2O2 
0.5+0.2 3.6 2663 5.6 0.2 25.2 0 2.1 76.3 3.6 0 17.3  yes 

4.1a  + Ca(OH)2   8.9 828 12.2 0 2 0 0 0.3 0 0 0  yes 

4.1b  + Ca(OH)2   10.0 125 4.2 0 1.4 0 0 0 0 0 0  yes 

 

4.2 2 
200ml AMD + FeSO4     + 

H2O2 
1+0.4 4.0 2234 11.3 0.2 22.6 0 5.4 121.3 18.4 0 19.8  yes 

4.2a  + Ca(OH)2   8.9 521 0 0 0 0 0 0 2.6 0 0  yes 

4.2b  + Ca(OH)2   10 123 18.7 0 2.1 0 0 0 0 0 0  yes 
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Test 

No. 

No. 

of 

stag

es 

 Test name 
Reagent 

dose, ml 
pH 

Al, 

µg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 

Pb, 

µg/l 

Zn, 

µg/l 

Fe, 

µg/l 

Acid 

dilu-

tion 

4.3 2 
200ml AMD + FeSO4      + 

H2O2 
2+0.8 4.2 3005 11.3 0.4 22.3 0 10.9 235 33 0 50  yes 

4.3a  + Ca(OH)2   9.3 517 2.7 0 0.4 0 0 0 0 0 0  yes 

4.3b  + Ca(OH)2   10.1 384 9 0 0 0 0 0 2.5 0 0  yes 

Analysis done 24.11. Two-stage treatment: pH adjustment to ca 5 with sodium hydroxide followed by Fenton reagent treatment, pH adjustment to 8.6, MnSO4 

oxidation with peroxide, and final pH adjustment to 10. Reagent concentrations: FeSO4 10g/l, H2O2 33%, MnSO4 10g/l, Na2S2O8 6%, NaOH 0.2M.  

5.1  1 
200ml AMD + FeSO4      

+ H2O2  
3+0.2 5.2 2692 16.1 158.3 256.3 0 7574.1 4160.3 100.1 0.4 58563.9 29.8 yes 

5.2 2 + MnSO4 + Na2S2O8 3+1.5 8.6 77 5.1 13.1 27.1 0 10.3 11523.6 7 0 750.1 14.8 yes 

5.3  +NaOH   10 68 0 0 6.9 0 5.1 0.7 1.2 0 19 17 yes 

 

5.7 1 
200ml 

AMD+FeSO4+H2O2 
1+0.1 5.2 4377 33.9 162 260.1 0 12582.6 4218.2 85.9 0 61733.4 21.9 yes 

5.8 2 + MnSO4 + Na2S2O8 2+1 8.6 152 19.7 2.9 5.6 0 8.6 25.9 9.9 0 115.9 23.7 yes 

5.9  + NaOH   10.0 90 0 1.2 2.4 0 7.3 0.8 1.4 0 53.4 34.4 yes 

Analysis done 24.11. Two-stage treatment: pH adjustment to ca 5 with sodium hydroxide followed by H2O2 addition, pH adjustment to 8.6, MnSO4 oxidation 

with peroxide, and final pH adjustment to 10. Reagent concentrations: H2O2 3.3%, MnSO4 10g/l, Na2S2O8 6%, NaOH 0.2M.  

5.4 1 
100ml AMD                   

+ H2O2 
0.6 5.2 4158 31.6 164.6 258.5 0 13538.7 4131.3 80.6 0 62759.6 32.6 yes 

5.5 2 + MnSO4 + Na2S2O8 1+0.5 8.6 71 30.1 5.2 11.9 0 8.2 4417 0.5 0 71.1 18.1 yes 

5.6  + NaOH   10.0 58 0 0 2.4 0 6.2 0.5 0.1 0 18.8 15.7 yes 
 

The analytical wavelengths for each analysed element are shown below: 

  Al As Cd Co Cr Cu Mn Ni Pb Zn Fe 

Wavelength, nm 396.152  188.980   214.439   238.892  267.716  327.395  257.610  231.604  220.353  213.857  238.204 
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Appendix 6. Results of three-stage treatment tests. Analysed by ALS 20.12.17 

Test 

No. 
Test name pH 

Al, 

µg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 
 Raw water, ALS results filt. 2.8 84100 14.70 176 295 30.3 21900 4260 71.6 

  Treated water quality, oct 2017  1340 1.10 1.4 0.6 1.1 15.9 148 0.3 

  Requirements   0.50 0.25  3.4 0.5  4.0 

 Unfiltered raw AMD 2.8 87200 1.64 182 286 6.0 17700 3810 86.4 

 After stage 1 lime addition 4.2 20000 1.48 174 278 <2.0 13300 3760 78.1 

1 Test 1 after NaHS 4.5 62700 1.60 2 271 5.5 <1 4050 81.0 

1 Test 1 after stage 3 lime 9.2 1930 1.36 <0.05 1 0.6 <1 482 0.6 

2 Test 2 after NaHS 4.3 66600 0.74 <0.05 239 5.4 <1 3960 79.5 

2 Test 2 after stage 3 lime 9.3 1190 0.91 <0.05 4 <0.5 <1 1210 8.3 

 After stage 1 lime addition 4.6 26200 9.27 170 268 32.9 16900 4100 81.0 

3 Test 3 after NaHS 5.8 1590 0.83 <0.05 218 <0.5 <1 3840 72.2 

3 Test 3 after stage 3 lime 9.2 64 1.04 <0.05 95 <0.5 <1 2780 52.6 

4 Test 4 after NaHS 5.5 3120 0.63 <0.05 196 <0.5 <1 3960 72.8 

4 Test 4 after stage 3 lime 9.1 75 0.94 <0.05 37 <0.5 <1 2430 45.6 

5 Test 5 after NaHS 5.4 2140 0.65 <0.05 186 <0.5 <1 3960 70.9 

5 Test 5 after stage 3 lime 9.4 63 1.01 <0.05 15 <0.5 <1 2000 36.6 

 After stage 1 lime addition 5.2 2540 0.78 177 279 <0.9 8630 3680 85.2 

6 Test 6 after NaHS 6.6 82 0.63 0.08 236 <0.5 <1 3950 79.3 

6 Test 6 after stage 3 lime 9.3 5 0.69 <0.05 113 <0.5 <1 2880 57.8 

7 Test 7 after NaHS 6.7 289 0.59 <0.05 1 <0.5 <1 3790 43.3 

7 Test 7 after stage 3 lime 9.4 49 0.57 <0.05 0.3 <0.5 <1 2740 32.1 
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Test 

No. 
Test name pH 

Pb, 

µg/l 
Zn, 

µg/l 
Fe, 

µg/l 
S, 

mg/l 
SO4, 

mg/l 
U, 

µg/l 
Hg, 

µg/l 
Si, 

µg/l 
 Raw water, ALS results filt. 2.8 251 78000 141000 921 2780 19.1 0.02 17900 

  Treated water quality, oct 2017  0.25 73 92      

  Requirements  1.2 6    8.6 0.07  

Unfiltered raw AMD after sedimentation 2.8 117 83600 4200 1010 2860 18.3 <0.02 19300 

 Limed water for tests 1-2 4.2 63 81900 2330 1000 2700 13.7 <0.02 18600 

1 Test 1 after NaHS 4.5 0.4 57100 4320 933 2790 17.6 <0.02 17300 

1 Test 1 after stage 3 lime 9.2 <0.2 18 <4.0 935 2670 1.1 <0.02 633 

2 Test 2 after NaHS 4.3 <0.2 12 4210 930 2640 17.7 <0.02 17200 

2 Test 2 after stage 3 lime 9.3 <0.2 <2 <4.0 946 2610 7.8 <0.02 2300 

 Limed water for tests 3-5 4.6 315 79400 3070 980 2470 23.3 <0.02 16500 

3 Test 3 after NaHS 5.8 <0.2 1420 1510 933 2730 6.4 <0.02 13600 

3 Test 3 after stage 3 lime 9.2 0.4 12 11 933 2720 6.1 <0.02 11200 

4 Test 4 after NaHS 5.5 <0.2 48 1690 942 2840 8.1 <0.02 13500 

4 Test 4 after stage 3 lime 9.1 <0.2 <2 5 935 2510 6.3 <0.02 10400 

5 Test 5 after NaHS 5.4 <0.2 153 1530 940 3060 6.9 <0.02 13200 

5 Test 5 after stage 3 lime 9.4 <0.2 <2 <4.0 957 2820 5.5 <0.02 10400 

 Limed water for tests 6-7 5.2 18 79800 365 989 2770 4.9 <0.02 13300 

6 Test 6 after NaHS 6.6 <0.2 17500 <4.0 939 2530 3.5 <0.02 11700 

6 Test 6 after stage 3 lime 9.3 <0.2 42 <4.0 933 2530 2.0 <0.02 7850 

7 Test 7 after NaHS 6.7 <0.2 <2 12 928 2810 4.6 <0.02 12000 

7 Test 7 after stage 3 lime 9.4 <0.2 <2 <4.0 939 2520 2.5 <0.02 11500 
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Cells coloured in pink indicate values below the proposed discharge requirements. 

Samples from No.  1, 2, 7 and 14 were analysed for total concentrations. The analysis was done after diluting 12ml samples with 1.2 ml ultrapure 

nitric acid and treating it in autoclave. ICP-SFMS (inductively coupled plasma sector field mass spectrometry) was used for determination of As, Cr, 

Cu, Mn, Pb, and U. ICP-AES was used for determination of Fe, S, Si, Al, Cd, Co, Ni, and Zn. Mercury was determined with atomic fluorescence 

spectrometry (AFS).  

Other samples were analysed for dissolved metal concentrations, i.e. they were filtered through a 0.45 µm filter prior to being sent for analysis. These 

samples were not digested prior to analysis. ICP-SFMS (inductively coupled plasma sector field mass spectrometry) was used for determination of 

Fe, Al, As, Cd, Co, Cr, Cu, Pb, Ni, and U. ICP-AES was used for determination of S, Si, Mn, and Mg. Mercury was determined with atomic fluores-

cence spectrometry (AFS). 

Analysis with ICP-SFMS has been done according to SS EN ISO 17294-1, 2 (mod) and EPA method 200.8 (mod). Analysis with ICP-AES has been 

done according to SS EN ISO 11885 (Mod) and EPA Method 200.7 (Mod). Hg analysis with AFS has been done according to SS EN ISO 17852. 

Sulfate content was measured according to CZ_SOP_D06_02_068 (CSN ISO 10304-1, CSN EN 16192) Determination of dissolved fluoride, chloride, 

nitrite, bromide, nitrate and sulfate by ionic liquid chromatography and determination of nitrite nitrogen and nitrate nitrogen and sulfate sulfur by 

calculation from measured values. 

 



17 

 

Appendix 7. Results of Fenton and MnSO4 oxidation tests. Analysed by ALS 12.12.17 

Test 

No. 
Test name pH 

Al, 

µg/l 

As, 

µg/l 

Cd, 

µg/l 

Co, 

µg/l 

Cr, 

µg/l 

Cu, 

µg/l 

Mn, 

µg/l 

Ni, 

µg/l 
 Raw water, ALS results filt. 2.8 84100 14.70 176.00 295.00 30.30 21900.0 4260 71.6 

  Treated water quality, oct 2017  1340 1.07 1.44 0.56 1.11 15.9 148 0.3 

  Requirements   0.50 0.25  3.40 0.5  4.0 
 After lime neutralization 9.3 3030 0.90 1.21 0.19 2.24 3.9 63 <0.5 

1 50 mg/l Mn + 1:2 H2O2 9.7 79 0.60 <0.05 0.09 1.96 2.1 15 <0.5 

2 50 mg/l Mn + 1:3 H2O2 9.3 349 0.60 <0.05 0.08 1.94 1.1 109 <0.5 

3 CP 1 125 mg/l Mn + 1:2.25 H2O2 9.1 203 0.75 <0.05 0.11 1.65 <1.0 5730 <0.5 

4 CP 2 125 mg/l Mn + 1:2.25 H2O2 8.9 188 0.54 0.05 0.32 1.59 1.2 44800 <0.5 

5 200 mg/l Mn + 1:2 H2O2 9 84.8 0.80 0.06 0.59 1.43 <1.0 77000 1.0 

6 200 mg/l Mn + 1:3 H2O2 8.9 67 0.73 0.06 0.61 1.23 <1.0 84100 0.6 

7 50 mg/L Mn + Ca(OH)2  9.5 3 0.82 <0.05 <0.05 0.66 <1.0 2970 0.6 

8 125 mg/l Mn + Ca(OH)2 9.4 <2 0.66 <0.05 <0.05 <0.50 <1.0 27000 <0.5 

 After lime neutralization 9 2910 0.90 1.25 0.23 1.72 4.2 122 <0.5 

1 30 mg/L Fe + 1:2 H2O2 9.5 683 0.51 <0.05 0.67 0.791 1.5 2.54 0.8 

2 30 mg/L Fe + 1:2.5 H2O2 9.3 807 0.54 <0.05 0.63 1.63 1.1 1.37 1.0 

3 CP 1 65 mg/L Fe + 1:2.25 H2O2 9.5 605 0.57 <0.05 0.17 1.34 <1.0 1.31 1.6 

4 CP 2 65 mg/L Fe + 1:2.25 H2O2 9.3 440 <0.50 <0.05 0.13 0.932 <1.0 1.31 1.0 

5 CP 3 65 mg/L Fe + 1:2.25 H2O2 9.3 492 0.80 <0.05 0.25 0.754 <1.0 0.52 1.4 

6 100 mg/L Fe + 1:2 H2O2 9.4 57 <0.50 <0.05 0.16 1.54 <1.0 0.60 1.3 

7 100 mg/L Fe + 1:2.5 H2O2 9.3 353 0.54 <0.05 0.13 1.22 1.2 0.80 1.0 
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Test 

No. 
Test name pH 

Pb, 

µg/l 
Zn, 

µg/l 
Fe, 

µg/l 
S, 

mg/l 
SO4, 

mg/l 
U, 

µg/l 
Hg, 

µg/l 
Si, 

µg/l 
 Raw water, ALS results filt. 2.8 251.0 78000 141000.0 921 2780 19.10 0.02 17900 

  Treated water quality, oct 2017  0.3 73 92.0      

  Requirements  1.2 6    8.60 0.07  

 After lime neutralization 9.3 <0.2 4 <4.0 914 2870 0.31 0.023 402 

1 50 mg/l Mn + 1:2 H2O2 9.7 <0.2 <2 <4.0 970 2860 0.12 <0.02 606 

2 50 mg/l Mn + 1:3 H2O2 9.3 <0.2 <2 <4.0 962 3010 0.12 <0.02 543 

3 CP 1 125 mg/l Mn + 1:2.25 H2O2 9.1 <0.2 <2 <4.0 1010 2950 0.07 <0.02 372 

4 CP 2 125 mg/l Mn + 1:2.5 H2O2 8.9 <0.2 <2 <4.0 994 3140 0.09 <0.02 266 

5 200 mg/l Mn + 1:2 H2O2 9 0.4 <2 <4.0 1030 3140 0.11 <0.02 272 

6 200 mg/l Mn + 1:3 H2O2 8.9 <0.2 <2 <4.0 1060 3330 0.07 <0.02 280 

7 50 mg/L Mn + Ca(OH)2 9.5 <0.2 <2 4.3 921 2670 0.04 <0.02 285 

8 125 mg/l Mn + Ca(OH)2 9.4 <0.2 <2 <4.0 886 2580 0.02 <0.02 <200 

 After lime neutralization 9 <0.2 4 <4.0 921 2690 0.41 0.027 397 

1 30 mg/L Fe + 1:2 H2O2 9.5 <0.2 <2 26.2 948 3020 <0.01 <0.02 <200 

2 30 mg/L Fe + 1:2.5 H2O2 9.3 <0.2 <2 48.5 958 3200 <0.01 <0.02 <200 

3 CP 1 65 mg/L Fe + 1:2.25 H2O2 9.5 <0.2 <2 31.3 960 3070 <0.01 <0.02 <200 

4 CP 2 65 mg/L Fe + 1:2.25 H2O2 9.3 <0.2 <2 47.1 984 3130 <0.01 <0.02 <200 

5 CP 3 65 mg/L Fe + 1:2.25 H2O2 9.3 <0.2 <2 23.0 1000 2730 <0.01 <0.02 <200 

6 100 mg/L Fe + 1:2 H2O2 9.4 <0.2 <2 28.9 1020 3010 <0.01 <0.02 <200 

7 100 mg/L Fe + 1:2.5 H2O2 9.3 <0.2 <2 33.5 980 3240 <0.01 <0.02 <200 

Prior to analysis samples have been acidified with 1 ml ultrapure nitric acid per 100 ml. Analysis with ICP-SFMS has been done according to SS EN 

ISO 17294-1, 2 (mod) and EPA method 200.8 (mod). Analysis with ICP-AES has been done according to SS EN ISO 11885 (mod) and EPA Method 

200.7 (mod). Hg was analyzed with AFS according to SS EN ISO 17852. Sulfate content was analyzed by method CSN ISO 10304-1, CSN EN 16192.  
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Appendix 8. Chemical reagents used during experimental work 

Table 1. Analytical grade reagents used in the experimental work. 

Name Chemical formula 
Molecular 

weight, g/mol 
Purity Manufacturer 

Calcium hydroxide Ca(OH)2 74.09 95% Alfa Aesar 

Iron(II) sulfate heptahydrate FeSO4*7H2O 278.02 analytical grade Merck KGaA 

Magnesium hydroxide H2MgO2 58.33 99.7% VWR International 

Manganese(II) sulfate monohydrate MnSO4*H2O 169.02 98.0-101.0% Alfa Aesar 

Sodium hydroxide HNaO 40.00 >98% GPR RECTAPUR 

Sodium peroxodisulfate Na2S2O8 238.10 ≥98% Sigma-Aldrich 

Sodium sulphide about trihydrate Na2S.  ̴3H2O 78.04 61% VWR International 

Sodium hydrosulfide hydrate NaHS ̴ 3.3H2O 56.06 na Honeywell Fluka 

Sulphuric acid H2SO4 98.07 95% VWR International 

TMT15® 

1,3,5-triazine-2,4,6(1H,3H,5H)-

trithione, tridisodium salt 

   
Evonik Degussa 

GmbH 

Table 2. Industrial grade regents used in the experimental work. 

Name Chemical formula 
Molecular weight, 

g/mol 
Manufacturer 

Calcium carbonate CaCO3 100.1 Labassco 

Calcium hydroxide Ca(OH)2  na 

Hydrogen peroxide H2O2  na 

Potassium permanganate KMnO4 158.03 Labassco 

Sodium hydrosulfide NaHS  na 

Sodium hypochlorite NaClO  na 

 


