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Abstract 

At Boliden Tara Mines in Ireland there have been a problem with high levels of antimony 
(>1 mg/l) in the water that is discharged from the industrial site. The solution at the start 
of this project was to dilute the water with high antimony content from the flotation 
tailings with water pumped up from the mine, which contains lower amounts of 
antimony. This solution is not viable on a long term basis and would not be enough if the 
discharge limits where to become stricter. 

The main objective for this project was to test different methods for antimony removal 
through the use of adsorption. Methods were chosen based on a literature study as well 
as previous experience from tests done by Boliden. The second objective was to 
investigate, whenever promising results were obtained, further requirements that might 
be needed for implementation of the method in a larger scale process. While antimony 
was the main problem, Tara Mines has discharge limits on several other factors such as 
the pH, iron and sulphates. All of these factors also had to be taken into account when 
evaluating whether a method would be of use or not.  

A total of nine different methods were investigated during the course of the project. Out 
of these, the best results for antimony removal were obtained with ferric 

sulphate (Fe2(SO4)3), ferrous sulphate (FeSO4) and schwertmannite (Fe8O8(OH)6(SO4)). 

Ferric sulphate was ultimately considered as the best option for treatment of the 
discharged water. At additions of 20-30 mg/l of Fe3+, up to 90% of antimony could be 
removed from the water in the laboratory. The pH is very important for the antimony 
removal and can be adjusted to a good level just by adding ferric sulphate, resulting in 
less consumption of other reagents. It is furthermore fairly easy to implement the test on 
a larger scale in lamella clarifiers, which are available at Tara Mines. 

A couple of tests have been done with ferric sulphate in one lamella clarifier at a flow of 
155 m3/h of reclaim water. With 22.1 mg/l Fe3+ and 0.5 mg/l flocculant, an 86% removal 
of antimony was observed with a feed pH of 5.4.  

Ferrous sulphate could be a possible alternative to ferric sulphate but an oxidation of Fe2+ 
to Fe3+ before precipitation Fe(OH)3 is necessary. This can be done by blowing air into the 
water; however more tests are required to see what the optimal pH, concentration of Fe2+, 
time etc. is. So far ferric sulphate has shown better results for antimony removal and can 
also be readily used at Tara. 

Schwertmannite is a third option for antimony removal and has shown good results in the 
laboratory tests. In this project an expanded bed consisting of schwertmannite briquettes 
in a column has been tested. Similar to ferrous sulphate more tests are needed to further 
see what residence times and pH that are required for a comparable antimony removal as 
that of ferric sulphate.  
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List of abbreviations and symbols 
 
AG   Autogenous grinding 

Ba. S   Backfill sand, commonly used as backfill material in the mine  

   together with concrete at Tara Mines 

BET   Brauner-Emmet-Teller, an isotherm for the physical 

   adsorption of gas molecules on a solid surface 

Bu. S   Builder’s sand, commonly used in construction applications 

COD   Chemical oxygen demand 

CWD   Clear Water Discharge, the water that is discharged from Tara 

    Mines into the River Boyne 

DO   Dissolved oxygen 

EH   Redox potential (mV) 

ND   Not determined; i.e. to low level for the instrument to measure 

IBC   Plastic container that can hold up to 1000 litres of liquid 

ICP-MS  Inductively Couples Plasma Mass Spectrometry 

ICP-OES  ICP Optical Emission Spectrometry 

Ppm   Parts per million; mg/l; µg/g 

Sb   Antimony 

SS   Suspended solids, measured as mg/l (ppm) 

TiP   Titanium phosphate, an ion exchanger 

TMF   Tailings Management Facility, settling ponds that are 

   part of the water treatment system at Tara Mines 

TMT 15  The 15% aqueous solution of trimercapto-s-triazine, a chemical 

   used in waste-water treatment 

v/v   Per cent volume 

w/w   Per cent weight 
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1 Introduction 

1.1 Background 
At Boliden Tara Mines a sulphide ore containing galena and sphalerite as the main value minerals is 
processed through flotation. The ore is ground in one stage using an autogenous grinding mill (AG). 
The ground ore is fed to the flotation circuit where the lead flotation from galena is first completed. The 
tailings from the lead flotation are then processed in a zinc flotation circuit to recover sphalerite. The 
tailings from the flotation circuit then pass a tailings management facility and three water ponds, 
before finally being discharged into the River Boyne or recirculated in the mill. 

 

Figure 1. The water treatment system at Tara Mines 

In 2009 it was discovered that the antimony content in the flotation tailings and the discharge water to 
the river Boyne had increased. In January 2009 the clear water discharge (CWD) contained an average 
of 0.5 mg/l of antimony, while in December 2009 the antimony level had increased to 1 mg/l. Tests 
performed in the spring of 2010 showed an antimony concentration of 2 mg/l Sb. These levels are 
higher than the accepted levels of 1 mg/l in the outlet to the recipient (Table 1). If the level of antimony 
exceeds this limit, the water is not allowed into the river Boyne and has to be retained on the site. Due 
to a large industrial area as well as occasional heavy rainfall, this would cause problems in operating 
the wastewater facility if the water from the site cannot be discharged into the river. 

Until October 2009, the grinding circuit prior to the flotation consisted of gyratory crushers, rod 
milling using steel grinding rods, as well as primary and secondary ball milling with high chromium 
grinding charges. This was changed in 2009 to an AG mill which grinds the ore in one stage through 
self-crushing. It is believed that the reason for the elevated levels of antimony in the discharge water is 
as a result of these changes in the grinding circuit. Previous investigations at Tara Mines has shown 
that in the old grinding circuit the grinding media released Fe3+ ions into the water which then 
precipitated iron-based compounds and at the same time removed part of the antimony. Since AG 
grinding uses self-crushing, this release and precipitation of Fe3+ is no longer present in the grinding. 
Changes in the composition of the ore as well as an increased temperature inside the AG mill compared 
to the old grinding circuit might also have an effect of the increase in antimony. 
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A number of tests had been done previous to this thesis with focus on both the grinding and the 
treatment of the discharge water. It was concluded that the easiest and most economically efficient way 
of removing antimony would be to treat the discharge water; preferably the process water from the mill 
or the water coming back from the TMF. Due to the high flows of water (>1000 m3/h), treating all of 
the water would require major investment both in terms of equipment as well as chemicals. The ideal 
situation would be to treat a part of the total flow (e.g. 400 m3/h) and remove most, if not all, of the 
antimony. The treated water would then be blended with the untreated water and in that way dilute the 
antimony content below the allowed discharge level.  

1.2 Statement of the problem 
The discharge water from Tara Mines to the river Boyne contains antimony levels above the allowed 
discharge limit of 1 mg/l, and stricter regulations in the future are a possibility. The amount of water 
entering the river Boyne must further not exceed 1% of the total water flow in the river. 

From previous investigations done by Boliden Mineral AB it had been concluded that the best option 
would be to treat the discharge water. Changing the water/pulp chemistry in the grinding circuit to 
affect the released chemical species is a possibility. For instance, the grinding media will contribute to 
the mineral surfaces of the ore, causing either depression or activation of different minerals. A problem 
with implementing a solution in the grinding stage is that it could have a negative effect of the flotation 
performance. For a long term solution it had therefore been concluded the most viable option would be 
treatment of the discharge water. Several methods have been tested already but a permanent solution 
was yet to be implemented at the start of the project for reasons such as the economic cost or the need 
for further studies. 

1.3 Aim of degree project 
The aim of this degree project was to investigate different methods for removing antimony from the 
process water through adsorption, with the purpose of deducing which method or methods that would 
be the most efficient and economically preferable to implement at Tara Mines. Previous work and 
experiments were to be reviewed and further developed if possible. Additional methods such as 
schwertmannite and titanium phosphate were tested as well. 

1.4 Scope of the work 
The study was an investigation of different ways of removing antimony from the reclaim water at Tara, 
with focus on adsorption. Due to the time limit not all methods were or could be tested to the same extent. 

Tests were therefore divided in two parts. For all methods considered, there would first be a couple of 
indicative tests with the aim to get an idea of antimony removal as well as how other factors are affected. 
This could be changes in pH, visual appearance etc. For those method or methods that showed promising 
aspects in the first indicative tests, further test-work was done. The goal in this part was to map out the 
requirements for obtaining an efficient antimony removal while still not going above the discharge limit 
for pH or other dissolved species. 
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2 Boliden Tara Mines 

Tara Mines in Ireland is part of Boliden Mineral AB, a Nordic metal and mining company which owns 
mines and smelters in Sweden, Finland, Norway and Ireland and employs around 4 800 persons.  

Tara Mines is located 2 km outside of the town Navan in the County Meath, 50 km northwest of 
Dublin. The mine produces zinc and lead concentrates which are shipped to Dublin Port and then 
further to the smelters of Boliden Mineral AB in Odda (Norway) and Kokkola (Finland), as well as 
other smelters in Europe. The annual ore production is around 2.7 million ton, resulting in up to 
200 000 ton of zinc metal and 40 000 ton contained in concentrates. As of 2014, this makes Tara 
Mines the largest zinc mine in Europe and the fifth largest in the world. The mine has a workforce of 
around 670 permanent employees as well as a large number of contractors. 

 

Figure 2. Aerial view over Tara Mines. Source: http://www.geoscience.ie/mine-closure-plan/ 

The mining production in Tara began in 1977 after the main ore-body had been found in 1970, followed 
by development of the ore-body in 1973. The mine was initially owned by Tara Exploration & 
Development Co. Ltd and the Irish government. Outokumpu bought into Tara mines in 1986 by taking 
up 75% of its shares, and the remaining 25% was bought in 1989. In 2004 the mine became a part of 
New Boliden Mineral AB as part of a business agreement with Outokumpu. 

2.1 Concentration of lead and zinc 
The ore at Tara contains zinc and lead sulphides together with smaller amounts of silver and other non-
valuable metals. Limestone containing both calcite and dolomite is the host rock, which needs to be 
separated during the process in order to recover the lead and zinc minerals into two separate saleable 
grade concentrates. 

The ore is first crushed underground into coarse particles (<150 mm) which are hoisted to the surface 
and transported to the surface storage. A conveyor belt transports the ore to an AG mill where it is 
mixed into slurry with water and further crushed into smaller particles. The particles are separated by 
size using a grating connected to the AG mill followed by a spiral classifier and hydrocyclones. The 
coarser particles are reground, either in the AG mill again or in an additional grinding circuit consisting 
of a pebble mill and ball mill. The finer particles (<75-100 µm) are fed into the flotation circuit. 

The flotation circuit consists of a series of flotation cells where the lead is flotated first. The tailings 
from the lead flotation are fed into two additional series of flotation cells were zinc is flotated. 
Thickeners are added to the concentrates after flotation in order to dewater them, followed by pressure 
filtering to obtain the optimal final residual moisture content. The concentrates are then transported by 
train to Dublin Port. 
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The process water and remaining material from the flotation (tailings) are pumped to the tailings pond 
and then further through a series of other settling ponds in order to clear the water and remove the 
suspended solids. The settled solids are collected and stored in tanks. When required, these solids are 
mixed with cement, backfill sand and water and pumped back into the mine to be used as backfill 
material. Part of the clear water is pumped into the River Boyne and part is circulated to the mine site 
for re-use in various processes. 

2.2 Clear water discharge 
A large amount of water is accumulated from amongst others the flotation circuits, pumped up from 
the mine and the natural downpour. Most of this water is recirculated in the mill but in order to not 
create a problem with storage, part of this water needs to be discharged from the site into the River 
Boyne which flows nearby. The amount of discharge and its contents are regulated by the International 
Plant Protection Convention (IPPC) license issued by the Environmental Protection Agency (EPA). As 
of January 2014, the discharge of clear water must not exceed 1% of the total flow in the River Boyne at 
that given time. For instance, if the flow in the river is 1000 m3/h, then Tara Mines are not allowed to 
discharge more than 10 m3/h of clear water into the river. Tara Mines has a 5 % confidence limit for the 
discharge flow, meaning that the dilution factor will be 105:1 or above. The discharge limit values for 
the water contents can be seen in Table 1. 

Table 1. Clear Water Discharge parameters [1] 

Parameter 
Emission Limit 
Value 

Monitoring 
frequency 

Analysis 
method/technique 

Temperature 1.5ºC* Continuous 
On-line flow meter with 
recorder 

Flow (hourly) 2 700 m3 Continuous 
On-line flow meter with 
recorder 

Flow (daily) 64 800 m3 Continuous 
On-line flow meter with 
recorder 

pH 6-9 Continuous 
pH electrode/meter and 
recorder 

  mg/l     

BOD 20 Monthly Standard Method 

COD 100 Weekly Standard Method 

Sulphate 1500 Daily Standard Method 

DO - Daily DO meter recording 

Suspended solids 30 Daily Gravimetric 

Zinc 2 Daily Atomic Absorption/ICP 

Lead 0.5 Daily Atomic Absorption/ICP 

Copper 0.5 Daily Atomic Absorption/ICP 

Filtered Iron 1 Daily Atomic Absorption/ICP 

Cadmium 0.2 Weekly Atomic Absorption/ICP 

Arsenic 0.5 Weekly Standard Method 

Antimony 1 Daily Atomic Absorption/ICP 

Cyanide 0.2 Daily Standard Method 

Chromium 1 Weekly Atomic Absorption/ICP 

Mercury 0.05 Weekly Atomic Absorption/ICP 

Total Nitrogen (as N) - Weekly Standard Method 

Total phosphorous (as P) 2 Weekly Standard Method 

* Not greater than a 1.5ºC rise in the ambient temperature outside the mixing zone 

An overview of the water discharge system can be found in Figure 1 and 3. 
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Figure 3. Overview of the water discharge system with a snapshot of the flow rates (m3/h) and amount of 
suspended solids (kg/h) 

Tailings from the flotation circuit (A) are pumped to the Tailings Management Facility (TMF, also 
known as Water Treatment Plant) which is located in Randalstown, 5 km from the mining site. The 
TMF consist of two large settling ponds which serve to allow most of the suspended solids in the water 
to settle. The water is then pumped back to the site into Reclaim pond #1 (B). 

Two other water streams enter the first reclaim pond: water from the surface drainage pond (H) and 
water that is pumped up from the mine (F). The water from the mine is first fed into the Mine Water 
Pond and is then pumped into a series (1 to 4) of lamella clarifiers together with flocculant and 
coagulant, which further removes the suspended solids. The overflow water from the lamellas then 
enters Reclaim pond #1. There is also a possibility to send the product water from the TMF directly to 
the Clear Water Pond, depending on the process conditions (e.g. water quality, river level etc.) 

Excess water from Reclaim Pond #1 flows over to Reclaim Pond #2. From Reclaim Pond #2 the clean 
water leaves in four different streams: high and low pressure water (D and E) to be used in the milling 
and flotation circuits, water for the mining operations (G) and overflow water to the Clear Water Pond 
(I). 

The CWD pond is the final stop for the water before it is discharged into the River Boyne. The discharge 
from the CWD pond (C) is done through a weir on the discharge side where the water passes and is 
then piped (through gravity) to the river. The water in the CWD pond is continuously monitored for 
pH, DO, temperature and turbidity (suspended solids), as well as water samples which are taken for 
every 150 m3 of water that pass through the weir. The water samples are stored in a container and 
collected for analysis every 24 hours. Samples are also taken from the other parts of the water 
treatment on a regular basis.  
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3 Theory 

3.1 Antimony and its chemistry 
Antimony, Sb, is element number 51 in the periodic table and is found in subgroup 15 together with 
nitrogen, phosphorous, arsenic and bismuth. It is classified as a metalloid and therefore tends to 
exhibit similar properties as the other metalloids, such as being brittle in its pure form. Arsenic is 
another metalloid in the same group which is reported to have significant similarities with antimony in 
terms of both chemical properties and toxicity. But compared with many other elements, less is known 
regarding antimony in areas such as thermodynamic equilibrium data for its compounds. [2] 

In the environment antimony mainly exists as Sb(III) and Sb(V). Antimony can exist in the oxidation 
states of -3 and 0 as well, but under natural environmental conditions only +3 and +5 are found. 
Similar to arsenic which is also found in group 15, antimony is a toxic element. The toxicity depends on 
its oxidation state and Sb(III) is reported to be 10 times as toxic as Sb(V). In the EU, levels of antimony 
in the drinking water must not exceed 10 µg/l. [2, 3] 

3.1.1 Solubility and species in water  

Antimony is soluble in water, especially under oxic (aerobic) conditions. It is however difficult to keep 
antimony ions stable in solution except for in highly acidic media. The reason for this being that both 
Sb(III) and Sb(V) – which are the stable oxidation states in aqueous media – easily hydrolyse or partly 
neutralised when diluted. Under acidic conditions SbO2

+ is the main species, while [Sb(OH)6]− will be 
the main species in mildly acidic, neutral and alkaline media. Antimony precipitates to form oxides or 
basic salts, which with the exception of sodium salts are sparingly soluble. Minerals that contain 
antimony are mainly sulphides and in particular Sb(III) can be found in minerals. Among the most 
common minerals are stibnite (Sb2S3), tetrahedrite ((Cu, Fe)12Sb4S13) and jamesonite (Pb4FeSb6S14). 
[4] 

The thermodynamic data available for Sb(III) and Sb(V), as well as the system for the species Sb-H2O 
is limited and not yet completely understood, which makes theory and observations contradict each 
other at times. Based on thermodynamic equilibrium data, antimony mainly exists as Sb(III) under 
anoxic conditions and as Sb(V) under oxic conditions, but Sb(III) has been observed under oxic 
conditions as well as co-existence of Sb(III) and Sb(V). Proposed explanations for these observations 
are that the metastability of Sb(III) is a result of biotic processes and/or slow oxidation to Sb(V), while 
the metastability of Sb(V) could be due to slow reduction to Sb(III), or the formation of Sb(V) 
thiocomplexes. [2, 4] 

Eh-pH diagrams as seen in Figure 4-7 have been calculated by Krupka and Serne (2002) and Vink 
(1996), showing the antimony aqueous species at various total amount of dissolved antimony. Even 
though more than 240 different minerals of antimony are known, the thermodynamic data is limited to 
only a few of the antimony solids. Examples are elemental Sb, Sb(OH)3, Sb2O3 and Sb2S3. It is also 
worth noting that some meta-stable phases have sometimes been included in the calculations, for 
instance Sb2O5 and Sb(OH)3

o which are not known to occur naturally. Therefore the diagrams should be 
regarded as indicative for which species might exist under certain conditions. Depending on the source, 
the species in the Eh-pH diagrams for antimony might also differ from each other, as a result of the 
limited data. [2, 5] 
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Figure 4. Eh-pH diagram for antimony species, calculated at 25ºC and a concentration of 𝟐. 𝟗𝟎 ×
𝟏𝟎−𝟏𝟎 𝐦𝐠/𝐋 (𝟏𝟎−𝟏𝟒.𝟔 𝐌) [2] 

As seen in Figure 4, Sb(OH)6
− is the dominant aqueous species over a wide range of pH and Eh. Sb(OH)2

+ 
is found at low pH and moderately reducing conditions. At stronger reducing conditions and a pH 
above 2, Sb(OH)3

o(aq) and Sb(OH)4
− will be dominant. In the presence of dissolved sulfide and reducing 

conditions, HSb2S4
− and Sb2S4

2− are dominant. 

 

Figure 5. Eh-pH diagram for antimony species, calculated at 25ºC and a concentration of  
𝟏. 𝟐𝟓 × 𝟏𝟎−𝟒 𝐦𝐠/𝐋 (𝟏𝟎−𝟗 𝐌) [2] 
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Figure 6. Eh-pH diagram for antimony species, calculated at 25ºC and a concentration of 
𝟏. 𝟐𝟓 × 𝟏𝟎−𝟐 𝐦𝐠/𝐋 (𝟏𝟎−𝟕 𝐌) [2] 

When the amount of total dissolved antimony increases in the solution, the oversaturation range of 
Sb2O4, Sb(OH)3 and Sb2S4increases (Figure 5 and 6). According to this, Sb(III) can only be expected to 
be found at very high or low pH values and reducing conditions when the total amount of dissolved 
antimony exceeds 0.0125 mg/L. From the thermodynamic data [2, 5] of which these diagrams were 
calculated, no solubility control exist for Sb(V) which is indicated to be the dominating oxidation state 
of antimony at oxic conditions and pH above 3. The exact type of species in which antimony is present 
varies depending on the data that has been used in the calculations. Sb(OH)6

− is most commonly 
reported for Sb(V), but in his research Vink (1996) also included SbO3

− for calculations at 0.125 mg/L 
total dissolved antimony. This resulted in a very large stability field of SbO3

− as shown in Figure 7. It 
also removes the metastable Sb(OH)3, which is not known to occur as a natural mineral, and replaces it 
with Sb4O6. [5] 
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Figure 7. Eh-pH diagram for antimony species, calculated at 25ºC and a concentration of 𝟏. 𝟐𝟓 ×
𝟏𝟎−𝟏 𝐦𝐠/𝐋 (𝟏𝟎−𝟔 𝐌) [5]  

As it already has been mentioned the thermodynamic data available for antimony and its minerals is 
limited and depending on the source, the species considered varies. For instance, Sb(OH)6

− which is 
included in Krupka and Sernes work from 2002 is not included in the calculations made by Vink in 
1996, instead SbO3

− is present. The common agreement is that Sb(V) is the dominating oxidation state 
in aqueous solution under oxic conditions and pH above 4, and most recent sources cite Sb(OH)6

− as the 
species. Leuz (2006) reports that under oxic conditions and in natural water, the solubility of Sb(III) is 
limited to 60 µg/L (in equilibrium with Sb2O3), while that of Sb(V) can reach up to 20 mg/L (in 
equilibrium with Sb2O5). [2, 5, 6] 

3.1.2 Adsorption of antimony 

Regarding adsorption of antimony, some trends can be expected. In general, adsorption of anions to 
surfaces is greater at lower pH where surfaces are positively charged, since the anion adsorption is 
coupled with a release of OH− ions. Consequently, cation adsorption is greater at higher pH since it is 
coupled with a release of H+ ions. Since the anionic hydrolytic species Sb(OH)6

− is the primary species of 
dissolved Sb(V) over almost the entire pH range, better adsorption of Sb(V) should be expected at 
lower pH. Adsorption of Sb(III) should be expected less dependent of the pH. At pH above 12 Sb(III) 
will be present as the anions Sb(OH)4

− or Sb2S4
2−, both of which should show negligible adsorption at 

high pH. At lower pH, Sb(III) will be found as solid Sb(OH)3 and Sb2O4. The sorption dependence on 
pH also seem to be affected by the type of sorbent. For example iron-based sorbents have been 
reported to have better adsorption of antimony compared to aluminium-based sorbents. [2, 4] 

The concentration of antimony in soils, sediments and natural water are reported to likely be controlled 
by adsorption reactions [6]. Iron oxides/hydroxides are natural sorbents of antimony and can strongly 
adsorb both Sb(III) and Sb(V), influencing the amount of dissolved antimony. Studies on antimony 
adsorption on iron oxides/hydroxides have shown that Sb(III) adsorbs strongly on amorphous iron 
oxides in the pH range of 6 to 10, while the sorption maxima for Sb(V) occurs at pH below 7.  
Manganese and aluminium oxides have been found to be good adsorbents of antimony as well.  
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Clay minerals and iron-rich sand have also been studied in some cases and have shown varying degree 
of antimony adsorption depending on their composition. [4, 6] 

In a research published in 2013, Vithanage et al studied the mechanisms for antimony adsorption onto 
naturally occurring iron coated sand, using X-ray photoelectron spectroscopy and surface 
complexation models. Sb(V) followed an adsorption curve typical for anions, with adsorption maxima 
occurring at pH 4-5. For the Sb(III) sorption, no direct pH dependence was found. [7] 

 

Figure 8. Postulated binding mechanism of antimony to a surface of iron or aluminium hydroxide [7] 

In Figure 8 is the binding mechanism of antimony to iron or aluminium hydroxide as was postulated 
by the study of Vithanage et al, which identified the binding of antimony to the surface to be either 
bidentate binuclear or mononuclear. Both ≡ Fe − OH and ≡ Al − OH sites were modelled. It was found 
that antimony has a higher affinity towards iron compared to aluminium, especially at higher 
concentrations of antimony. Binding to aluminium sites was also shown to be more common at lower 
pH, but binding to iron sites dominated over the whole pH range. [7] 

3.1.3 Oxidation of antimony 

Oxidation of Sb(III) is important to consider for the total amount of dissolved antimony in an aqueous 
system. With Sb(V) being much more soluble compared to Sb(III), oxidation processes of Sb(III) to 
Sb(V) are important factors contributing to the total amount of dissolved antimony. The pH and 
available oxidants are the two main factors that will determine the rate of oxidation, with O2, H2O2 and 
minerals of Fe, Mn and Al being the most common natural oxidants in the environment. 

Under natural conditions, the oxidation of Sb(III) to Sb(V) by dissolved oxygen has been reported as 
extremely slow. In the study conducted by Belzile et al, the reaction was investigated at pH 5-10 for 7 
days, but no significant change could be detected in the concentrations. Faster reaction kinetics can be 
observed at pH values around 11-13, as seen in the work by Leuz et al, but the oxidation reaction would 
still take several days to complete. At pH values below 10, the estimated time for the reaction increases 
to months and even years. Compared with O2, hydrogen peroxide will give a faster oxidation to Sb(V), 
but would still take several days using only H2O2 as oxidant and natural environmental conditions. The 
oxidation with H2O2 is also very dependent on pH, with the fastest reaction kinetics being observed 
around pH 8. [6, 8] 

In the presence of Fe(II) ions, the oxidation rate with both O2 and H2O2 is significantly increased. The 
Fe(II) ions in natural systems are a result of iron minerals present in the sediment, and will act as 
catalysts for the oxidation. As with only O2 and H2O2 as the oxidants, the kinetics are highly dependent 
on pH, with the faster kinetics being observed at higher pH. In the oxidation in presence of Fe(II), the 
Fe2+ ions will themselves be oxidised to Fe(III) while producing radicals such as OH• and O2

• . The 
radicals will in turn oxidise Sb(III), as well as reducing Fe(III) back to Fe(II) in concurrent reactions. 
The reactions of Fe(II) together with H2O2 are commonly known as the Fenton reaction. An increase in 
oxidation kinetics can also be noted in the presence of aluminium and manganese, but the effect is 
much more prominent in the case of iron. [6, 8, 9] 
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3.2 Adsorption 
Adsorption is the process where either atoms, ions or molecules from a gas, liquid or dissolved solid 
attach to the solid surface of another material. The surface that adsorbs the molecules is called 
adsorbent while the molecules themselves are the adsorbate. Adsorption is together with absorption 
and ion exchange the processes included in the term sorption and is a surface phenomenon. [10] 

The adsorbate will form a molecular (or atomic) film on the adsorbent surface and the adsorption 
process is widely used as a method for eliminating or lowering the concentration of a pollutant in a 
bulk phase. There exists a wide range of different adsorbents and the choice of adsorbent for a specific 
application will depend on the adsorbate and how the method is to be implemented. [11] 

Adsorption can further be divided into chemisorption (chemical adsorption) and physisorption 
(physical adsorption). In chemisorption the molecules or atoms will form a chemical bond, usually a 
covalent bond, and they tend to order bind to sites that will maximize their coordination number with 
the adsorbent. In physisorption the bond between adsorbate and adsorbent is a van der Waals 
interaction. As such, the enthalpies for chemisorption will be larger than those for physisorption and 
the adsorbate will bind closer to the surface of the adsorbent. [10] 

The adsorption process is commonly described by the means of adsorption isotherms, which models 
the amount of adsorbate on the adsorbent as a function of either pressure (for gases) or concentration 
(for liquids) at constant temperature. To make comparison between different materials easier, the 
amount of adsorbate that has been adsorbed is often normalised by the mass of the adsorbents, e.g. mg 
adsorbate/g adsorbent. The isotherms are based on three assumptions: 

- All binding sites are equivalent and the surface is uniform. 

- Only monolayer coverage, i.e. the adsorption cannot proceed beyond monolayer coverage. 

- The ability of a site to bind to a molecule is independent of the occupation of the neighbouring 

sites, i.e. there will be no interaction between the adsorbed molecules. [10] 

While several models exist for describing adsorption isotherms, three of the most commonly used 
models are the Langmuir and Freundlich isotherms for monolayer adsorption, and the BET isotherm 
for multilayer adsorption. All three can be used to experimentally determining the amount of adsorbent 
needed for adsorbing a certain amount of adsorbent, assuming that the data can be fitted to one of the 
isotherms. A limitation is that the results from using these isotherms will only be valid for the 
conditions and media used in the experiments. [10] 
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4 Method 

4.1 Literature study 
The project was initiated by a literature study of articles related to antimony and its properties, as well 
as methods of removing it from an aqueous solution. Methods included both those published in 
scientific articles, as well as previous investigations done by Boliden Minerals (Appendix 1). The aim of 
the literature study was to map out which methods that could be both of interest and practically 
applicable for further studies within this project. A couple of conclusions could be drawn from the 
literature study: 

Addition of iron species to the water have shown promising removal of antimony and will be 
investigated further in this project. Judging by earlier work done by Boliden Minerals, the Fenton 
process seems to give the best removal of antimony. The Fenton process has also been studied at 
Boliden Garpenberg for antimony removal and a few tests have also been done on water from Tara. 
One drawback with this method is that implementation would require constructing a Fenton reactor on 
site as well as storage facilities for hydrogen peroxide and accompanying safety precautions, which 
currently does not exist at Tara. [4] 

From a chemical view, the addition of hydrogen peroxide might not be needed for treating the water at 
Tara. In the Fenton process, the hydrogen peroxide will ultimately oxidise ferrous iron to ferric iron, 
which will then precipitate as Fe(OH)3 once pH is raised. As it has been reported by several sources [4, 
6, 7, 12]; antimony (and arsenic) can adsorb onto the surface of hydroxides, with iron and aluminium 
hydroxides yielding the best results. Therefore the direct addition of either ferric or ferrous iron to the 
water and precipitating iron hydroxide might be a possible way of removing the antimony. It is possible 
that the methods involving iron species can be improved, for instance by pH control. 

Other possible options that will be investigated are adsorption onto physical adsorbents such as active 
carbon [13], Schwertmannite and different types of sand. For instance, if iron hydroxides can adsorb 
antimony, then it might also be possible to directly add materials rich in iron to the water instead of 
precipitating it from the water. Schwertmannite has been shown to work for arsenic removal and since 
arsenic exhibits chemical properties similar to antimony, schwertmannite could possibly be used for 
antimony removal. [14, 15] 

In summary; the literature study indicated that there exists more than one way to remove dissolved 
antimony from water. The results also seem to vary quite a lot between different methods and as a 
result the economic cost as well as the time scale for implementing those will also be an important 
consideration for a full-scale process. 

4.2 Experimental setup 
The experiments were done both at Boliden in Sweden and at Tara, with most of the work being done at 
Tara. Similar to the objective in the literature study which was to map out methods of interest, the 
overall purpose of the experiments was to investigate which method or methods that would be viable 
and of interest for further studies and possibly larger scale testing. Methods chosen for this part were 
based on the conclusions drawn from the literature study together with earlier test-work and 
experience at Boliden. 

The majority of the experiments were done in laboratory scale in volumes up to 1.5 litres per 
experiment, depending on the method and the objective. For a few selected methods which showed the 
most promising results in the laboratory scale, further testing was done on a larger scale (section 5.6 
and 7). The general layouts of the experiments where to first perform a couple of indicative tests with 
the objective to get an idea of the antimony removal as well as other factors such as changes in pH and 
visual appearance. The setups of these indicative tests were largely based on what could be found in the 
literature. If a method showed promising aspects in the indicative tests, then further test-work would 
be performed to get a more detailed overview. 
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As a result of the laboratory work being done both at Boliden in Sweden and at Tara in Ireland, there 
were some differences in reagents, available equipment and means of analysis. The major difference 
was that tests done in Boliden were analysed for antimony content with a spectrophotometric method 
[19] while at Tara an ICP-OES and ICP-MS was used. An overview of the different methods and the 
locations of the corresponding experiments can be found in Table 2. 

Table 2. Overview of the investigated methods 

Method Location of experiments 

Merit 5000 Boliden 
TMT 15 Boliden 
Titanium phosphate Boliden 
Active carbon Boliden and Tara 
Ferrous sulphate Boliden and Tara 
Ferric sulphate Boliden and Tara 
Builder’s sand Tara 
Backfill sand Tara 
Schwertmannite Tara 

 
Since the goal ultimately was to obtain a method that could work in a full-scale application for 
removing the antimony, most of these methods were only briefly investigated. Other factors such as the 
residual iron and pH also had to be considered when evaluating a method. Methods that showed the 
most promising results for antimony removal (ferric sulphate, ferrous sulphate and schwertmannite) 
were selected for further studies.  

4.2.1 Boliden 

Water from stage 4B (Figure 3) was collected in four 25-litre plastic containers and shipped to Sweden. 
Water used in the experiments was first transferred to a 2-liter plastic bottle for easier handling. 

Glass-ware and other equipment used where cleaned by washing in 1M H2SO4 followed by distilled 
water. The water samples were vacuum filtered and analysed using a spectrophotometer. [19] 

4.2.2 Tara 

The water used in the laboratory was collected by the operators from stage 4B of the TMF. The reclaim 
water was collected in 2-liter plastic containers, with up to 6 litres collected at a time and the water was 
resupplied when necessary. 

Glass-ware where cleaned by washing in 3% (v/v) nitric acid followed by distilled water. All samples 
where filtrated by vacuum filtering prior to analysis. For metal analysis 10-15 ml of filtrated sample was 
added to a plastic tube together with 3 drops of concentrated nitric acid followed by analysis As, Cd, Cr, 
Cu, Fe, Pb, Sb and Zn with ICP which was done by the laboratory staff. Both ICP-MS and ICP-OES was 
available but to avoid the risk of contaminating the ICP-MS, ICP-OES had to be used whenever there 
was a suspicion of the samples containing high levels (>5 mg/l) of dissolved iron. 
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Figure 9. Left: Water container used at Tara. Middle: filtration apparatus. Right: Filtered water samples to 
be analysed with ICP 

4.2.3 Parameters and responses 

Due to the innate difference between different methods such as solid active carbon compared to liquid 
ferric sulphate, not every parameter is of interest or reasonable to study to the same extent for a given 
method. The following factors where either directly controlled or monitored during the test-work: 

- Concentration of the adsorbents, always controlled 

- pH, either controlled or monitored depending on the method and the objective of the experiment 

- EH, monitored 

- Time, controlled in the sense that samples were taken at set times 

- Temperature, controlled on one occasion, otherwise monitored 

- Volume, controlled 

Similar to some of the design factors not all responses are of equal interest to study, depending on the 
objective of the tests or for practical reasons. For example, sulphate analysis required a relatively large 
amount of sample as well as taking longer time compared to analysis done with ICP.  

- Sb; always measured 

- Fe, Zn, Pb; measured with ICP for all tests done at Tara 

- As, Cd, Cr, Cu; measured with the ICP at Tara although not of main interest 

- Sulphate (SO4
2−); select samples for the tests done at Tara 

- pH/EH change; monitored 

- Floc size and settling time; qualitatively when applicable 
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5 Laboratory scale 

5.1 Fenton process 
A brief test using the Fenton process was first performed at the lab in Boliden with the objective to 
investigate its effectiveness on Tara's water in a laboratory scale.  

A stock solution of 1000 mg/l Fe2+ was prepared by dissolving 1.24 g of solid FeSO4 ∙ 7H2O in deionised 
water. Additions of 25, 50 and 100 mg/l of Fe2+ were done to 100 ml of reclaim water. Between 1.0-2.5 
ml of 30% H2O2 was added with a stoichiometric ratio between 2.6 and 3.2 with respect to Fe2+ and 
thiosulphates in the reclaim water. The pH was adjusted to 3-5 in order to start the reaction. After 15 
minutes the pH was raised to 9 by drop-wise addition of 1 M NaOH in order to precipitate remaining 
dissolved iron. After filtration, the water was analysed by spectrophotometer for its antimony content.  

Table 3. Setup for the tests using the Fenton process 

Test Fe2+ (mg/l) H2O2 (ml) Time (min) pHstart pHstop 

1 26.4 1.0 15 4.3 9.0 

2 50.0 1.5 15 3.6 9.3 

3 98.2 2.5 15 3.4 9.0 

 

5.2 Ferric sulphate 
A 5000 mg Fe3+/l stock solution was prepared from granules of Fe2(SO4)3 containing an average of 
19.5% of Fe3+ (w/w) by dissolving 2.56 g of granules in a 100 ml volumetric flask together with 
deionised water.  Solutions of 1M NaOH and 1M H2SO4 available at the lab were used for the pH 
adjustment.  

 

Figure 10. Left: granules of ferric sulphate. Right: stock solution of 5 g/l Fe3+ 

As an extension and potential alternative to using the Fenton process, ferric sulphate was considered 
and a few quick tests using just the ferric sulphate gave a similar result as the Fenton process:  

50 mg/l Fe3+ was added to 100 ml of reclaim water and the pH stabilised at 3.5 (no pH adjustment 
used) and after one hour of stirring the pH was raised to 9.4 with addition of 1M NaOH. In another 
test, 50 mg/l Fe3+ was added to 100 ml of reclaim water and the antimony content was this time 
measured both before and after then final pH increase to 9.  

The results from these two tests showed that ferric sulphate could be used for antimony removal, but 
further tests needed to be done to get a better understanding. A full factorial design was set up in 
Boliden with concentration of Fe3+, time and temperature as the design factors. The objective was to get 
a comparison in antimony removal with respect to the Fenton process, as well as try to map out the 
requirements for Fe3+ concentration, time and temperature required to achieve similar results.  
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Table 4. Setup of the full factorial design for the ferric sulphate experiments at Boliden 

Factor 
Level 

(-) (+) (0) 

Time (min) 10 30 20 
Temperature 

(ºC) 
7 18 12.5 

Conc. Fe3+ 
(mg/l) 

50 100 75 

 
From the data available in the literature the assumption was initially made that the Fenton process 
would likely work better and therefore the concentration was chosen as 50-100 mg/l Fe3+, the time set 
between 10 and 30 minutes and the temperature between 7 and 18ºC. The run order for the 
experiments was randomized, as seen in Table 5. 

Table 5. Run order and parameters of the full factorial design for the ferric sulphate experiments at Boliden 

Run order Time (min) Temperature (ºC) Fe3+ (mg/l) 

1 10 7 50 

2 30 7 50 

9 10 18 50 

3 30 18 50 

5 11 7 100 

4 30 7 100 

7 10 18 100 

8 30 18 100 

10 20 12.5 75 

6 20 12.5 75 

11 20 12.5 75 

 
The pH adjustment was chosen to follow the same scheme as in the Fenton process, i.e. first adjust the 
pH to 3-5 and then raise it to 9 in the end. 

Reclaim water (500 ml) was added to a water-cooled container. Once the temperature in the container 
was at the desired level, Fe3+ was added from the stock solution to give a total concentration of 50, 75 or 
100 mg/l Fe3+. When pH had been adjusted to a stable level (between 3 and 5) the timer was started. 
After 10-30 minutes the pH was then raised to 8-9 and the water analysed for antimony content once it 
had been filtered.  

Based on the results from the tests seen in Table 5, the parameters and their values were changed 
(Table 6 and 7) for further tests at Tara.  

Table 6. Setup of the full factorial design for the ferric sulphate experiments at Tara 

Factor 
Level 

(-) (+) (0) 

Conc. Fe3+ 
(mg/l) 

10 50 30 

pH 4 8 6 

Time (min) 1 10 5.5 
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Table 7. Run order and parameters of the full factorial design for the ferric sulphate experiments at Tara 

Run order Fe3+ (mg/l) pH Time (min) 

8 10 4 1 

6 50 4 1 

2 10 8 1 

5 50 8 1 

3 10 4 10 

4 50 4 10 

10 10 8 10 

1 50 8 10 

7 30 6 5.5 

9 30 6 5.5 

11 30 6 5.5 

 
A stock solution of 10 g/l Fe2(SO4)3 was prepared by diluting 6.25 ml of a stock solution containing 
40% Fe2(SO4)3 to 250 ml. The pH was adjusted by addition of 0.625 M NaOH and 1M H2SO4, both of 
which were available at the lab. Time was measured from the point that the pH had stabilised at the 
desired level. The data was analysed using the software Modde 9.1. 

As a complement to the previous experiments as well as testing a couple of hypothesis that had 
surfaced during the experiments, more tests were performed as well.  

Time series 
For the timescale that had been used in previous tests (≤60 minutes), the total time seemed to have 
little influence in the removal of antimony and time was also a non-significant factor in the statistical 
analysis (Appendix 2). To confirm this, 20 mg/l Fe3+ was added to 1250 ml of reclaim water and 
samples (15 ml) were taken during five minutes of stirring, filtered and analysed with ICP-OES. No pH 
adjustment was used and the pH would hence decrease over time. 

Table 8. Sampling points for the time series test 

Sample No. Time (min) 

0 0.0 
1 0.5 
2 1.5 
3 2.0 
4 5.0 
5 20 

 
Effect of the pH 
The previous tests with ferric sulphate as well as the data analysis in Modde 9.1 (section 6.2 and 
Appendix 2) had showed that the concentration of added Fe3+ and the pH was the two most important 
factors for antimony removal out of those investigated. The stock solution of ferric sulphate is very 
acidic and will result in a pH decrease on its own when it is added to water. Since both the pH and Fe3+ 
addition are of importance, a hypothesis was that a suitable pH could be obtained by the Fe3+ addition 
on its own, while still having a high enough Fe3+ concentration to obtain a good removal of antimony. 
To test this, additions of 5-110 mg/l Fe3+ was made to 200 ml of reclaim water and samples were 
analysed after 5 minutes of stirring (Table 9). 
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Table 9. Additions of Fe3+ to reclaim water without pH adjustment 

Sample No. Fe3+ (mg/l) Time (min) 

1 5 5 
2 10 5 
3 20 5 
4 30 5 
5 50 5 
6 70 5 
7 90 5 
8 110 5 

 
In order to get a better overview of how both the antimony and iron in the water would be affected by 
different pH and added Fe3+, the following experiment was done (Table 10): for additions of 20, 40 and 
60 mg/l Fe3+, the pH was adjusted with NaOH to 4, 5, 6, 7 and 8, i.e. a total of 15 experiments. A 
sample (15 ml) was withdrawn after 5 minutes, filtered and analysed with ICP-OES.  

Table 10. Setup for the additions of Fe3+ and pH level 

Sample No. Fe3+ (mg/l) pH Time (min) 

1 20 4 5 

2 20 5 5 

3 20 6 5 

4 20 7 5 

5 20 8 5 

6 40 4 5 

7 40 5 5 

8 40 6 5 

9 40 7 5 

10 40 8 5 

11 60 4 5 

12 60 5 5 

13 60 6 5 

14 60 7 5 

15 60 8 5 

 
A brief test was also done with different means of adjusting the pH, to see whether any discernible 
difference could be seen when NaOH, Ca(OH)2 and CaCO3 was used as the agent for pH adjustment. 
Additions of 30 and 70 mg/l Fe3+ were made to 200 ml of reclaim water and pH was adjusted to 5 with 
NaOH, Ca(OH)2 or CaCO3 (Table 11). 

Table 11. Setup for the pH adjustment using either NaOH, Ca(OH)2 or CaCO3 

Sample No. Fe3+ (mg/l) pH Time (min) pH adjustment 

1 30 5 5 NaOH 
2 30 5 5 CaCO3 
3 30 5 5 Ca(OH)2 
4 70 5 5 NaOH 
5 70 5 5 CaCO3 
6 70 5 5 Ca(OH)2 
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Flocculant and coagulant 
A qualitative experiment was done to investigate how the precipitate was affected when flocculant 
and/or coagulant was added to the water. Flocculant (anionic polyacrylamide) and coagulant 
(aluminium chlorohydroxide) solution was obtained from the process operators as a 0.2% (w/w) 
flocculant solution and concentrated coagulant solution (1.3 g/ml density). The flocculant was used as 
it came, while the coagulant first had to be diluted. This was done by taking 0.5 ml of coagulant and 
dilute to 100 ml by distilled water. With a density of 1.3 g/ml, this resulted in a 6.5 g/l coagulant stock 
solution.  

Addition of 20 mg/l Fe3+ was done to 200 ml of reclaim water followed by 0.5-10 mg/l of flocculant 
together with 0-10 mg/l coagulant and stirring for a total time of 5 minutes (Table 12). The pH was not 
manually adjusted and stabilised between 4.1 and 4.4. 

Table 12. Setup for flocculant and coagulant additions to 20 mg/l Fe3+ 

Sample No. Fe3+ (mg/l) Flocculant (mg/l) Coagulant (mg/l) 

1 20 0.0 0 
2 20 0.5 0 
3 20 1.0 0 
4 20 0.5 5 
5 20 1.0 5 
6 20 5.0 0 
7 20 0.0 10 
8 20 5.0 10 
9 20 2.5 5 

  
It should be noted that in samples 1-7 the coagulant was added first (if used), followed by flocculant 30 
seconds after. In samples 8 and 9 both additions were done simultaneously. 

A second objective of this test was to see if there would be any noticeable difference in antimony 
removal when using the flocculant and coagulant.  

5.3 Ferrous sulphate 
As an alternative to using ferric sulphate, ferrous sulphate is a less expensive option and it works 
together with hydrogen peroxide, i.e. the Fenton process. In theory air or oxygen gas can also be used 
to oxidise ferrous iron to ferric iron and precipitate Fe(OH)3: 

Fe2+ + H+ + 0.25O2 → Fe3+ + 0.5H2O 

Fe3+ + 3H2O → Fe(OH)3(s) + 3H+ 

Two tests using ferrous sulphate was done in Boliden in conjunction with the tests using the Fenton 
process. Without hydrogen peroxide, 50 mg/l Fe2+ resulted in undetectable antimony levels after a pH 
5.1 after 1 hour followed by an increase to pH 9.7.  

The first challenge that must be solved is how and under what conditions to oxidise ferrous iron to 
ferric iron with air in order to precipitate Fe(OH)3. In the literature, three options are commonly 
mentioned: hydrogen peroxide, oxygen gas and air. Air is reported as the slowest way of doing this but 
would at the same time be the least expensive option. Oxidation can also be done by bacteria, i.e. 
biological oxidation.   

A lab flotation cell (Figure 11) was used to provide an air to the water.  A stock solution of 50 g/l 
FeSO4 ∙ 7H2O was prepared by dissolving 12.5 g of FeSO4 ∙ 7H2O in 250 ml distilled water. Ferrous 
sulphate was added to 1500 ml of reclaim water and once pH had been adjusted with NaOH/H2SO4 the 
solution was stirred at 700 rpm for 1 hour with a constant flow of air into the water. Samples (15 ml) 
were withdrawn with pipette after 0, 5, 10, 20, 30, 45 and 60 minutes, filtrated and analysed with ICP-
OES. 
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Figure 11. The lab flotation cell used in the tests with ferrous sulphate 

Five test series were done in total: first the pH was varied at 5, 6.5 and 8 while the amount of Fe2+ was 
kept at 30 mg/l. The objective was to see if and how the pH would affect the antimony and iron levels 
over time, and if the pH and redox potential changed. Since the lab flotation cell only had one level of 
air flow, in two other tests the pH was adjusted to 6.5 and the additions of Fe2+ set to 10 and 50 mg/l. 
This was to see if and how a different ratio between the Fe2+ and oxygen in the water would affect the 
results.  

5.4 Active Carbon 
Active carbon was tested for antimony removal both at Boliden and Tara. In the first tests at Boliden, 
0.5, 1, 5, 10 and 20 g/l of active carbon was added to 200 ml reclaim water in E-flasks. The carbon had 
been soaked and rinsed in distilled water for 30 minutes prior to the addition to the reclaim water. The 
flasks were then shaken at 200 rpm and 20ºC on a shaking table for 24 hours Samples (5 ml) were 
taken over time and analysed for the antimony content, to investigate the maximum uptake of 
antimony.  

 

Figure 12. Shaking table used for the tests at Boliden with active carbon and titanium phosphate 

The pH was not adjusted in the first series of tests done at Boliden but a hypothesis was that the pH 
could possibly have an effect, as seen for the ferrous and ferric sulphate. Further experiments were 
done at Tara (Table 13). No shaking table was available, instead the additions of active carbon where 
increased to 10, 25, 50, 75 and 100 g/l and the time of agitation reduced to 10 minutes.  
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At Tara, three series of tests were done, each with different pH adjustment. In the first series the pH 
was initially lowered to 4 before mixing the reclaim water with the adsorbent. In the second series the 
pH of the reclaim water was not adjusted, resulting in an initial pH of circa 7. For the final series the 
pH was manually adjusted to be constant at 4, as it turned out that the carbon would increase the pH in 
the water unless continuously monitored. 

Table 13. Setup for the tests with active carbon at Tara 

Series Sample No. Active Carbon (g/l) pH 

1 1 10.3 7.1 
2 25.2 7.1 
3 50.1 7.1 
4 75.0 7.1 
5 100.8 7.1 

2 6 10.0 3.95 
7 25.0 3.95 
8 50.0 3.95 
9 75.0 3.95 
10 100.1 3.95 

3 11 10.2 3.6-4.2 
12 25.3 3.6-4.3 
13 50.8 3.8-4.4 
14 76.9 3.6-4.4 

 

 

Figure 13. Additions of 10-100 g/l of active carbon to reclaim water, after 10 minutes of agitation 

5.5 Builder’s sand and backfill sand 
Builder’s sand, or mortar sand, had previously been tested at Tara (Appendix 1) and had shown a good 
antimony removal. The data from those tests where however limited and it was decided to do some 
further tests using Builder’s sand. The setup was the same as for the active carbon, i.e. 10-100 g/l of 
sand to 250 ml of reclaim water and three series with different pH adjustments (Table 14).  

Backfill sand is normally used at Tara Mines as backfill material in the mine where it is mixed with 
concrete. Since it is readily available in large quantities at the site, it could possibly be a cheap option 
for antimony removal if it turned out to work. The same experimental setup was used as for active 
carbon and builder’s sand (Table 15).  
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Figure 14. Builder’s sand (left) and backfill sand (right) 

Table 14. Setup for the tests with builder's sand at Tara 

Series Sample No. Builder’s sand (g/l) pH 

1 1 10.2 6.9 
2 25.0 6.9 
3 50.0 6.9 
4 75.2 6.9 
5 100.0 6.9 

2 6 10.0 3.9 
7 25.0 3.9 
8 50.1 4.0 
9 75.1 4.0 
10 100.1 4.0 

3 11 10.2 3.6-4.4 
12 25.7 3.8-4.2 
13 49.3 3.6-4.4 
14 75.4 3.7-4.4 

 
Table 15. Setup for the tests with backfill sand at Tara 

Series Sample No. Backfill sand (g/l) pH 

1 1 10.0 7.1 
2 25.0 7.1 
3 50.0 7.1 
4 75.1 7.1 
5 101.1 7.1 

2 6 10.1 4.0 
7 25.0 4.0 
8 50.2 4.0 
9 75.0 4.0 
10 101.3 4.0 

3 11 10.6 3.8-4.3 
12 25.4 3.8-4.3 
13 51.2 3.7-4.2 
14 74.9 3.9-4.4 
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5.6 Schwertmannite 
Schwertmannite is a rust-coloured iron mineral that can be found in natural water systems under 
acidic conditions. It is denoted as Fe8O8(OH)6(SO4) and can be artificially made at low pH using 
bacteria in a bioreactor [16]. It had been reported that schwertmannite could be used as an adsorbent 
of antimony due to its content of high amount of iron and oxygen. 

 

Figure 15. Schwertmannite briquettes 

The schwertmannite used in the tests was produced by G.E.O.S Frieberg, Germany, and sent as small 
solid briquettes (Figure 15). No pre-treatment were done apart from rinsing the schwertmannite in 
distilled water prior to the laboratory tests. Additions of 10, 25, 50, 75 and 100 g/l schwertmannite 
were done to 250 ml of reclaim water, followed by agitation for 10 minutes. Samples (15 ml) were 
withdrawn with pipette and filtered before analysis with ICP-OES.  

Similar to the active carbon, builder’s sand and backfill sand, tests were performed at initial pH 4 and 7 
for the water. However, no series was done at a constant pH 4 since the schwertmannite turned out to 
decrease the pH to circa 3.5 on its own. Instead, a test series was done at constant pH 7 for 
schwertmannite.  

Table 16. Setup for the tests with schwertmannite at Tara 

Series Sample No. Schwertmannite (g/l) pH 

1 1 10.1 7.6 
2 25.1 7.6 
3 50.0 7.6 
4 75.3 7.6 
5 101.5 7.6 

2 6 10.4 3.9 
7 25.0 3.9 
8 51.3 3.9 
9 75.6 3.9 
10 99.5 3.9 

3 11 10.1 6.8-7.2 
12 25.1 6.8-7.3 
13 50.2 6.8-7.3 
14 74.9 6.7-7.3 
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Figure 16. Addition of 10-100 g/l of schwertmannite to reclaim water, after 10 minutes agitation 

Column tests using schwertmannite 
Out of the laboratory tests in Tara with schwertmannite, active carbon, backfill sand and builder’s sand 
schwertmannite had by far the best antimony removal. To further test the capacity of antimony uptake 
using the schwertmannite, more tests were done in a larger scale.  

A column made of Plexiglas had been constructed in Boliden and sent to Tara. The column had an 
inner diameter of 13.5 cm and a height of 95 cm between the filter and water outlet, allowing for it to be 
filled with up to 13.5 litre of adsorbent material (Figure 17).  

 

Figure 17. The column used for the tests 

The column was set up in the Tara Mill basement. Water was supplied from a 1000 litre plastic tank 
(IBC) positioned circa 5 meter above the column. A water hose was connected between the IBC and 
column water inlet and the height difference provided the water flow. A valve was installed circa 1 
meter prior to the column water inlet to provide for better control of the water flow (Figure 18). No flow 
meter was available; instead the flow through the column was estimated by measuring the time needed 
to fill a measuring glass with 1000 ml of water at the column water outlet.  
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Figure 18. Top left: column water outlet. Bottom left: column filled with schwertmannite. Middle: column 
setup for the tests with schwertmannite. Top right: IBC for the water supply. Bottom right: valve for 
controlling the water flow. 

Two different tests were done using the schwertmannite. In the first test the column was filled with 
circa 5 litre of schwertmannite (3.5 kg) and the water flow was adjusted to 1.0-1.2 l/min, resulting in a 5 
minutes residence time within the bed of schwertmannite. The objective was to see how large capacity 
for antimony removal the schwertmannite would have. An expanded bed was used in the tests, as it had 
been noted in the laboratory test that if the agitation was too large the schwertmannite briquettes 
would start breaking apart and causing elevated levels of dissolved iron.  

In the second test another bed of schwertmannite was used and the flow was this time adjusted to allow 
for 2-4 minutes residence time through the bed. The objective was to see whether the residence time in 
the bed would have any effect on the antimony uptake in the reclaim water.  

Table 17. Data for the two series of column tests done with schwertmannite and the average flow and 
residence time 

Test 
series 

Schwertmannite 
volume (l) 

Average 
flow (l/h) 

Average 
residence 

time (min) 

Water 
through 
bed (l) 

Eq. 
column 
volumes 

No. of 
samples 

1 5.08 1.04 4.85 5 200 1 040 60 
2 3.44 2.83 1.63 840 215 16 

 

The IBC was filled with 900-1000 litre of reclaim water prior to the tests by the process operators. 
Once the flow in the column had been adjusted to the desired level using the valve, the timer was 
started. Samples of 250-500 ml were taken from the column water outlet in intervals at an average of 
60 minutes between each sample. The sample bottles were taken to the lab for pH and EH 
measurements as well as analysis the metal contents with ICP. At each sampling point the flow at the 
water outlet was measured and the flow adjusted if necessary. 

For practical reasons the column had to be emptied between each filling of the IBC, as the filter at the 
bottom of the column would remove some of the suspended solids in the reclaim water. Over time this 
would lead to the filter becoming less efficient for allowing water through and had therefore to be 
replaced between each 1000 litres of water.  
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Since the schwertmannite had to be removed and refilled for each change of filter, some 
schwertmannite would be lost due to spill. This amount was however small and was considered 
insignificant for the calculations.  

5.7 Merit 5000 
The experimental setup was based on the work done by Johan Hansson, Boliden (Appendix 1). A total 
of five tests were done with the same addition of Merit 5000 (40 g/l) but different pH adjustments. For 
each addition, 10±0.1 g of Merit 5000 was measured and added to 200 ml of Tara reclaim water in a 
250 ml E-flask. Adjustment of pH was done with 1M H2SO4 for test 2-3 and 6M H2SO4 for test 4-5 as 
follows: 

Table 18. Scheme for the pH adjustment for the Merit 5000 tests 

Test pH adjustment 

1 None; only addition of Merit 5000 
2 Adjusted to pH 6.5 before addition of Merit 5000 
3 Adjusted to pH 3.8 before addition of Merit 5000 
4 Adjusted to pH 6.5 after addition of Merit 5000 
5 Adjusted to pH 3.9 after addition of Merit 5000 

 
Once Merit 5000 had been added and pH adjustment had been done, the resulting grey slurries where 
stirred for a total of 3.5 hours. After 4 hours the pH was noted and the slurries filtrated before analysis 
with spectrophotometer. 

 

Figure 19. Slurries of Merit 5000 

5.8 TMT 15 
TMT 15 is produced by Evonik Industries and is the product-name for the 15% aqueous solution of 
trimercapto-s-triazine. TMT 15 is an organosulphide acting as the active agent for removing various 
metals from contaminated waters by precipitation. It is commonly used for precipitation of mono- and 
bivalent heavy metals such as cadmium, copper, lead and mercury.  

In the contaminated water, the negatively charged sulphur will form a bond with the positively charged 
metal ions, creating a neutral complex that will precipitate from the solution. The precipitate can then 
be flocculated and separated. 
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Figure 20. Precipitation mechanism of TMT 15 for bivalent metal ions 

According to the manufacturer Evonik Industries, the best performance of TMT 15 is observed at 
neutral to slightly alkaline pH together with a flocculating agent. The experimental setup was chosen 
based on previous work done by Evonik Industries for removing metals Cd, Cu, Pb, Hg, Ni and Ag from 
water with TMT 15. No documentation could be found for antimony. [20] 

TMT 15 was added to 100 ml of reclaim water in additions of 0.1, 1 and 10 ml (0.015-1.5 g/l TMT 15) 
together with 1 ml of 0.1 w% flocculant. The pH was adjusted between 7 and 9 with 1M sulphuric acid 
after which the solutions where stirred for 3 hours.   

Two samples were also done by addition of 1 ml TMT 15 to 100 ml of water and stirring for 1 minute, 
followed by settling for 3 hours. In one sample the pH was adjusted, the other was not adjusted. 

5.9 Titanium phosphate 
Titanium phosphate (TiP) is an ion exchanger prepared from titanium chloride and H3PO4, the process 
generally described as TiCl4 + 2H3PO4 → Ti(HPO4)2 ↓ +4HCl. Previous studies on waste water 
treatment has shown some removal of antimony and being available at the laboratory in Boliden, it was 
chosen for testing with the reclaim water as well. [21, 22] 

 

Figure 21. Particles of titanium phosphate 

The setup for TiP was the same as for the active carbon tests in Boliden. TiP was washed in 100 g/l 
NaCl available at the lab to activate the particles. Additions of 0.5-20 g/l TiP was made to 250 ml E-
flasks which were then stirred on a shaking table at 20ºC and 200 rpm for 24 hours. Samples of 5 ml 
were withdrawn after 0.5, 2, 3.5, 5, 7 and 24 hours and measured for antimony content.   
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6 Results 

6.1 Fenton process 

 

Figure 22. Antimony removal with the Fenton process 

As it can be seen in Figure 22, the Fenton process appears to give a good removal of antimony, 
especially when the dosage of ferrous iron is increased above 50 mg/l. At 100 mg/l Fe2+ the removal is 
essentially 100%. Since the Fenton process uses hydrogen peroxide it is not of interest for Tara, at least 
not at present date and there are other options for removing the antimony as well. Therefore no more 
tests were done for the Fenton process, but the option of using it is still there, should it be of interest in 
the future. 

6.2 Ferric sulphate 
When looking at the results for methods that were investigated both at Boliden and Tara, one should 
keep in mind that analysis in Boliden were done using a spectrophotometer [19], while analysis at Tara 
were carried out using an ICP.  

Tests performed at Boliden give a clear indication that antimony can be removed without using 
hydrogen peroxide; i.e. the Fenton process. Both ferrous and ferric sulphate results in antimony 
removal, and ferric sulphate appears to be the better choice judging from the first set of indicative tests. 

Table 19. Antimony removal with ferrous and ferric sulphate, pH adjustment being the same as in the 
Fenton process 

Volume (ml) Fe2+ (mg/l) Fe3+ (mg/l) pH0 pH1h pHFinal Sb (mg/l) 

100 50 0 6.5 5.1 9.7 ND 

100 0 50 3.5 3.1 9.4 0.08 

100 25 25 4.0 4.0 9.2 ND 

 
When the pH adjustment follows the same scheme as the Fenton process, i.e. the pH is first decreased 
to 3-5 followed by an increase to 9 or above in the end, the antimony removal is largely the same in the 
three tests above. It can be seen that the ferric sulphate gives a larger decrease in pH compared to 
ferrous sulphate and this could possibly explain the slightly higher residual antimony content.  
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Table 20. Antimony removal with ferrous and ferric sulphate, at different stages in the pH adjustment 

Volume 
(ml) 

Fe2+ 
(mg/l) 

Fe3+ 
(mg/l) 

pH Sbin 
(mg/l) 

Sb1 
(mg/l) 

Sb2 
(mg/l) 

104 45.9 0.00 6.5 1.01 0.71 0.14 

99 0.00 48.1 3.1 1.01 0.13 ND 

 
However, if one looks at how the antimony content varies at different stages (Table 20), one can clearly 
see a pH effect on the removal. Without any initial pH adjustment, ferric sulphate gives at equal 
dosages a higher removal of antimony compared to ferrous sulphate (Sb1) before the final pH increase 
(Sb2). When the pH is increased above 9, the antimony removal increases for both ferrous and ferric 
sulphate, the likely cause being that the increase in pH precipitates more iron hydroxide which can 
then adsorb antimony that is still in the solution.  

From the data in the two tables above, one can see the importance of both pH and concentration of iron 
added to the water. Furthermore it seems that ferric sulphate is not as dependent on pH as ferrous 
sulphate and can also remove more antimony for similar dosages. For that reason ferric sulphate was 
chosen over ferrous sulphate for more thorough testing.  

 

Figure 23. Removal of antimony for increasing additions of ferric sulphate without adjustment of the pH. 
Antimony content in reclaim water ~1.11 mg/l 

As it has been seen previously the addition of ferric sulphate to water will decrease the pH to some 
extent, possibly excluding the need for an external pH adjustment.  

In Figure 23, a peak removal of 87-88% can be seen when the added Fe3+ is between 20-30 mg/l. At 
additions above 30 mg/l Fe3+, the removal steadily decreases down to 32% at 110 mg/l Fe3+. Without 
considering the pH, this goes against the literature and previous experiments that a higher addition of 
Fe3+ would result in lower residual antimony. But as it can also be seen in Figure 23, the pH has been 
steadily decreasing from ~6.5 down to 2.9 at 50 mg/l Fe3+ and thereafter stabilising around 2.6-3.0 for 
increasing additions of Fe3+.   

This still goes against the literature and previous experiments, which suggest that a lower pH and 
higher additions of Fe3+ would give a good removal of antimony. To get an explanation to this 
behaviour, one has to look at the residual iron as well, seen in Figure 24. 
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Figure 24. Residual iron content as a function of the pH in the water 

It can clearly be seen here that once the pH is below 3.5-4, the residual iron in the water steadily 
increases for higher additions of Fe3+/ferric sulphate. This increase in residual iron also coincides with 
the decrease in antimony removal, which explains the behaviour of decreasing antimony adsorption. In 
order to remove antimony with ferric sulphate, the pH need to be high enough to ensure precipitation 
of iron hydroxide, Fe(OH)3, which antimony can then adsorb onto the surface. If the pH is too low, 
which seems to be below pH 4, then iron hydroxide will not precipitate and as a result antimony can’t 
adsorb on anything and will remain in the water.  

It also means that without external adjustment of the pH, increasing ferric sulphate dosages beyond 
20-30 mg/l is futile as this will only result in a further drop in pH and hence increase residual iron 
levels while still leaving the majority of the antimony in the water.  

The results obtained for different dosages of Fe3+ are presented in Figure 25. With adjustment of the 
pH, higher dosages of ferric sulphate can be done but the pH level is still important to consider. 

 

Figure 25. Antimony removal for different dosages of Fe3+ and pH levels 

It is clearly seen that pH is important for the antimony removal, in particular at lower dosages of Fe3+. 
At 40 and 60 mg/l Fe3+ the removal decreases when the pH is above 5. It is not decreasing as fast as for 
20 mg/l Fe3+ and a likely explanation to this is that the higher dosages results in a larger amount of 
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precipitated Fe(OH)3 which to some extent compensates for the increasing pH and corresponds to what 
can be seen in Figure 23.  

 

Figure 26. Residual iron levels for 20-60 mg/l added Fe3+ and pH 4-8 

Similar to the test that were done without pH adjustment, it is once again seen in Figure 26 that the pH 
is important for the residual iron. The discharge limit for iron is currently 1 mg/l at Tara (section 2.1.2), 
which means that to have some margin of error, pH 5 or higher should be considered with respect to 
the residual iron. This would still give a good removal of antimony and also not be too far from the 
lower pH limit of 6 for the discharge water, which means smaller volumes of other chemicals or water 
of higher pH to raise the pH above the lower limit once the antimony has been removed.  

Results of Modde analysis 

 

Figure 27. Summary of model validity for the three responses Sbout (left), Feout (middle) and Znout (right)  
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After analysing the tests done within the full factorial design (Appendix 2), the above chart was 
obtained for the models of the three responses Sbout, Feout and Znout. R2 and Q2 are seen to be above 0.8 
for all responses, which means that the models can both explain (R2) and predict (Q2) the variation in 
the data. The model validity is above 0.25 for all responses, which is the limit for a statistically valid 
model. The reproducibility is high as well, in particular for the residual antimony and iron.  

 

Figure 28. Summary of significant factors for the three responses Sbout (left), Feout (middle) and Znout (right) 

For the residual antimony, the concentration of Fe3+ and pH were the only significant factors together 
with an interaction factor between the pH and Fe3+ (Fe3+*pH in Figure 28). It is also seen that the Fe3+ 
is negatively correlated to the antimony, which means that a higher dosage of Fe3+ results in lower 
residual antimony, assuming that the pH is at a constant level. There is a positive correlation between 
the pH and antimony i.e. a lower pH would result in lower antimony content. For the residual iron and 
zinc the pH was the only significant factor. It is a negative correlation, which means that higher pH 
results in lower residual iron and zinc. This corresponds well to what have been seen in the previous 
experiment (Figure 23-26). To obtain low antimony content the pH should be 6 or lower and a higher 
Fe3+ dosage improves the removal. Consequently, the residual iron will increase once the pH drops 
below 4-5. The zinc concentration is largely unaffected over the investigated pH range and will only 
give a noticeable decrease at pH above 7. This also explains why the correlation between residual zinc 
and pH is not as strong in the data analysis (-0.16 for zinc and -0.80 for iron). 

In the data analysis the time was not a significant factor for the antimony removal and including it in 
the model resulted in decrease R2 and Q2 and it was hence excluded. A full summary of the Modde 
analysis can be found in Appendix 2.  
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Figure 29. Antimony removal over time with 20 mg/l Fe3+ 

The fact that the time is not as important of a factor is also confirmed in the time series experiment 
(Figure 29). In the experiment, 20 mg/l of Fe3+ was added to reclaim water and samples taken over the 
course of 5 minutes. It is clearly seen that the large majority of the antimony is adsorbed within the 
first minute of Fe3+ addition. Over time the removal slightly increases (0.186 mg/l Sb at 0.50 min and 
0.151 mg/l Sb at 5 minutes) but it should be noted that the pH was not manually adjusted prior to 
taking the samples and would decrease over time as well. After 2 minutes the pH was 6.5 (0.158 mg/l 
Sb) and at 5 minutes it had decreased to 6.0 (0.151 mg/l Sb). Considering that pH is regarded as a 
significant factor in the Modde analysis while time is not, this decrease in pH is the more likely 
explanation for the improvement in antimony removal and not the time itself. This also shows that 
without any additional pH adjustment the system requires some time for stabilising once Fe3+ has been 
added.  

Table 21. Additions of Fe3+, flocculant and coagulant and the resulting antimony removal 

Sample 
No. 

Fe3+ 
(mg/l) 

Flocculant 
(mg/l) 

Coagulant 
(mg/l) 

Sb (mg/l) 
Sb removal 

(%) 

0 0 0.0 0 1.021  

1 20 0.0 0 0.163 84.0 

2 20 0.5 0 0.173 83.1 

3 20 1.0 0 0.183 82.1 

4 20 0.5 5 0.183 82.1 

5 20 1.0 5 0.175 82.9 

0 0 0.0 0 1.133  

6 20 5.0 0 0.145 87.2 

7 20 0.0 10 0.122 89.2 

8 20 5.0 10 0.136 88.0 

9 20 2.5 5 0.127 88.8 

10 20 5.0 10 0.138 87.8 

11 20 2.5 5 0.134 88.2 

 
A slight improvement in antimony removal is seen for higher dosages of flocculant and coagulant, but 
without more replicates it cannot be statistically validated. The fact that the antimony removal does not 
decrease when using the flocculant and coagulant is more important in this case, as visually there is a 
major improvement in floc size and settling time (Figure 30). A decrease of antimony removal should 
not really be expected either, as the objective with using flocculant and coagulant merely is to improve 
the size of the flocs, facilitating their removal. As for the visual change (Figure 30 and 31), there is a 
clear advantage of using at least the flocculant together with ferric sulphate.  
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Figure 30. 30 mg/l Fe3+ without flocculant/coagulant. Left: after 5 minutes of stirring. Right: 40 minutes of 
settling time 

As long as the pH was high enough to precipitate the iron, there would still be small particles of 
Fe(OH)3 suspended in the solution even without addition of flocculant or coagulant. The particles 
would still settle over time although very slowly. In Figure 30, above 30 mg/l Fe3+ was added to reclaim 
water which resulted in a pH of 3.3. Although hard to see in Figure 30, small particles where present 
and would settle over time but requiring at least 30 minutes for doing so. In this instance, after 40 
minutes the majority of the particles had settled but there was still some remaining suspended in the 
water.  

The ultimate goal if the ferric sulphate was to be used in a full scale process was to use a series of 
lamella clarifiers, with water flows up to 200 m3/h for each lamella unit. After discussion with the 
process engineers at the site it seemed unlikely that the precipitate could be removed efficiently 
without any flocculant or coagulant.   

 

Figure 31. 20 mg/l Fe3+, 1 mg/l flocculant (aluminium chlorohydroxide). Left: before flocculant addition. 
Middle: 3 minutes after flocculant addition. Right: 15 minutes after flocculant addition (no stirring)  
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As it can be seen in Figure 31; addition of flocculant gives a clear improvement in floc size and settling 
time. Visually a change could be seen within 30-60 seconds after adding the flocculant, resulting in the 
middle picture after a couple of minutes. When the stirring was turned off, the flocs would rapidly 
settle and within 10-15 minutes a result similar to that in the rightmost picture would be obtained.  

It was also noted during these experiments that the best improvement in floc size would be when the 
flocculant was added with some delay after the addition of ferric sulphate. The minimum delay seemed 
to be 30-60 seconds with which the flocculent could be added while still achieving a good size of the 
flocs. In the lab tests, no clear advantage in terms of floc size and settling time could be seen when the 
coagulant was used in combination with flocculant. Adding the coagulant together with the ferric 
sulphate followed by flocculant circa 30 seconds after gave better results compared to adding all three 
chemicals at the same time. However, flocculant on its own seemed to give similar if not better results 
compared to when the coagulant was also added. This is just with respect to what could be noted for the 
changes in floc size and settling time; no noticeable difference could be seen in terms of antimony 
removal with the different flocculant/coagulant combinations that where tested (Table 21).  

Based on these results it would seem that one definitely would want to use flocculant together with 
ferric sulphate on a large scale basis. The exact dosages, as well as the option of using coagulant is 
something better suited to test in the larger scale since there would be a different setup compared to a 
beaker in the lab.  

The final tests that were done for the ferric sulphate and reclaim water in the lab were to test different 
means of adjusting the pH, in this case NaOH, Ca(OH)2 and CaCO3 for increasing the pH.  

Table 22. Antimony removal at 30 and 70 mg/l Fe3+ and pH adjustment to 5 with NaOH, Ca(OH)2 and CaCO3 

Additions Sb removal (%) 

30 mg/l Fe3+ and CaCO3 94,6 
30 mg/l Fe3+ and Ca(OH)2 95,2 
30 mg/l Fe3+ and NaOH 92,3 
70 mg/l Fe3+ and CaCO3 98,5 
70 mg/l Fe3+ and Ca(OH)2 98,6 
70 mg/l Fe3+ and NaOH 98,4 

 
Since this was only a brief test, one cannot with certainty say that there is no difference between these 
three options. More tests should be done to get a statistical validation of this. No real difference can be 
seen for these results, which would suggest that the different options for controlling the pH do not 
matter for antimony removal. Then again, more tests would need to be done for a statistical validation 
but since pH control except for ferric sulphate addition is not of interest at present, this was not further 
investigated.  
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6.3 Ferrous sulphate 

 

Figure 32. Antimony removal over time at pH 5-8 and 30 mg/l Fe2+ 

 

Figure 33. Residual iron over time at pH 5-8 and 30 mg/l Fe2+ 

It can clearly be seen (Figure 32 and 33) that similar to ferric sulphate, pH is also an important factor 
when using the ferrous sulphate. If the pH is too low both the antimony and iron levels will remain 
relatively constant. This would suggest that the pH is too low for both the oxidation of Fe2+ to Fe3+ to 
take place as well as not precipitating iron hydroxide. And since nothing would precipitate, the 
antimony can’t adsorb onto anything and hence won’t be affected.  

Similar to having a too low pH, having the pH too high also seem to have an adverse effect. Compared 
to pH 5, the antimony levels does decrease from circa 1.4 to 0.8 mg/l but remain at that level 
throughout the whole experiments. This can be explained by the iron levels, seen in Figure 33. The iron 
immediately precipitates, likely as Fe(OH)2, within the first couple of minutes following the pH raise. 
Similar to pH 5, no oxidation would appear to take place and the result at pH 8 also suggest that similar 
to the results obtained with ferric sulphate, time is not the important factor for the adsorption itself. If 
time was of importance for the adsorption, then one should expect the antimony levels to decrease over 
time since there would be plenty of Fe(OH)2 to adsorb onto. Instead, the only decrease in antimony 
concentration can be seen at the same time as Fe(OH)2 precipitate, i.e. at 0 seconds.  
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Oxidation does appear to take place at pH 6.5, as here both the iron and antimony levels are gradually 
decreasing. The pH would therefore be important for using ferrous sulphate, possibly even more so 
than for ferric sulphate. But even with oxidation of ferrous to ferric taking place, it would still seem that 
ferric sulphate would be preferable to use compared to ferrous sulphate. To begin with, as it can be 
seen in Figure 35; roughly 10 mg/l out of the added 30 mg/l Fe2+ had already precipitated at the start, 
meaning that complete oxidation would not be possible. And assuming that the remaining 20 mg/l are 
oxidised to Fe3+, the process still takes up to 45 minutes to complete and the antimony removal is not 
comparable to that obtained when 20 mg/l Fe3+ is directly added to the reclaim water (section 6.1).  

In this case, antimony had towards the end decreased from 1.2 to 0.5 mg/l which is a 58% removal after 
60 minutes. For the time series experiment done with ferric sulphate, 20 mg/l Fe3+ removed 70% 
(1.365 to 0.412 mg/l) within the first minute at pH 6.5.     

 

Figure 34. Antimony removal over time at pH 6.5 and 10-50 mg/l Fe2+ 

 

Figure 35. Residual iron over time at pH 6.5 and 10-50 mg/l Fe2+ 

Some differences could be seen when the dosages of ferrous sulphate were varied while having the 
same starting pH at 6.5. As it should be expected, a higher dosage resulted in better removal. It also 
seems that higher amounts of Fe2+ compared to Fe3+ need to be added to achieve similar removal of 
antimony. To some extent, this is explained by the fact that part of the Fe2+ precipitates as Fe(OH)2 
right at the start, leaving less remaining to be oxidised. Interesting to note though is that for 50 mg/l 
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Fe2+, the starting amount of Fe2+ had decreased to about the same levels as the starting point for the 
dosage of 30 mg/l Fe2+. Both the antimony removal and the decrease of dissolved iron improved 
compared to 30 mg/l Fe2+. The oxidation process still required more than 20 minutes to obtain iron 
levels below the discharge limit and for the antimony removal to start to reach its peak.  

More experiments would be necessary for this option but at the present state the ferric sulphate would 
seem to be the better choice for antimony treatment at Tara Mines.  

6.4 Active carbon 

 

Figure 36. Antimony removal over time for 0.5-20 g/l active carbon 

In the experiments done in Boliden, maximum uptake of antimony is seen after 5-7 hours for the 
different dosages and that a higher dosage gives an increased antimony uptake. Both the time required 
and antimony uptake is however not comparable with the ferric sulphate and there also seem to be 
desorption of antimony after 24 hours.  

Active carbon was further tested at Tara Mines as a comparison with builder’s sand, backfill sand and 
schwertmannite (section 6.5-6.7).  

 

Figure 37. Antimony removal after 10 minutes at 10-100 g/l of active carbon 
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Similar to the previous experiments in Boliden (Figure 36) there was still a poor antimony removal, 
even with the increased dosages at Tara Mines. Active carbon also buffers the pH (Table 23), meaning 
that should it be used for treating the water an additional pH adjustment might be required to reach 
the discharge limit of 6-9. Having a pH control at the same stage as the active carbon is not 
recommended, as a lower pH results in a poorer removal, as well as required larger amounts of 
chemicals due to the buffering effect of active carbon. The antimony removal was overall low and it was 
therefore not investigated further.  
 
Table 23. Antimony removal for different active carbon additions and pH 

Series Active carbon (g/l) pHstart pHstop 
Sb 

(mg/l) 

Sb 
removal 

(%) 

1 0 4.0  1.227  

10 4.0 3.6-4.2 1.190 3.0 

25 4.0 3.6-4.3 1.222 0.4 

50 4.0 3.8-4.4 1.074 12.5 

75 4.0 3.6-4.4 1.122 8.6 

2 0 4.0  1.099  

10 4.0 5.5 1.046 4.8 

25 4.0 5.8 0.999 9.1 

50 4.0 6.2 0.962 12.5 

75 4.0 6.8 0.916 16.7 

100 4.0 8.4 0.868 21.1 

3 0 7.1  1.098  

10 7.1 9.1 0.938 14.6 

25 7.1 9.3 0.978 10.9 

50 7.1 9.7 0.967 12.0 

75 7.1 9.7 0.943 14.1 

100 7.1 9.9 0.894 18.6 

 

6.5 Builder’s sand 

 

Figure 38. Antimony removal after 10 minutes at 10-100 g/l of builder’s sand 
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Although there is what appears to be an increased antimony removal at a constant low pH, the removal 
is largely non-existent for builder’s sand. Builder’s sand also buffers the pH but seemingly to a lower 
level than there is for active carbon (Table 24).  

Table 24. Antimony removal for different builder’s sand additions and pH 

Series Builder’s sand (g/l) pHstart pHstop 
Sb 

(mg/l) 

Sb 
removal 

(%) 

1 0 4.0  1.214  

10 4.0 3.6-4.4 1.047 13.8 

25 4.0 3.8-4.2 0.974 19.8 

50 4.0 3.6-4.4 0.853 29.7 

75 4.0 3.7-4.4 0.833 31.4 

2 0 4.0  1.128  

10 3.9 6.0 1.046 7.3 

25 3.9 6.1 1.020 9.6 

50 4.0 6.2 1.048 7.1 

75 4.0 6.0 0.983 12.9 

100 4.0 6.4 0.948 16.0 

3 0 6.9  1.130  

10 6.9 7.1 1.086 3.9 

25 6.9 7.2 1.071 5.2 

50 6.9 7.5 1.036 8.3 

75 6.9 7.3 1.049 7.2 

100 6.9 7.3 0.988 12.6 

6.6 Backfill sand 

 

Figure 39. Antimony removal after 10 minutes at 10-100 g/l of backfill sand 

There is no sign of a good antimony removal for backfill sand, nor is there any clear effect to how the 
removal is affected by different pH values. Backfill sand also buffers the pH slightly when it is not 
continuously controlled. For antimony removal controlling the pH appears unnecessary since the pH 
would still be within the discharge limit (6-9) but since the removal itself is poor it was not further 
investigated for that reason.  
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Table 25. Antimony removal for different backfill sand additions and pH 

Series Backfill sand (g/l) pHstart pHstop 
Sb 

(mg/l) 

Sb 
removal 

(%) 

1 0 4.0  1.153  

10 4.0 3.8-4.3 1.041 9.7 

25 4.0 3.8-4.3 1.058 8.2 

50 4.0 3.7-4.2 1.106 4.1 

75 4.0 3.9-4.4 1.190 0.0 

2 0 4.0  1.406  

10 4.0 6.2 1.301 7.5 

25 4.0 6.3 1.294 8.0 

50 4.0 6.5 1.233 12.3 

75 4.0 6.6 1.228 12.6 

100 4.0 7.0 1.211 13.9 

3 0 7.1  1.262  

10 7.1 6.6 1.152 8.7 

25 7.1 7.0 1.144 9.4 

50 7.1 7.1 1.112 11.9 

75 7.1 7.3 1.112 11.9 

100 7.1 7.4 1.014 19.7 

 

6.7 Schwertmannite 

 

Figure 40. Antimony removal after 10 minutes at 10-100 g/l of schwertmannite 

Compared to the active carbon, builder’s sand and backfill sand there is a much better removal of 
antimony with schwertmannite. Another difference compared to the other adsorbents the 
schwertmannite decreases the pH in the water instead of increasing the pH. For that reason the third 
series of tests were done at a constant pH of 7 rather than 4 which was the case for active carbon, 
builder’s sand and backfill sand. As it is seen in Figure 40 the antimony removal is still good but since 
the starting levels of antimony is half of what it was in the two previous tests series, the final levels will 
also be lower. 
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Table 26. Antimony removal for different schwertmannite additions and pH 

Series Schwertmannite (g/l) pHstart pHstop 
Sb 

(mg/l) 

Sb 
removal 

(%) 

1 0 3.9  1.224  

10 3.9 3.8 0.676 44.8 

25 3.9 3.7 0.407 66.7 

50 3.9 3.4 0.178 85.5 

75 3.9 3.4 0.119 90.3 

100 3.9 3.4 0.092 92.5 

2 0 7.6  1.279  

10 7.6 7.0 0.733 42.7 

25 7.6 4.3 0.359 71.9 

50 7.6 4.8 0.148 88.4 

75 7.6 4.4 0.107 91.6 

100 7.6 3.7 0.090 93.0 

3 0 7.4  0.632  

10 7.4 6.8-7.2 0.208 67.1 

25 7.4 6.8-7.3 0.130 79.4 

50 7.4 6.8-7.3 0.035 94.5 

75 7.4 6.7-7.3 0.029 95.4 

 
In terms of percentage antimony removal there is not much of a difference to be seen between having a 
pH at 4 or 7. More test would need to be done to get a statistical validation of this but what can be said 
is that schwertmannite is the better choice for removing antimony compared to active carbon, builder’s 
sand and backfill sand. Therefore it was chosen to further test schwertmannite on a slightly larger scale 
using a column.  

 

Figure 41. Residual iron after 10 minutes at 10-100 g/l of schwertmannite 

One thing that was noted for schwertmannite was that the iron levels would increase in two of the three 
series. During the experiments with schwertmannite the water would gradually get a darker orange 
colour, in particular for the higher additions of schwertmannite. This was a result of abrasion between 
particles when the mixture was agitated, causing the schwertmannite to dissolve and release iron into 
the water. The dissolving of schwertmannite was seen for all three series of experiments, but the iron 
levels would not increase when the pH was at a constant level of 7. Since the pH was at constant 7, 
compared to 4, the iron would then precipitate similar to what has been seen in the experiments with 
ferrous and ferric sulphate.  
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Figure 42. Antimony removal for series 1 as C/C0 vs. the number of bed volumes of water 

For the column tests an expanded bed of schwertmannite was used instead of a fluidised bed. The 
reason being to avoid what was seen in the laboratory tests; that schwertmannite would start dissolving 
if agitated. Similar to the laboratory tests the antimony removal was good and would as expected slowly 
increase over time as the bed became more loaded with antimony. Due to time limitations it was not 
possible to completely fill the bed of schwertmannite but a bed of schwertmannite seem to be able to 
remove antimony from a water flow of at least 1000 times the bed volume before the residual levels of 
antimony are becoming an issue. In this case the bed consisted of circa 5 litres of schwertmannite and a 
5 minutes residence time in the bed.  

 

Figure 43. Outlet water pH for series 1 in the column 

As in the laboratory tests the pH of the outgoing water was first slightly below 4. Over time the pH 
increased to 6.5-7, starting after circa 60 bed volumes (300 litre of water). Based on the results from 
the laboratory tests this would not likely result in a decrease in antimony removal and the C/C0 was 
also steadily increasing while the pH could be considered as stable after circa 300 bed volumes (1500 
litre of water).  
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Figure 44. Antimony loading onto schwertmannite at different residence times in the column 

The residence time of the water in the bed also seem to be of importance for the antimony removal. In a 
brief test done with another bed of schwertmannite and 2 minutes residence time, it is clearly seen that 
the uptake of antimony is decreased compared to when the residence time in the bed is 5 minutes. 
Since the bed could not be completely loaded with antimony, it is hard to say exactly how much and 
when the bed would be loaded. An estimated uptake would be somewhere between 2-3 mg Sb/g 
antimony, based on the increase in ratio C/C0 and that the uptake is slowly starting to even out.  

6.8 Merit 5000 

Table 27. Results of the tests with Merit 5000 

Test pHstart pHstop Sb (mg/l) Removal (%) 

0 7.2 7.5 1.13 - 
1 8.5 9.3 0.93 17.7 
2 6.1 9.2 1.12 0.9 
3 3.8 8.6 1.13 ND 
4 6.5 8.3 0.96 15.0 
5 3.9 4.0 0.03 97.3 

 
In tests 1-4, addition of Merit 5000 increased the pH above 8-9, even when the initial pH was 3.8. This 
would suggest that the composition of oxides in Merit 5000 gives it a large buffering capacity and 
hence a significant amount of acid is needed for pH adjustment when using Merit 5000.  

This is further supported by observations made in tests 4 and 5, where the pH was adjusted after 
addition of Merit 5000. In order to bring the pH down from circa 9 initially, 6 ml of 6M H2SO4 was 
needed in test 4 and 15 ml 6M H2SO4 in test 5. As it can be seen in Table 27, this was still not enough 
in test 4 as the pH had increased to 8.3 after 4 hours and only test 5 was stable at pH 4. 

As for the removal it can clearly be seen that a low pH is needed in order to obtain a good removal of 
antimony, but that the pH adjustment must be done after addition of Merit 5000. Otherwise the 
addition will increase the pH with poor removal efficiency as result.  

It is thus possible to remove antimony with Merit 5000, but a low pH is needed for good removal. In 
the performed tests only one addition of Merit 5000 was done (40 g/l) and essentially only one pH 
level below 8 was investigated.  
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6.9 TMT 15 

Table 28. Results of the tests with TMT 15 

Test  pH  TMT 15 (ml)  Sb (mg/l)  Zn (mg/l)  

1 7.4 0.1 1.235 0.022 

2 8.3 1 1.259 0.013 

3 8.3 10 0.842 0.045 

4 10.9 1 1.228 0.013 

5 8.4 1 1.103 0.039 

 
Only the addition of 10 ml TMT 15 showed any major removal of antimony and even so it was still a 
rather poor removal with respect to the amount added. The zinc levels where however consistently low, 
indicating that TMT 15 is better suited for zinc removal rather than antimony removal. 

Assuming that similar dosage ratios would be required in a best-case scenario, it would mean that one 
need to add 0.1 litre of TMT 15 solution for every litre of water that you want to treat. The methodology 
could possibly be improved, for instance comparing test 2 and 5 which only differs in the stirring, 
indicates that this might be possible. More tests would need to be done though in order to get a better 
overview and preferably some statistical information as well. Since there only seem to be a small 
removal of antimony when using TMT 15, as well as the chemical not being readily available at Tara, it 
was not further investigated. 

6.10 Titanium phosphate 

 

Figure 45. Antimony removal over time with titanium phosphate 

A better uptake of antimony is observed for TiP compared to the tests for active carbon done 
simultaneously to those for TiP (section 6.4). Similar to active carbon the adsorption reaches maximum 
in 5-7 hours but no desorption can be seen in this case except for the lower additions.  

The uptake of antimony is still lower compared to for instance when ferric sulphate is used and since 
TiP only was available in Boliden it was not further investigated.  
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7 Pilot testing 

Out of the different methods that had been investigated, using ferric sulphate and schwertmannite gave 
the best results and would also be the most suitable to test on a larger scale. But unless schwertmannite 
could be regenerated as an adsorbent, the sheer volumes needed for treating the reclaim water would 
be an issue. Furthermore more tests involving schwertmannite should be done to get a better 
understanding of residence times and there was also only 20 kg of schwertmannite easily available at 
the time of the project.  

With respect to that, ferric sulphate was the logical option for testing in a larger scale and there was 
also equipment available to do so. Since the method basically is precipitation of Fe(OH)3 at a certain 
pH, the only requirement apart from the pH is a good mixing and removal of the precipitate. 

7.1 Setup 
Four lamella clarifiers were available at the site and are normally used for removing suspended solids 
from the water pumped up from the mine, but could just as well be used for the reclaim water with 
some adjustments of the piping and valve settings.   

 

Figure 46. The lamella clarifiers used for the pilot scale testing 

Each lamella had a volume of 56 m3 and could handle a water flow up to 180-200 m3/h, meaning that 
there is a potential for doing tests with up to 800 m3/h should there be a desire to do so. In the tests 
done within this project one lamella was used with a flow of 155 m3/h. 

Ferric sulphate was added to the reclaim water as a 40% (w/w) liquid solution. The mixing points was 
in a pipe some 50 meters from the lamellas, meaning that once the water entered the lamellas it would 
already be mixed with ferric sulphate and as a result also have a lower pH compared to the pure reclaim 
water. Flocculant was added just before the inlet to the lamella feed well. Dosages of ferric sulphate and 
flocculant where in these tests a set dosage calculated from the average water flow of 155 m3/h. 

Coagulant could be added at the same point as the ferric sulphate if required, but was not used in these 
tests.  
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Figure 47. Left: Lamella feed well. Middle: Top of one of the lamellas. Right: Lamella overflow discharge 

Water from the lamella overflow was then pumped back into the reclaim ponds. Water samples were 
taken of the pure reclaim water, at the lamella feed well and at the lamella overflow and sent to the 
laboratory for analysis.  

Similar to the column tests for schwertmannite, the limited amount of time made it impossible to do 
more than a few tests. The tests done so far are for different additions of ferric sulphate with the 
objective to see how the pH and antimony removal are affected and how well the method seem to 
perform in the lamellas. More test-work is to be done by the process engineers at Tara Mines after this 
project to further investigate capacity and dosages of ferric sulphate.  

7.2 Results 
As in the laboratory tests a clear change in water colour towards orange could be seen when ferric 
sulphate was added to the water. The pH also decreased with increasing additions of ferric sulphate 
and as it had been suggested in the laboratory tests flocculant addition was necessary to achieve a good 
removal of the precipitate.  

 

Figure 48. Left: precipitated and flocculated 𝐅𝐞(𝐎𝐇)𝟑. Right: Samples taken from the lamella overflow and 
feed well 

Flocculant concentration of 0.5 mg/l was used in the tests and as it can be seen in Figure 48 there 
would be clearly visible flocs forming in the lamellas. Judging by the colour change in the water before 
and after entering the lamellas, also seen in Figure 48, the lamellas could efficiently remove the flocs 
formed in the water. 

Table 29. Setup for the lamella tests and pH at three points in the lamellas 

Test 
No. 

Water 
feed 

(m3/h) 

Fe3+ 
addition 

(mg/l) 

Flocculant 
addition (mg/l) 

Reclaim 
Water pH 

Lamella 
Feed Well 

pH 

Lamella 
Overflo

w pH 

1 155 19.5 0.5 - - 6.3 

2 155 19.5 0.5 6.9 5.9 6 

3 156 21.5 0.5 6.84 5.6 6.25 

4 155 22.1 0.5 6.91 5.4 5.86 
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In a preliminary test of the lamellas, addition of 23 mg/l Fe3+ decreased the pH from 6.3 of the reclaim 
water down to 3.8 after passing through the lamellas. While this decreased the antimony from 1.65 
mg/l to 0.12 mg/l, the iron contents of the reclaim water increased from 0.05 mg/l to 1.42 mg/l. While 
this was promising for removing the antimony on a larger scale basis, it also showed the importance of 
the ferric sulphate addition without any additional pH adjustment.  

As it can be seen in the tests done in the laboratory scale for ferric sulphate without pH adjustment 
there is a rapid drop in pH, implying that a small adjustment in ferric sulphate could result in a pH at 
an appropriate level. From an economical view this would be good, but it also means that overdosing is 
a possibility without proper control of the ferric sulphate dosage with respect to pH. 

For the coming tests the ferric sulphate addition was lowered which resulted in a pH at a more 
appropriate level and it would also increase slightly after passing through the lamellas.  

Table 30. Antimony and iron content for the lamella tests 

Test 
No. 

Reclaim 
Water Sb 

(mg/l) 

Lamella 
Overflow Sb 

(mg/l) 

Dissolved iron 
(mg/l) 

Antimony 
removal (%) 

1 1,488 0,459 0,185 69,2 

2 1,512 0,354 0,330 76,6 

3 1,212 0,210 0,226 82,6 

4 1,198 0,170 0,224 85,8 

 
In the first test the pH was not measured for the reclaim water and the feed well. Based on the overflow 
pH and how much the pH increased from the feed well to the overflow, it can be expected to have been 
above 6. A similar trend in removal can be noted as in the laboratory tests, in that a lower pH and 
higher ferric sulphate addition improves the antimony removal. 

The iron levels increased but where still below the discharge limit. As long as the pH in the lamellas are 
5 or above, the iron should not be an issue but must still be monitored during further testing. 
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8 Discussion 

A total of eight different methods for removing antimony from water have been tested in this project. 
The Fenton process was the first to be investigated, which is ferrous sulphate together with hydrogen 
peroxide in conjunction with pH control. Then as a simplified variant of the Fenton process, ferrous 
and ferric sulphate was tested without the hydrogen peroxide. TMT 15 is another chemical that was 
briefly tested, although not yielding as good antimony removal. Titanium phosphate, an ion exchanger, 
was also investigated albeit briefly. Active carbon, builder's sand, backfill sand, Merit 5000 and finally 
schwertmannite are all examples of adsorbents which were added to the water as they came.  

As it should be expected, not all of the eight alternatives would not work as well for removing antimony 
from water. In fact, the majority of the methods had only a very slight effect in the removal of the 
antimony, or required impractical conditions for making it work. Because even if an adsorbent would 
give a good removal, there is still the economic as well as practical aspects to consider for implementing 
said method on a larger scale basis. Even though the actual problem in this project was the antimony 
levels in the reclaim water, Tara Mines still has discharge limits on a number of other factors such as 
the pH, iron, zinc and lead to mention a few.  If the use of one method would jeopardize the discharge 
limits of for instance sulphate, then it would likely be a better choice to use a method that gives a 
poorer removal of antimony but do not lead to exceedingly high levels of some other metal, pH and the 
like. 

Merit 5000 is one example of this. In the tests (section 6.8) it is clearly seen that a low pH results in 
virtually complete antimony removal. However, the buffering capacity of Merit 5000 makes it difficult 
for a proper pH adjustment and large volumes of acid are needed. Only one dosage of Merit 5000 was 
used (40 g/l) and it might be that lower dosages require less acid. Even so, in the lab testing with 200 
ml of water, 15 ml of 6M H2SO4 was necessary to stabilize the pH at 4. In a potential full-scale 
application concentrated sulphuric acid would be used, i.e. 17-18M. Since the flow of water to be 
treated would ideally be above 200 m3/h, this would require a huge amount of acid and hence also a 
significant cost for both purchasing and storage. Not to mention that the use of such amounts of 
sulphuric acid most certainly would give sulphate levels above the current discharge limit at 1 500 
mg/l, especially considering that the reclaim water at present day already contains 500-700 mg/l 
sulphate.  

Practical issues accompanying one method are another thing that needs to be considered. Similar to the 
discharge limits, even if one method leads to poorer antimony removal compared to another, if the 
former would require less capital investment for implementing it then that would likely be a more 
attractive method. The antimony problem at Tara is already present and a solution was required that 
preferably is as simple as possible to implement, both with regard to the capital and operational cost.  

Out of the eight methods investigated, with the exception of the Fenton process the use of either ferric 
sulphate or schwertmannite has shown by far the best results. Ferrous sulphate could possibly also be a 
solution to the problem as it could be seen both in the tests done in Boliden as well as Tara (section 5.3 
and 6.2) but there is a need for further tests before implementing it. The effect of pH on the oxidation 
needs to be investigated further, as well as what air or oxygen flow would be required for an efficient 
antimony removal while still having a low residual iron.  

The effect and possible requirement for flocculant and coagulant is another issue to be addressed for 
the ferrous sulphate. Since flocculant was required for the ferric sulphate when it came to larger scale 
(section 7) it is highly likely that this would be the same for ferrous sulphate. Then even with the setup 
known for how to use the ferrous sulphate, there are still the practical aspects of implementation to 
solve. Some sort of air flow must be done to the water, likely also tanks for having a certain residence 
time to allow the oxidation to take place before the precipitate is removed. Even if ferrous sulphate is 
less expensive than the ferric sulphate, the cost for implementing a method with ferrous sulphate might 
as well be more expensive in the end.  

The use of ferric sulphate would therefore seem far more attractive at present day. One strong 
argument for this method is the fact that it can be readily tested at a larger scale with the equipment 
available at Tara and would not require a major capital investment to implement. So far, in the lamellas 
an antimony removal of up to 86% (section 7.2) has been noted and the process can still be further 
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improved. A removal of even 70% would still put the reclaim water well below the discharge limit of 
antimony and so far the levels of other metals such as iron seem to be within bonds.  

Another positive aspect with using the ferric sulphate is that a pH adjustment with acid and base would 
seem unnecessary since the ferric sulphate will decrease the pH on its own. This would hence mean a 
decreased cost for using this method. However, as it has also been seen in the laboratory test-work 
(Figure 23) as well as the tests done so far in the lamellas the decrease in pH is sensitive to the amount 
for ferric sulphate added. Even at small changes in ferric concentration the pH will change rapidly. In 
tests 3 and 4 in the lamellas when the added concentration of Fe3+ was raised from 21.5 to 22.1 mg/l, 
the pH decreased from 5.6 to 5.4. While this may not seem very large of a change, it has been seen in 
the laboratory tests that the pH is very important not only for the antimony, but also for the iron. If the 
pH drops too low, Fe(OH)3 will not precipitate to the same extent as at higher pH and as a result 
increase levels of residual iron. A pH of 5 appear to be a safe lower limit but since both the flow and pH 
of the reclaim water can be expected to vary over time it will be important to have a proper control of 
the dosage of ferric sulphate to avoid going too low in pH. Possibly some sort of additional pH control 
might be necessary in the end as a backup, to avoid the risk of the pH dropping too low.  

The “optimal” point for antimony removal will in the end be a compromise between the pH, antimony 
removal and residual iron. If ferric sulphate is the only means of pH adjustment, then it should be 
expected that the antimony removal will further increase towards lower pH as that means increased 
dosages of Fe3+. The question will be at what point the pH will become too low for the iron to not 
precipitate, hence resulting in lower removal of antimony. In the laboratory tests this could be seen 
between pH 4 and 5 (Figure 23 and 24) and similar should be expected for the lamellas. A pH 
somewhere above 5 should still be more than enough for the requirements of Tara Mines as the 
removal have been above 80% in the tests so far.  

Schwertmannite is another promising way of removing antimony from the reclaim water but similar to 
the ferrous sulphate, more tests would need to be done before it can be considered in any sort of larger 
scale. Compared to the ferric sulphate, a major aspect would be how to implement it in the process. 
Using it as an expanded bed in a column seems as a good option which could likely be scaled up further 
than what has been used in the column tests. There are still the practical aspects to consider in how to 
fill and refill the column, size of the column versus the flow in the column and so forth. Where to 
discharge the schwertmannite is another factor to consider, as a significant amount would be 
accumulated over time. The advantage of using ferric sulphate is that the sludge generated in the 
lamellas can be continuously discharged from the lamellas and collected for deposit.  

While the schwertmannite did show a rather good antimony removal in the column (Figure 42), the 
current results are not comparable to the ferric sulphate in terms of the antimony removal versus the 
volumes required. From the column tests so far, the maximum antimony uptake at 5 minutes residence 
time is somewhere between 2-3 mg Sb/g schwertmannite. If it is assumed that the reclaim water 
contains an average of 1.5 mg/l Sb and the column removes 85% of it before completely loaded, then 66 
kg of schwertmannite would be required each hour at a water flow of 155 m3/h. With the 
schwertmannite used in the tests which had an apparent density of circa 700 g/l, this equals circa 94 
litre of just schwertmannite. In the lamella tests, 22 mg/l Fe3+ was used at 155 m3/h of reclaim water 
and resulted in 85-86% Sb removal. Using a stock solution of 40% (w/w) of ferric sulphate, this equals 
30 litre of stock solution per hour, less than a third of what would be required with the 
schwertmannite. 

Out of the methods tested, ferric sulphate would therefore be the preferable solution. The method for 
using schwertmannite could likely be improved further though. In the tests done within this project, 5 
minutes of residence time was used in the majority of the tests and seemed to result in a maximum 
uptake of 2-3 mg Sb/g of schwertmannite. At 2 minutes residence time the uptake could be seen to 
decrease. It might therefore be possible that at for instance 10 or 15 minutes, the uptake of antimony is 
better than 3 mg Sb/g. Regeneration of the schwertmannite could possibly be another thing to 
investigate. If at least a part of the schwertmannite could be made desorb antimony and hence be 
regenerated in the process, then this could be of interest in terms of the economy depending on what 
method would be required for the regeneration.  
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Similar to there being some questions remaining for the schwertmannite, there are a couple of things 
that also need to be considered for further tests using ferric sulphate.  

The stability of the Fe(OH)3 sludge is one thing that should be investigated, to ascertain that antimony 
won’t be released over time. And if desorption of antimony is possible, under what conditions that 
might be. Depending on where the sludge will be deposited, this may or may not be of importance. 
Stability tests should also be made for the schwertmannite if further tests are to be done with it and if 
regeneration is not of interest.  

The sulphate levels are also important to consider. In this project sulphate has been measured for some 
of the samples and it can be seen in the appendix that the reclaim water generally contains 500-700 
mg/l of sulphate. Since the discharge limit is at 1 500 mg/l then it should not be a problem, as on a 
weight basis 2.6 mg/l of sulphate is added per 1 mg/l Fe3+. That means that in order to raise the 
sulphate levels by 700 mg/l, then more than 200 mg/l Fe3+ must be added to the water. Since a tenth of 
that has been used in the lamellas so far the sulphate levels should not pose a problem but they should 
still be monitored, especially if the discharge limits for sulphate will become stricter in the future.  

Since the pH of the discharge water is required to be between 6 and 9, the pH in the water exiting the 
lamellas must also be monitored, at least while the tests are performed. As it can be seen in Table 29, 
the pH will increase slightly in the overflow compared to the feed well but is still below pH 6. Since the 
current idea is to blend the treated water from the lamellas with reclaim water and possibly also mine 
water the pH would in theory increase above the discharge limit, but it should still be monitored to 
assure this. 

 

9 Conclusions 

Ferric sulphate is the best suited method for Tara at present day as it both has a good antimony 
removal as well as being easy to implement in the current water treatment process. The pH and 
concentration of Fe3+ are the most important factors to consider for a good removal of antimony. The 
pH needs to be below 6 to maximize the antimony adsorption onto Fe(OH)3, but must be above pH 4-5 
to avoid high residual iron content. A pH between 5 and 6 seem to be the best compromise both in 
terms of residual antimony and iron. Flocculant should be used to ensure an efficient removal of the 
precipitated material. Coagulant can also be added, but from the tests done in this project it would 
appear to be enough with just adding flocculant.  

The Fenton process also works for antimony removal but requires hydrogen peroxide as well as 
constructing a Fenton reactor. It is possible to use ferrous sulphate and oxidise Fe2+ to Fe3+ by air but 
more tests must be done to get a better understanding of the requirements for a good antimony 
removal. Judging by the tests done in this project there is a narrow pH range for optimal oxidation 
kinetics which is also higher than pH 5-6. This might affect the antimony removal, hence requiring 
higher dosages of Fe2+. A different design is also required compared to ferric sulphate since a flow of air 
into the water is necessary.  

Schwertmannite could also be used for antimony removal but similar to ferrous sulphate more tests 
should be done. Residence time, as well as the pH could have an effect on the uptake and should be 
investigated further. At 5 minutes residence time, a bed of schwertmannite can be loaded with 2-3 mg 
Sb/g schwertmannite. On a volume basis, this is more than three times the amount required when 
using the ferric sulphate and the method for using schwertmannite must be further optimised before it 
can be comparable. Regeneration or stability of schwertmannite has not been investigated in this 
project but should be looked into as well. 

Active carbon, builder’s sand, backfill sand, TiP, Merit 5000 and TMT 15 can all remove antimony to 
some extent, depending on the setup. The removal is however not comparable to using the ferric 
sulphate, ferrous sulphate or schwertmannite.    
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10 Future outlooks 

Tests using ferric sulphate in the lamella clarifiers will be continued at Tara Mines after this project. 
The pH, capacity and different dosages of flocculant and coagulant will be tested in order to see the 
extent of antimony removal that can be achieved and under what circumstances. So far the tests in the 
lamellas have been promising with similar trends as in the laboratory tests.  

Ferrous sulphate and schwertmannite could both be of interest for further studies as they have shown 
to be able to remove antimony from water. The effect and influence of air flow and pH should be 
studied further for ferrous sulphate, while residence time, pH and possibly also regeneration are of 
interest for schwertmannite. One thing that was also noted in the tests with schwertmannite was that 
the levels of arsenic and zinc both decreased, although not as much compared to antimony. The 
potential for treating water containing arsenic might still be there though.  The levels of arsenic in the 
reclaim water were however too low to make certain conclusions based on the current study.  
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Appendix 1 – Review of previous test-work 

This appendix is a review of the methods that have previously been tested on the water at Tara Mines, 
with the purpose of identifying methods that could be of interest for further studies and what 
parameters that might be relevant 

Addition of iron species 
Addition of three different iron species where tested at Tara Mines during December 2009 to January 
2010: ferric chloride (FeCl3), ferrous sulphate (FeSO4) and ferric sulphate (Fe2(SO4)3). No mention has 
been made regarding the pH or control of the pH during the experiments. 

Ferric chloride 
Addition of 0-80 mg/l ferric chloride was done to 1000 ml of water siphoned from a settled sample of 
flotation feed. Samples were taken after 15 minutes and 16 hours of settling time. At the shorter settling 
time, the only significant removal of antimony could be seen at 80 mg/l of ferric chloride, which was a 
removal of 0.2 mg/l (5.3% removal). A larger effect could be seen when the settling time was increased 
to 16 hours, as seen in Figure A1.1. 

 

Figure A1.1. Results of settling tests with 0-80 mg/l ferric chloride at 16 hours settling time [23] 

Table A1.1. Antimony removal with 0-80 mg/l ferric chloride and 16 hours settling time 

FeCl3 (mg/l) Sb (mg/l) Removal (%) 

0 3.8 0 
20 2.7 28.9 
40 1.6 57.9 
80 0.6 84.2 

 
Ferrous sulphate 
Ferrous sulphate was first oxidised during lengthy agitation and aeration. Addition of 0-20 mg/l of 
ferrous sulphate was done to 1000 ml of water siphoned from a settled sample of flotation feed, as well 
as addition of 5 g/l of ferrous sulphate to a slurry of flotation tails. Samples were taken after 10 minutes 
of settling time, but no decrease of the antimony content could be detected.  
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Table A1.2. Antimony removal with 0-20 mg/l ferrous sulphate 

FeSO4 (ml) Cylinder volume FeSO4 (mg/l) Sample Sb (mg/l) 

- Stock water - A 3.3 
0 1000 0 B 3.3 
1 1000 5 C 3.3 
2 1000 10 D 3.1 
4 1000 20 E 3.2 

 
Ferric sulphate 
Ferric sulphate was added in concentrations of 0-150 mg/l to water samples from the flotation tailings 
and reclaim water. Samples were taken for analysis after settling time of 2, 4 and 21 hours. Similar to 
the ferric chloride, a higher reduction of antimony could be seen for higher concentrations of ferric 
sulphate and longer settling times. At 150 mg/l of ferric sulphate and 21 hours of settling time, the 
antimony in the water had been reduced from 1.22 to 0.60 mg/l in the reclaim water, and 2.28 to 1.61 
mg/l in the tailings.  

 

Figure A1.2. Results of settling test with ferric sulphate in flotation tailings [23] 
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Figure A1.3. Results of settling test with ferric sulphate in reclaim water [23] 

Fenton process 
The Fenton process is another option for treating the water at Tara Mines. The method has previously 
been tested on waste water from Boliden Garpenberg, as well as some samples of reclaim water from 
Tara.  

In the Fenton process, ferrous sulphate is added together with hydrogen peroxide to the water and pH 
is adjusted to 3-5. The pH adjustment is commonly done with sulphuric acid and slaked lime. The Fe2+ 
ions will catalyse the formation of hydroxyl radicals from the hydrogen peroxide. The pH adjustment is 
done in order to reduce the amount of iron precipitating as Fe(OH)3, which would cause the Fenton 
process to stop. Within the pH range 3-5, most of the iron will remain as ions and will cycle between 
the Fe2+ and Fe3+ oxidation states while generating hydroxyl radicals. The hydroxyl radicals will oxidise 
any Sb(III) to Sb(V), as well as decomposing thiosulfates into sulphate and organic material will be 
decomposed into water and carbon dioxide. 

The tests showed some promising results, with a 69-85 % reduction of antimony at 40 mg/l addition or 
ferrous sulphate. At additions of ferrous sulphate at 100 mg/l and above the reduction evened out at 
roughly 93%. Similar results could be seen for the water from Tara. Four tests were conducted with 
additions of ferrous sulphate between 50 and 200 mg/l, and a reduction of antimony between 82 and 
96% as result.  

The Fenton process could thus be of interest to study further, possibly also by changing some of the 
reaction parameters such as pH and the time of reaction.  
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Addition of charbone 

Charbone, or bone char, is a charcoal substance produced from the burning of bones .Testing using 
charbone as an adsorbent of antimony were performed in October 2013, with two different methods 
being investigated.  

Agitation followed by settling was tested by adding 1.01 g of charbone to 1000 ml of reclaim water 
which was then agitated for 30 seconds. After agitation the water/charbone mixture was left for settling 
and two samples were taken after 35 minutes and 23 hours 45 minutes, respectively. Analysis showed 
only a very slight decrease of the antimony content. After 35 minutes the antimony content had 
decreased by 6.3%. After 23 hours 45 minutes the decrease was 3.5%, which meant that desorption of 
antimony had occurred.  

The second method tested was filtering 1000 ml of water through a fixed bed of charbone using a 
Buchner funnel. The results were much better compared to the settling tests: the filtration removed 
99.9% of the antimony in the two tests that were made. However, the filtration speed was reported to 
be slow.  

Table A1.3. Summary of tests conducted using charbone as adsorbent [24] 

Test No. Sample name Sb (mg/L) 

- Reclaim water 0.881 
1a Settling test (a) 0.826 
1b Settling test (b) 0.850 
2a Fixed bed test (a) 0.001 
2b Fixed bed test (b) 0.001 

 
Further studies using activated carbon as an adsorbent will be made, and should be expected to exhibit 
similar properties as that of charbone. In the tests using charbone, the filtration gave a much better 
result compared to the settling tests. However, only one ratio of water/charbone was tested for the 
settling tests. In a study made by Navarro [13], antimony adsorption onto activated carbon was studied 
and it was concluded that the ratio of water to activated carbon, as well as the temperature have an 
effect on the antimony adsorption. Testing with different ratios of carbon and water might therefore be 
of interest to study.  

Even though the filtration rate through charbone was reported as slow, it removed almost all of the 
antimony present in the water. Similar to the settling tests, only one sort of bed was tested and all the 
parameters were the same in the two tests conducted. Further studies of parameters such as the flow 
rate and depth of bed could be of interest to see if the efficiency of the method can be improved.  

Addition of Metalsorb FZ 
Metalsorb FZ is a polymer (polyethyleneimine dithiocarbamate) that can act as a flocculant for heavy 
metals such as antimony. Metalsorb was added to water samples in ratios of 200:1 up to 10 000:1. At a 
ratio of 200:1 the reduction of antimony was from 0.90 to 0.02 ppm and 1.11 to 0.16 ppm, respectively, 
in the two tests conducted at that ratio. At a ratio of 2000:1 the antimony content went from 1.14 to 
0.78 and at even higher ratios no reduction could be noted.  

Even if Metalsorb FZ where to be used at a ratio of 2000:1, the method was concluded to not be 
commercially viable due to the high cost involved, as well problems with storage space should it be 
chosen. [25]  

  



 
 

Addition of Bauxsol 
Bauxsol can be described as a mineral cocktail containing among others the minerals hematite, quartz, 
brucite and aragonite. It is produced from aluminium refinery residue (ARR) which in turn is produced 
as a by-product from the Bayer process. The process of producing Bauxsol can be modified in order to 
change the properties of Bauxsol.  

Extensive testing with Bauxsol has been done already. In the first set of tests, water containing 1.7 ppm 
antimony where treated with different water pre-treatments, dose rate, reaction time and Bauxsol 
media types. The results indicated that pre-treatment of iron was necessary in order to reduce the 
antimony content below 1 ppm; only adding Bauxsol did not work. A second series of test were done 
with different pre-treatments of iron. Using a 10-15 minute pre-treatment of zero-valent iron followed 
by 15-30 minute treatment of Bauxsol, the antimony content was reduced to below 0.35 ppm. [4] 

Implementing the method would require a facility containing process tanks, thickening systems 
alternatively a large pond, feeding system and other related equipment.  

Addition of slaked lime 
Slaked lime (Ca(OH)2) was added to 1000 ml samples of reclaim water. It was tested to add the lime 
both as a powder and as a solution which had been previously prepared from the powder, but no 
difference could be seen in using either option.  

It was also tested how the mixing time would affect the antimony reduction. Agitation times from 5 to 
120 minutes were tested, but no apparent effect could be seen. It should be noted though that the 
addition of lime was very small for these test (0.01-0.03 g/L), which could very well be the reason for 
the small effect of agitation times. Further studies at higher additions of lime could therefore be of 
interest. [26]   

 

Figure A1.4. Effect on antimony reduction with lime addition as either a powder or as a solution [26] 

The results from the investigation done at Tara in November 2010 can be seen in Figure A1.4. A higher 
amount of added lime gave a larger reduction of the antimony. The effect of adding lime seemed to 
start to even out at a lime addition of 15 g/L and above, with an antimony reduction of 79.4% at 17 g/L 
lime and 83.0% at 30 g/L lime. The most drastic increase in antimony reduction could be seen at lime 
addition up to roughly 10 g/L. A lime addition of 5 g/l would reduce the amount of antimony by 60%, 
which would be enough if the initial antimony concentration did not exceed 2 ppm. However, the cost 
involved in treating the water with lime, even at 5 g/l, would be too high to make it a viable long term 
solution.  
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Filtration through sand 
Two different kinds of sand filters have been tested so far. In February 2010 a sand filter called 
Dynasand was tested with a water flow rate of 50-60 m3/h. A total of nine tests were done, with 
addition of 0-50 mg/L ferric sulphate in five of those tests. A small reduction of antimony was achieved 
when the dosage of ferric sulphate exceeded 30 mg/l, but not enough to meet the required level of 
antimony in the outlet water.  

Two other tests have also been done in lab scale using a type of sand called “Builder’s sand”. In the 
tests, a column was filled with 300 mm and 1000 mm of sand, respectively, after which reclaim water 
was filtered through. A reduction of antimony from 1.29 to 0.80 mg/l was obtained in the shorter sand 
column, while the longer column gave a reduction from 1.11 to 0.01 mg/l. As the builder’s sand is 
reported to be rather inexpensive compared to the alternatives, this method is of interest for further 
studies. [23] 

The two tests done so far with Builder’s sand indicate that a longer sand column will give a higher 
reduction of antimony. In further studies it should also be investigated the effect of other parameters 
such as flow rate, pH and how much the sand can be loaded with antimony before needing 
replacement.  

Merit 5000 
Merit 5000 is manufactured from liquid furnace cinders which are rapidly cooled in water, followed by 
grinding in a ball furnace to a fine grey powder. It is commonly used as an additive in concrete and is 
also included in some agglomerating agents and filling materials. According to the product 
specification (Table A1.4), Merit 5000 consists of a mixture of several oxide minerals, with CaO and 
SiO2 being the major components.  

Table A1.4. Chemical analysis of Merit 5000 composition by the manufacturer 

Chemical analysis (weight-%) 

Analysis Standard value Max Min 
CaO 31 38 29 
SiO2 34 40 30 
MgO 17 18 10 
Al2O3 13 15 10 
TiO2 2,4   
FeO 0,8   
Mn2O3 0,4   
S2- 1,3 1,6  
SO3 0,25 1,0  
Eq. Na2O 0,9 1,4  

 
Merit 5000 had previously been tested by Johan Hansson, Boliden Mineral AB, in 2012 for removal of 
copper from acidified water from Aitik. In the three tests that were done, 10 g of Merit 5000 was added 
to 200 ml water (40 g/l) with initial pH 4.5 containing 3.6 mg/l of copper. The pH was adjusted to 6.5 
and 5.0 in two of the tests and one was left on its own and stabilized at pH 9.4. After 4 hours, the 
removal of copper was 98.4% at pH 9.4, 93.2% at pH 6.5 and 63.0% at pH 5.0. Based on these results, 
it was suggested that Merit 5000 should be tested for removal of antimony as well. 

  



 
 

Appendix 2 – Modde 9.1 analysis of 23 FF design for ferric 
sulphate 

The design factors for the FF design was the concentration of Fe3+, the pH and the time (counted from 
when the pH had been adjusted). Temperature was also included in the analysis, although set as an 
uncontrolled factor.  

 

Figure A2.1. Design factors for the analysis in Modde 9.1 

In the tests the levels of arsenic, cadmium, copper, chromium, iron, lead, antimony and zinc were 
measured with ICP-MS. However only the iron, antimony and zinc had levels high enough to be useful 
for analysis. For the remaining metals the levels were 0.02 mg/l or lower and even if analysed, the 
variation were too small to yield anything of use.  

 

Figure A2.2. Responses for the analysis in Modde 9.1 

 

Figure A2.3. Histogram for the response of Sbout before (left) and after (right) log-transformation of the data 

The data were for each response transformed if necessary to obtain a distribution as close a possibly to 
that of a normal distribution, as seen in the example for antimony. If the data already had what was 
considered close to a Gaussian shape, or if transforming the data would still result in a histogram as the 
one on the left in Figure A2.3, it was chosen not to transform the data. 

  



 

 

Figure A2.4. Scaled and centred coefficients for Sbout, before (left) and after (right) optimisation with 
respect to R2 and Q2 

For the response Sbout it is seen that with all default coefficients in the model, there are a couple of non-
significant coefficients present as well as the model having a low predictability (Q2). Removing the 
non-significant coefficients which can be seen to be Time, Fe3+*Time and pH*Time a model consisting 
of Fe3+, pH and Fe3+*pH was obtained. This model had good R2 (0.992) and Q2 (0.894) values.  

 

Figure A2.5. Residuals N-plot and Observed vs. predicted for the response Sbout 

The residuals for the optimised models can be seen to position close to a straight line on the diagonal 
which is the ideal situation. This means that the residuals are normal distributed, hence no systematic 
error is present in the model residuals. The observed vs. predicted values for Sbout are also close to a 
straight line on the diagonal, meaning a good predictability as is also illustrated by the Q2 value. 

 

Figure A2.6. Scaled and centred coefficients for Feout, before (left) and after (right) optimisation with 
respect to R2 and Q2 

For the response Feout only the pH is a statistically significant coefficient. Removing the non-
significant coefficients resulted in a model with slightly lower values of R2 and Q2 compared to that for 
the response Sbout, but still what can be considered as a good model.   



 
 

 

Figure A2.7. Residuals N-plot and Observed vs. predicted for the response Feout 

A slight curve in the residual N-plot could indicate that there are unmodeled quadratic relations or 
incorrect transformation of the response. However, changing the transformation as well as 
incorporating quadratic terms in the coefficients did not result in a better model and was therefore left 
out. The observed vs. predicted values are relatively close to a straight line through the diagonal 
although not perfect. The groupings of the data points are explained by the fact that the observed 
values for residual iron in the experiments showed also had a low spread in the results. If one further 
looks at the number corresponding to each group it is seen that each group corresponds to one pH 
level: 4, 6 or 8. 

 

Figure A2.8. Scaled and centred coefficients for Znout, before (left) and after (right) optimisation with 
respect to R2 and Q2 

Similar for Feout, the response for Znout also show pH as the only significant factor and this corresponds 
well to what has been seen in the experiments with ferric sulphate. The zinc levels are only noticeably 
affected once the pH above 7 and would otherwise remain largely the same.   

 

Figure A2.9. Residuals N-plot and Observed vs. predicted for the response Znout 



 

As for Feout there is a very slight curve of the residuals but transforming the response and adding 
quadratic interaction factors did not improve the model. There is also a grouping of the observed vs. 
predicted values but they are still relatively close to a straight line through the diagonal. Same as with 
the response for Feout, the grouping correlate with the three different pH levels used in the FF design. 
This agrees well with the fact that the pH is the only important factor for the residual zinc levels.  

 

Figure A2.10. Model summary for the three responses Sbout, Feout and Znout 

As it has already been seen both the R2 and Q2 values for all the responses are good. The model validity 
for all three responses is also above 0.25, which is the lower limit for a statistically valid model. The 
reproducibility is also relatively good, although somewhat worse for Znout compared to the other two 
responses. 

Overall the results from the data analysis are good and correspond well to what can be seen in the 
results for the experiments with ferric sulphate. For antimony the pH and added amount of Fe3+ are the 
important factors, while for residual iron and zinc the pH is important. 



 
 

Appendix 3 – Data from tests with ferrous and ferric sulphate 

Tests done in Boliden 
The samples from the tests in Boliden were analysed with spectrophotometer [19] 
 
Table A3.1. Tests in Boliden with the Fenton process 

Sample 
Volume 

(ml) 
Fe2+ 

(mg/l) 
H2O2 
(ml) 

H2O2 (mmol) 
Stoch. Addition of 

H2O2 
pHstart 

Sbin 
(mg/l) 

Sbout (mg/l) 
Sb removal 

(%) 

1 100 26.4 1 0.1109 3.17 4.3 1.11 0.68 38.7 

2 100 50.0 1.5 0.1663 2.90 3.6 1.11 0.13 88.3 

3 100 98.2 2.5 0.2772 2.62 3.4 1.11 0.00 100 

 
Table A3.2. Tests in Boliden with Fe2+ and Fe3+ (no Fenton process) 

Sample 
Volume 

(ml) 
Fe2+ 

(mg/l) 
Fe3+ 

(mg/l) 
pH0 pH1h pHFinal 

Sb 
(mg/l) 

1 100 50 0 6.5 5.1 9.7 0.00 

2 100 0 50 3.5 3.1 9.4 0.08 

3 100 25 25 4.0 4.0 9.2 0.00 

 
pH0: pH after addition of ferrous/ferric sulphate 
pH1h: pH after 1 hour of stirring 
pHFinal: pH after adjustment with NaOH 
 
Table A3.3. Tests in Boliden of the pH effect on Sb content 

Sample 
Volume 

(ml) 
Fe2+ 

(mg/l) 
Fe3+ 

(mg/l) 
pH 

Sbin 
(mg/l) 

Sb1 
(mg/l) 

Sb2 
(mg/l) 

1 104 45.9 0.00 6.5 1.01 0.71 0.14 

2 99 0.00 48.1 3.1 1.01 0.13 0.00 

Sbin: antimony content in the reclaim water 
Sb1: antimony content before pH was raised to 9 
Sb2: antimony content after pH was raised to 9 
  



 

Table A3.4. Full factorial design for Fe3+ in Boliden 

Run order 
Volume 

(ml) 
Fe3+ 

(mg/l) 
Time 
(min) 

T 
(ºC) 

pH0 pH1 pH2 pH3 pH4 
Sbin 

(mg/l) 
Sbout 

(mg/l) 
Sb removal 

(%) 

1 505 50.04 10 7.7 7.9 3.3 4.6 4.6 9.1 1.13 0.04 96.5 

2 500 49.97 30 6.9 8.1 3.4 4.9 4.9 8.9 1.13 0.02 98.2 

8 505 49.99 10 18.3 7.6 3.7 4.7 4.8 9 1.13 0.05 95.6 

3 505 50.04 30 18.0 7.7 3.7 4.4 4.4 9.1 1.04 0.07 93.3 

11 510 99.92 11 7.0 7.6 3.4 4.6 4.6 9.1 1.01 0 100.0 

4 500 99.96 30 7.5 7.6 3.5 4.8 4.9 9.3 1.04 0 100.0 

6 500 99.96 10 17.0 7.7 3.4 4.7 4.6 9.6 1.01 0 100.0 

7 510 99.92 30 18.0 7.2 3.2 4.2 4.2 9.4 1.01 0 100.0 

9 500 74.86 20 12.0 7.7 3.5 5.6 5.9 9.4 1.13 0 100.0 

5 500 74.86 20 11.5 7.4 3.5 4.8 4.7 9.2 1.01 0 100.0 

10 500 74.86 20 12.5 7.9 3.5 4.6 4.7 9.2 1.11 0.02 98.2 

 
Table A3.5. Complementary tests to the results in Table A3.4 

Sample 
Volume 

(ml) 
Fe3+ 

(mg/l) 
Time 
(min) 

T 
(ºC) 

pH0 pH1 pH2 pH3 pH4 
Sbin 

(mg/l) 
Sbout 

(mg/l) 
Sb removal 

(%) 

1 500 74.86 20 18.5 7.6 3.3 - 3.3 9.6 1.13 0.02 98.2 

2 500 74.86 20 18.0 7.6 3.3 - 3.3 - 1.14 0.17 85.1 

3 500 74.86 20 18.0 7.6 3.3 - 3.3 8.5 1.14 0.12 89.5 

 
Please note that the pH was not adjusted to pH 4-5 in samples F20-F22, and that the pH was not increased towards the end in F21. Furthermore, the pH 
adjustment in F20 and F22 was done with powdered Ca(OH)2. In F1-F19 the pH adjustment was done with NaOH/H2SO4. 
 
pH0: pH of the reclaim water 
pH1: pH after addition of the ferric sulphate 
pH2: pH after the first adjustment with NaOH 
pH3: pH at the end of the reaction 
pH4: pH after the final adjustment with NaOH  
 
Sbin: antimony content in the reclaim water 
Sbout: antimony content in the water after the reaction 



 
 

Tests done in Tara 
The samples from the tests in Tara were analysed with ICP-OES and ICP-MS for metal contents. As a result, data is also available for metals As, Cd, Cr, Cu, 
Fe, Pb and Zn in addition to Sb. Sulphate and suspended solids (SS) analysis were done according to the laboratory standard method. 
 
Table A3.6. Setup for the Fe3+ additions without pH adjustment 

Sample No. 
Volume 

(ml) 
Fe3+ 

(mg/l) 
pHstart pHstop 

EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0 200 0 6.8 6.8 278 278  20 20 

1 200 5 6.8 6.5 278 260 5 20 20 

2 200 10 6.8 6.0 278 260 5 20 20 

3 200 20 6.8 4.0 278 420 5 20 20 

4 200 30 6.8 3.3 278 526 5 20 20 

5 200 50 7.1 2.9 269 552 5 19 20 

6 200 70 7.1 2.8 254 560 5 19 20 

7 200 90 7.1 2.7 257 566 5 19 20 

8 200 110 7.1 2.7 254 569 5 19 20 

 
Table A3.7. Results for the Fe3+ additions without pH adjustment 

Sample 
No. 

As (mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 

Suspended 
Solids 
(mg/l) 

Sulphate 
(mg/l) 

0 0.010 0.000 0.000 0.019 0.000 0.007 1.083 0.377 25.5 612 

1 0.001 0.000 0.000 0.052 0.034 0.000 0.724 0.332 36.5  

2 0.000 0.000 0.000 0.082 0.074 0.000 0.435 0.376 58.0  

3 0.002 0.000 0.000 0.230 0.373 0.012 0.130 0.427 92.0 650 

4 0.002 0.001 0.001 0.176 5.647 0.034 0.110 0.418 115.5  

5 0.004 0.000 0.001 0.012 45.619 0.074 0.405 0.476 99.0  

6 0.005 0.000 0.002 0.041 77.443 0.076 0.482 0.493 100.0  

7 0.006 0.000 0.002 0.084 114.626 0.075 0.607 0.467 83.0  

8 0.007 0.000 0.002 0.015 151.507 0.078 0.811 0.460 67.0  

 
  



 

Table A3.8. Setup for the Fe3+ additions with pH adjustment 

Sample No. 
Volume 

(ml) 
Fe3+ (mg/l) pHstart pHstop 

EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop (ºC) 

0 200 0 7.3 7.3 210   21 21 

1 200 20 4.0 3.9 210 450 5 21 21 

2 200 20 4.9 5.0 210 330 5 21 21 

3 200 20 5.8 6.0 210 230 5 21 21 

4 200 20 6.9 7.9 210 210 5 21 21 

5 200 20 6.5 6.9 210 250 5 21 21 

0 200 0 7.0 7.0 260   21 21 

6 200 40 3.9 4.2 450 430 5 21 21 

7 200 40 4.8 5.0 330 330 5 21 21 

8 200 40 5.7 6.0 240 230 5 21 21 

9 200 40 6.6 8.1 210 210 5 21 21 

10 200 40 6.0 6.8 230 230 5 21 21 

0 200 0 7.3     20 20 

11 200 60 4.0 4.0 420 420 5 20 20 

12 200 60 4.8 4.9 300 290 5 20 20 

13 200 60 5.7 6.0 250 230 5 20 20 

14 200 60 6.4 7.1 230 210 5 20 20 

15 200 60 7.4 8.8 170 160 5 20 20 

 
  



 
 

Table A3.9. Results for the Fe3+ additions with pH adjustment 

Sample 
No. 

As (mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 
Suspended 

Solids (mg/l) 
Sulphate 

(mg/l) 

0 0.012 0.000 0.000 0.0008 0.001 0.010 1.070 0.314 9.5 567 

1 0.001 0.000 0.000 0.007 0.791 0.034 0.141 0.362 76  

2 0.001 0.000 0.000 0.008 0.067 0.004 0.134 0.336 69.5  

3 0.001 0.000 0.000 0.001 0.162 0.002 0.167 0.296 72 657 

4 0.001 0.000 0.000 0.001 0.002 0.001 0.322 0.007 80  

5 0.001 0.000 0.000 0.001 0.005 0.002 0.259 0.050 82.5  

0 0.017 0.000 0.000 0.004 0.004 0.014 1.092 0.385 16.5 538 

6 0.000 0.000 0.000 0.005 0.549 0.012 0.024 0.354 139  

7 0.000 0.000 0.000 0.002 0.381 0.002 0.026 0.350 143  

8 0.001 0.000 0.000 0.001 0.081 0.001 0.045 0.251 133 684 

9 0.001 0.000 0.000 0.001 0.006 0.001 0.082 0.048 145  

10 0.001 0.000 0.000 0.001 0.002 0.000 0.081 0.015 144.5  

0 0.023 0.000 0.000 0.013 0.005 0.013 1.227 0.315 5.5 558 

11 0.000 0.000 0.000 0.005 0.707 0.007 0.014 0.325 205.5  

12 0.000 0.000 0.000 0.002 0.382 0.002 0.012 0.323 194.5  

13 0.001 0.000 0.000 0.001 0.030 0.001 0.026 0.136 183 807 

14 0.001 0.000 0.000 0.001 0.003 0.000 0.041 0.061 203  

15 0.001 0.000 0.000 0.001 0.002 0.000 0.048 0.012 215.5  

 
 
  



 

Table A3.10. Setup for the full factorial design for Fe3+ in Tara 

Sample No. 
Volume 

(ml) 
Fe3+ (mg/l) pHstart pHstop 

EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart (ºC) Tstop (ºC) 

- 200 0.00 7.6 7.6      

9 202 10.36 7.6 3.99 263 420 1.00 15 17 

7 201 51.28 7.6 3.91 191 422 1.00 15 15 

3 200 10.46 7.6 8.1 212 230 1.08 19 19 

6 200 51.53 7.6 7.9 254 264 1.33 19 19 

4 200 10.46 7.6 4 230 235 10.00 19 19 

5 200 51.53 7.6 4 257 367 10.00 19 19 

11 202 10.36 7.6 7.92 274 263 9.92 16 17 

2 200 51.53 7.6 8.1 211 187 10.33 19 19 

8 198 30.77 7.6 6.1 210 227 5.77 15 16 

1 200 31.15 7.6 5.9 208 183 5.25 15 18 

10 203 30.69 7.6 5.91 210 201 5.42 16 16 

12 200 31.15 7.6 6.1 210   5.48 19 20 

 
  



 
 

Table A3.11. Results for the full factorial design for Fe3+ in Tara 

Sample No. As (mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 

Suspended 
Solids 
(mg/l) 

Sulphate 
(mg/l) 

- 0.014 0.000 0.000 0.005 0.010 0.011 1.067 0.383 51.5 505 

9 0.001 0.000 0.000 0.005 1.197 0.026 0.452 0.403 56  

7 0.000 0.000 0.001 0.009 1.128 0.016 0.018 0.427 175 722 

3 0.000 0.000 0.001 0.003 0.012 0.000 0.621 0.119 66  

6 0.000 0.000 0.000 0.002 0.018 0.000 0.070 0.038 162 626 

4 0.000 0.000 0.001 0.013 0.887 0.025 0.333 0.465 44.5  

5 0.001 0.000 0.001 0.012 0.699 0.014 0.019 0.437 176.5  

11 0.000 0.000 0.000 0.002 0.036 0.000 0.651 0.089 81.5  

2 0.000 0.000 0.000 0.001 0.011 0.000 0.060 0.035 177  

8 0.000 0.000 0.000 0.001 0.027 0.001 0.110 0.110 109  

1 0.000 0.001 0.000 0.001 0.132 0.000 0.078 1.226 106.5  

10 0.000 0.001 0.000 0.001 0.058 0.000 0.105 0.251 116 776 

12 0.002 0.001 0.000 0.007 0.002 0.001 0.120 0.184  655 

 
Table A3.12. Setup for the time series with Fe3+ 

Sample No. 
Volume 

(ml) 
Fe3+ (mg/l) 

Flocculant 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0 1250 0 0 7.8  170  0 21  

1  20 0     0.50   

2   0     1.50   

3   0  6.5   2.00   

4   0  6   5.00  21 

5   0.5  5.6  175 20.00  21 

Samples 0-5 were all taken from the same beaker filled with reclaim water. In addition to the sampling time, an additional 60 seconds was required for 
filtering the sample and transferring to an ICP sample tube.  
  



 

Table A3.13. Results for the time series with Fe3+ 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.018 0.000 0.000 0.024 0.284 0.012 1.143 1.365 587 

1 0.001 0.000 0.000 0.028 0.382 0.004 0.186 0.412   

2 0.001 0.000 0.000 0.026 0.324 0.006 0.171 0.439   

3 0.001 0.000 0.000 0.034 0.327 0.003 0.158 0.371   

4 0.001 0.000 0.000 0.013 0.339 0.004 0.151 0.643   

5 0.000 0.000 0.000 0.003 0.341 0.001 0.118 0.362 657 

 
Table A3.14. Setup for the additions of Fe3+ in combination with flocculant and coagulant 

Sample 
No. 

Volume 
(ml) 

Fe3+ 
(mg/l) 

Flocculant 
(mg/l) 

Coagulant 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Filtration 
time (min) 

Settling 
time 

(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0 200 0 0 0 7.4  250  0 0  15  

1 200 20 0 0 7.4 5.6 250 240 5.08 0.75 32.00 15 16 

2 200 20 0.5 0 7.4 5.9 250 260 5.00 0.72 31.00 16 17 

3 200 20 1 0 7.4 5.8 250 265 5.17 0.67 29.00 16 18 

4 200 20 0.5 5 7.4 5.8 250 260 5.33 0.37 34.00 17 20 

5 200 20 1 5 7.4 5.8 250 260 5.42 0.50 30.00 18 20 

0 200 0 0 0 7.1 7.1 220 220 0   20 20 

6 200 20 5 0 7.1 4.3 220 352 5.00   20 20 

7 200 20 0 10 7.1 4.2 220 340 5.00   20 20 

8 200 20 5 10 7.1 4.4 220  5.00   20 20 

9 200 20 2.5 5 7.1 4.3 220  5.00   20 20 

10 200 20 5 10 7.1 4.4 220 332 5.00   20 20 

11 160 20 2.5 5 7.1 4.1 220  5.00   20 20 

 
Sample 11 were done with 160 ml volume as a result of too small amount of remaining reclaim water. Additions of Fe3+, flocculant and coagulant were 
adjusted accordingly  



 
 

Table A3.15. Results for the additions of Fe3+ in combination with flocculant and coagulant 

Sample 
No. 

As (mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 

Suspended 
Solids 
(mg/l) 

Sulphate 
(mg/l) 

0 0.016 0.000 0.000 0.011 0.011 0.018 1.021 0.672 48 587 

1 0.000 0.000 0.000 0.023 0.290 0.002 0.163 0.666 92  

2 0.000 0.000 0.000 0.014 0.305 0.003 0.173 0.444 88  

3 0.000 0.000 0.000 0.010 0.330 0.003 0.183 0.419 91.5  

4 0.000 0.000 0.000 0.005 0.321 0.003 0.183 0.400 96  

5 0.000 0.000 0.000 0.009 0.320 0.003 0.175 0.585 97.5  

0 0.016 0.000 0.000 0.019 0.000 0.008 1.133 0.348 24.5 612 

6 0.004 0.000 0.000 0.152 0.269 0.012 0.145 0.404 87 668 

7 0.005 0.000 0.000 0.214 0.280 0.012 0.122 0.393 81.5 663 

8 0.006 0.000 0.000 0.142 0.271 0.013 0.136 0.383 88.5  

9 0.002 0.000 0.000 0.102 0.282 0.014 0.127 0.378 90  

10 0.003 0.000 0.000 0.110 0.266 0.015 0.138 0.367 86 673 

11 0.003 0.000 0.000 0.096 0.338 0.022 0.134 0.397 75  

 
  



 

Table A3.16. Setup for the additions of Fe3+ with pH adjustment by NaOH, Ca(OH)2 or CaCO3 

Sample 
No. 

Volume 
(ml) 

Fe3+ 
(mg/l) 

NaOH 
(ml) 

CaCO3 
(ml) 

Ca(OH)2 
(ml) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0 200 0 - - - 6.9 6.9 210 210 0 19 19 

1 200 30 - 1 - 6.9 4.7 210 250 5 19 19 

2 200 30 0.5 - - 6.9 5.9 210 250 5 19 19 

3 200 70 - 6 - 6.9 4.8 210 215 5 19 19 

4 200 70 1.2 - - 6.9 4.8 210 230 5 19 19 

0 200 0 - - - 6.9 6.9 211 210 5 19 19 

5 200 30 - - 1.15 6.9 4.7 211 310 5 19 19 

6 200 70 - - 4.8 6.9 5 211 260 5 19 19 

 
NaOH was added as 0.625 M liquid solution. Ca(OH)2 and CaCO3 were both added as a 10 g/l slurry.   
 
Table A3.17. Results for the additions of Fe3+ with pH adjustment by NaOH, Ca(OH)2 or CaCO3 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Suspended 
Solids 
(mg/l) 

Sulphate 
(mg/l) 

0 0.021 0.000 0.000 0.094 0.011 0.006 1.146 0.516 11 612 

1 0.007 0.000 0.000 0.173 0.273 0.003 0.062 0.455 116   

2 0.002 0.000 0.000 0.093 0.073 0.000 0.088 0.331 101   

3 0.000 0.001 0.000 0.143 0.251 0.000 0.017 0.391 252 819 

4 0.000 0.000 0.000 0.104 0.345 0.002 0.018 0.488 255 814 

0 0.006 0.000 0.000 0.026 0.015 0.018 1.137 0.426 7   

5 0.000 0.000 0.000 0.177 0.257 0.006 0.055 0.535 102   

6 0.000 0.001 0.000 0.121 0.326 0.001 0.016 0.408 225 829 



 
 

 

Appendix 4 – Data from tests with ferrous sulphate in a lab 
flotation cell 

Table A4.1. Setup for 30 mg/l Fe2+ in a lab flotation cell 

Sample 
No. 

Volume 
(ml) 

Fe2+ 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0   6.1  246   18  

1 1505 30 5.0 4.9 213 213 0 18  
2    4.9  215 5   
3    5.1  199 10   
4    5.1  199 20   
5    5.2  198 30  18.5 
6    5.1  197 45  18.5 
7    5.1  197 60  18.5 

This setup and results are from a first preliminary test using a stock solution of 10 g/l FeSO4 ∙ 1H2O 
(ferrous sulphate monohydrate).  

Table A4.2. Results for 30 mg/l Fe2+ in a lab flotation cell 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.027 0.000 0.000 0.032 0.013 0.015 1.445 0.611 562 

1 0.005 0.002 0.000 0.060 26.930 0.018 1.406 4.336  
2 0.004 0.002 0.000 0.149 26.650 0.030 1.356 0.495  
3 0.002 0.002 0.000 0.064 26.570 0.024 1.351 1.195  
4 0.000 0.002 0.000 0.057 26.290 0.019 1.280 0.430  
5 0.000 0.002 0.000 0.052 25.950 0.025 1.260 1.085  
6 0.003 0.002 0.000 0.044 26.520 0.021 1.230 0.415  
7 0.002 0.002 0.000 0.038 26.130 0.015 1.228 0.927 685 

 
Table A4.3. Setup for 30 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

Volume 
(ml) 

Fe2+ 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0   7.0  219   18.5  
1 1515 30 6.5 6.5 11 11 0 18.5  
2    6.4  7 5   
3    6.4  14 10   
4    6.5  28 20   
5    6.5  47 30   
6    6.7  95 45   

7    7.1  169 60  19 

In this and the remaining data from this appendix, the tests were done using a stock solution of 10 g/l 
FeSO4 ∙ 7H2O (ferrous sulphate heptahydrate).  
 
  



 

Table A4.4. Results for 30 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.018 0.000 0.000 0.043 0.317 0.014 1.212 0.521 595 
1 0.000 0.001 0.000 0.019 20.270 0.008 1.041 1.389  
2 0.003 0.001 0.000 0.014 17.53 0.008 0.921 0.402  
3 0.000 0.001 0.000 0.01 10.958 0.008 0.822 0.387  
4 0.000 0.001 0.000 0.007 5.268 0.004 0.668 0.226  
5 0.003 0.001 0.000 0.006 2.007 0.01 0.575 0.306  
6 0.001 0.000 0.000 0.003 0.134 0.003 0.523 0.096  

7 0.000 0.001 0.000 0.004 0.045 0.003 0.505 0.234 586 

 
Table A4.5. Setup for 30 mg/l Fe2+ in a lab flotation cell at pH 8 

Sample 
No. 

Volume 
(ml) 

Fe2+ 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0   6.1  266   18  
1 1500 30 8.0 7.8 201 204 0 18  
2    7.9  250 5   
3    7.9  257 10   
4    7.9  292 20   
5    7.9  305 30   
6    7.8  317 45   

7    7.9  323 60  19 

 
Table A4.6. Results for 30 mg/l Fe2+ in a lab flotation cell at pH 8 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.019 0.001 0.000 0.012 0.013 0.014 1.375 0.361 619 
1 0.003 0.000 0.000 0.055 1.433 0.007 0.63 0.036  
2 0.000 0.000 0.000 0.002 0.041 0.001 0.768 1.103  
3 0.003 0.000 0.000 0.003 0.021 0.003 0.756 0.053  
4 0.001 0.000 0.000 0.004 0.044 0.004 0.712 0.074  
5 0.000 0.000 0.000 0.002 0.008 0.000 0.744 0.014  
6 0.000 0.000 0.000 0.002 0.010 0.000 0.741 0.036  

7 0.000 0.000 0.000 0.002 0.011 0.001 0.742 0.037 683 

 

  



 
 

Table A4.7. Setup for 50 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

Volume 
(ml) 

Fe2+ 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0   8.1     20  
1 1500 50 6.3 6.3 5 5 0 20  
2    6.3  13 5   
3    6.3  22 10   
4    6.3  42 20  20 
5    6.5  68 30   
6    6.8  116 45   

7    7.0  153 60  21 

 

Table A4.8. Results for 50 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.011 0.000 0.000 0.014 29.620 0.005 0.734 0.344 720 

1 0.007 0.003 0.000 0.029 19.610 0.020 0.556 0.333  

2 0.001 0.001 0.000 0.018 12.8 0.020 0.418 0.521  

3 0.002 0.002 0.000 0.02 3.274 0.041 0.319 0.276  

4 0.001 0.001 0.001 0.009 0.981 0.033 0.188 0.169  

5 0.003 0.000 0.000 0.005 0.11 0.014 0.168 0.121  

6 0.001 0.000 0.000 0.006 0.028 0.024 0.156 0.113  

7 0.001 0.000 0.000 0.004 0.012 0.006 0.148 0.054 789 

 
Table A4.9. Setup for 10 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

Volume 
(ml) 

Fe2+ 
(mg/l) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

Time 
(min) 

Tstart 
(ºC) 

Tstop 
(ºC) 

0   7.9  170   18  
1 1500 10  6.6 -100 35 0 18  
2    6.8  8 5.5   
3    7.0  8 10   
4    7.6  83 20   
5    7.7  100 30   
6    7.7  115 45   

7    7.7  126 60  18 

 
Table A4.10. Results for 10 mg/l Fe2+ in a lab flotation cell at pH 6.5 

Sample 
No. 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

Sulphate 
(mg/l) 

0 0.011 0.000 0.000 0.003 0.000 0.003 0.680 0.064 759 
1 0.005 0.001 0.000 0.043 3.944 0.006 0.622 0.356  
2 0.006 0.001 0.000 0.023 1.492 0.006 0.59 0.279  
3 0.004 0.001 0.000 0.014 0.288 0.005 0.57 0.206  
4 0.003 0.000 0.001 0.008 0.027 0.005 0.565 0.119  
5 0.003 0.000 0.000 0.006 0.011 0.004 0.562 0.076  
6 0.004 0.000 0.000 0.008 0.012 0.004 0.557 0.105  

7 0.001 0.000 0.000 0.002 0.001 0.000 0.577 0.02 760 

  



 

Appendix 5 – Data from tests with active carbon 

Table A5.1. Time series tests (0-24h) done with active carbon in Boliden 

Test 
Active 
carbon 

(g/l) 
Volume (ml) Time (h) pH Sb (mg/l) 

Sb 
removal 

(%) 

1 0.5 200 0 7.0 1.11  

   0.5  1.07 3.6 

   2  1.10 0.9 

   3.5  1.00 9.9 

   5  1.01 9.0 

   7  1.01 9.0 

   24 7.0 1.05 5.4 

2 1 200 0 7.0 1.11  

   0.5  1.06 4.5 

   2  1.03 7.2 

   3.5  1.02 8.1 

   5  1.02 8.1 

   7  0.98 11.7 

   24 6.9 1.03 7.2 

3 5 200 0 7.0 1.11  

   0.5  1.05 5.4 

   2  1.00 9.9 

   3.5  0.99 10.8 

   5  0.98 11.7 

   7  0.97 12.6 

   24 8.0 1.01 9.0 

4 10 200 0 7.0 1.11  

   0.5  0.97 12.6 

   2  0.94 15.3 

   3.5  0.93 16.2 

   5  0.97 12.6 

   7  0.95 14.4 

   24 9.0 1.01 9.0 

5 20 200 0 7.0 1.11  

   0.5  0.99 10.8 

   2  0.92 17.1 

   3.5  0.89 19.8 

   5  0.90 18.9 

   7  0.90 18.9 

   24 9.3 1.00 9.9 

 
 
 
  



 
 

Table A5.2. Setup for the tests with active carbon in Tara 

Series 
Active carbon 

(g/l) 
Volume 

(ml) 

Active 
carbon 

(g) 
pHstart pHstop 

EH,start 
(mV) 

EH,stop 
(mV) 

T 
(ºC) 

1 0 200  4.0    19 

10 200 2.04 4.0 3.6-4.2  196 19 

25 200 5.06 4.0 3.6-4.3  181 19 

50 198 10.06 4.0 3.8-4.4  176 19 

75 198 15.23 4.0 3.6-4.4  181 19 

2 0 250  4.0  359  19 

10 251 2.52 4.0 5.5 359 295 19 

25 250 6.26 4.0 5.8 359 278 19 

50 250 12.50 4.0 6.2 359 239 19 

75 250 18.76 4.0 6.8 359 176 19 

100 250 25.02 4.0 8.4 359 138 19 

3 0 250  7.1  210  19 

10 250 2.58 7.1 9.1 210 166 19 

25 250 6.31 7.1 9.3 210 145 19 

50 250 12.53 7.1 9.7 210 121 19 

75 250 18.76 7.1 9.7 210 113 19 

100 250 25.20 7.1 9.9 210 109 19 

 
Table A5.3. Results for the tests with active carbon in Tara 

Series 
AC 

(g/l) 
As 

(mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 
𝐒𝐎𝟒

𝟐− 
(mg/l) 

1 0 0.013 0.000 0.001 0.001 0.008 0.011 1.227 0.490 574 

10 0.027 0.000 0.003 0.003 0.120 0.042 1.190 0.518  

25 0.022 0.000 0.002 0.003 0.029 0.008 1.222 0.509  

50 0.021 0.000 0.002 0.001 0.031 0.004 1.074 0.413  

75 0.015 0.000 0.001 0.006 0.185 0.017 1.122 0.482  

2 0 0.033 0.000 0.000 0.012 0.079 0.041 1.099 0.481 656 

10 0.022 0.000 0.000 0.006 0.034 0.013 1.046 0.373  

25 0.020 0.001 0.000 0.002 0.012 0.004 0.999 0.311  

50 0.018 0.001 0.000 0.003 0.017 0.002 0.962 0.604  

75 0.017 0.000 0.000 0.001 0.034 0.000 0.916 0.099  

100 0.016 0.000 0.000 0.001 0.005 0.000 0.868 0.029 552 

3 0 0.016 0.000 0.000 0.001 0.004 0.024 1.098 0.353 561 

10 0.013 0.000 0.000 0.003 0.014 0.003 0.938 0.372  

25 0.014 0.001 0.000 0.002 0.008 0.004 0.978 0.160  

50 0.013 0.000 0.000 0.002 0.006 0.001 0.967 0.079  

75 0.011 0.000 0.000 0.001 0.007 0.001 0.943 0.057  

100 0.011 0.000 0.000 0.001 0.005 0.001 0.894 0.048 501 

  



 

Appendix 6 – Data from tests with builder’s sand 

Table A6.1. Setup for the tests with builder’s sand in Tara 

Series 
Builder’s 
sand (g/l) 

Volume 
(ml) 

Builder’s 
sand (g) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

T 
(ºC) 

1 0 200 2.03 4.0  168 168 19 

10 200 5.04 4.0 3.6-4.4 168 239 19 

25 204 10 4.0 3.8-4.2 168 270 19 

50 203 15.07 4.0 3.6-4.4 168 248 19 

75 200 20.04 4.0 3.7-4.4 168 278 19 

2 0 200  4.0  230 213 21 

10 250 2.56 3.9 6.0 230 213 21 

25 250 6.24 3.9 6.1 230 212 21 

50 250 12.49 4.0 6.2 230 210 21 

75 250 18.8 4.0 6.0 230 201 21 

100 250 25 4.0 6.4 230 167 21 

3 0 250  6.9  231 231 21 

10 250 2.5 6.9 7.1 231 210 21 

25 250 6.26 6.9 7.2 231 208 21 

50 250 12.52 6.9 7.5 231 207 21 

75 250 18.77 6.9 7.3 231 209 21 

100 250 25.02 6.9 7.3 231 206 21 

 

Table A6.2. Results for the tests with builder’s sand in Tara 

Series 
Bu. S 
(g/l) 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

𝐒𝐎𝟒
𝟐− 

(mg/l) 

1 0 0.010 0.001 0.002 0.004 0.008 0.011 1.214 0.481 574 

10 0.004 0.003 0.002 0.012 0.059 0.036 1.047 0.452  

25 0.001 0.006 0.002 0.003 0.069 0.073 0.974 0.440  

50 0.005 0.011 0.003 0.007 0.077 0.078 0.853 0.442  

75 0.007 0.017 0.004 0.004 0.136 0.361 0.833 0.487  

2 0 0.018 0.001 0.000 0.018 0.008 0.012 1.128 0.240 699 

10 0.012 0.001 0.000 0.004 0.003 0.004 1.046 0.323  

25 0.007 0.001 0.000 0.003 0.007 0.004 1.020 0.095  

50 0.004 0.001 0.000 0.002 0.013 0.003 1.048 0.042  

75 0.004 0.000 0.000 0.003 0.017 0.004 0.983 0.209  

100 0.004 0.000 0.000 0.001 0.011 0.002 0.948 0.038 642 

3 0 0.020 0.000 0.000 0.004 0.004 0.008 1.130 0.303 572 

10 0.012 0.001 0.000 0.003 0.021 0.002 1.086 0.176  

25 0.009 0.000 0.000 0.003 0.017 0.003 1.071 0.100  

50 0.006 0.000 0.000 0.003 0.002 0.003 1.036 0.050  

75 0.006 0.000 0.000 0.005 0.012 0.003 1.049 0.099  

100 0.004 0.000 0.000 0.002 0.014 0.002 0.988 0.063 576 

 
 

  



 
 

Appendix 7 – Data from tests with backfill sand 

Table A7.1. Setup for the tests with backfill sand in Tara 

Series 
Backfill sand 

(g/l) 
Volume 

(ml) 
Backfill 
sand (g) 

pHstart pHstop 
EH,start 
(mV) 

EH,stop 
(mV) 

T 
(ºC) 

1 0 200  6.79  168  19 

10 200 2.12 4.0 3.8-4.3 168 199 19 

25 200 5.08 4.0 3.8-4.3 168 187 19 

50 200 10.23 4.0 3.7-4.2 168 154 19 

75 200 14.98 4.0 3.9-4.4 168 123 19 

2 0 250  4.0  254  19 

10 250 2.52 4.0 6.2 254 183 19 

25 250 6.26 4.0 6.3 254 199 19 

50 250 12.56 4.0 6.5 254 198 19 

75 250 18.75 4.0 6.6 254 195 19 

100 250 25.33 4.0 7.0 254 192 19 

3 0 250  7.1  231  19 

10 248 2.49 7.1 6.6 231 227 19 

25 250 6.25 7.1 7.0 231 212 19 

50 250 12.5 7.1 7.1 231 205 19 

75 250 18.77 7.1 7.3 231 194 19 

100 250 25.27 7.1 7.4 231 190 19 

 
Table A7.2. Results for the tests with backfill sand in Tara 

Series 
Ba. S 
(g/l) 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

𝐒𝐎𝟒
𝟐− 

(mg/l) 

1 0 0.020 0.000 0.001 0.005 0.013 0.014 1.153 0.479 574 

10 0.044 0.003 0.004 0.017 2.293 0.615 1.041 0.921  

25 0.077 0.003 0.005 0.020 4.636 1.315 1.058 1.568  

50 0.154 0.007 0.006 0.026 8.076 2.162 1.106 2.639  

75 0.195 0.008 0.010 0.021 10.052 2.282 1.190 3.178  

2 0 0.027 0.000 0.000 0.001 0.012 0.036 1.406 0.330 699 

10 0.023 0.001 0.000 0.001 0.022 0.081 1.301 0.488  

25 0.027 0.002 0.000 0.002 0.009 0.146 1.294 0.715  

50 0.031 0.002 0.001 0.003 0.005 0.143 1.233 0.767  

75 0.036 0.002 0.000 0.004 0.004 0.127 1.228 0.807  

100 0.042 0.002 0.000 0.004 0.005 0.141 1.211 0.703 682 

3 0 0.033 0.000 0.000 0.015 0.008 0.030 1.262 0.297 572 

10 0.027 0.001 0.000 0.007 0.003 0.040 1.152 0.259  

25 0.028 0.001 0.000 0.006 0.011 0.075 1.144 0.328  

50 0.029 0.001 0.000 0.005 0.004 0.060 1.112 0.265  

75 0.028 0.001 0.000 0.005 0.004 0.068 1.112 0.253  

100 0.030 0.001 0.000 0.004 0.004 0.065 1.014 0.207 571 

 

  



 

Appendix 8 – Data from tests with schwertmannite 

Table A8.1. Setup for the tests with schwertmannite 

Series 
Schwert-

mannite (g/l) 
Volume 

(ml) 
Schwert-

mannite (g) 
pHstart pHstop 

EH,start 
(mV) 

EH,stop 
(mV) 

T 
(ºC) 

1 0 250  3.9  335  19 

10 250 2.6 3.9 3.82 335 418 19 

25 250 6.24 3.9 3.66 335 396 19 

50 248 12.71 3.9 3.42 335 418 19 

75 250 18.89 3.9 3.37 335 417 19 

 100 253 25.18 3.9 3.37 335 408 19 

2 0 250  7. 6  216   

10 248 2.5 7. 6 6.97 229 220 19 

25 250 6.28 7. 6 4.31 229 380 19 

50 250 12.49 7. 6 4.8 229 298 19 

75 250 18.82 7. 6 4.4 229 328 19 

100 248 25.17 7. 6 3.74 229 395 19 

3 0 200  7.4  201   

10 200 2.02 7.4 6.8-7.2 201 150 19 

25 202 5.07 7.4 6.8-7.3 201 129 19 

50 199 9.99 7.4 6.8-7.3 201 150 19 

75 200 14.98 7.4 6.7-7.3 201 185 19 

 
Table A8.2. Results for the tests with schwertmannite 

Series 
Schw 
(g/l) 

As 
(mg/l) 

Cd 
(mg/l) 

Cr 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Pb 
(mg/l) 

Sb 
(mg/l) 

Zn 
(mg/l) 

𝐒𝐎𝟒
𝟐− 

(mg/l) 

1 0 0.019 0.000 0.000 0.029 0.074 0.026 1.224 0.555 703 

10 0.011 0.000 0.001 0.021 0.083 0.009 0.676 0.503  

25 0.007 0.000 0.001 0.019 0.253 0.007 0.407 0.490  

50 0.004 0.000 0.000 0.016 0.540 0.008 0.178 0.527  

75 0.003 0.000 0.000 0.013 0.705 0.005 0.119 0.499  

 100 0.001 0.001 0.000 0.013 1.155 0.008 0.092 0.600 608 

2 0 0.030 0.000 0.002 0.002 0.013 0.012 1.279 0.546 612 

10 0.012 0.000 0.001 0.001 0.040 0.002 0.733 0.391  

25 0.009 0.000 0.002 0.001 0.156 0.003 0.359 0.381  

50 0.007 0.000 0.001 0.001 0.393 0.005 0.148 0.457  

75 0.005 0.000 0.001 0.002 0.653 0.004 0.107 0.503  

100 0.004 0.000 0.001 0.002 1.109 0.004 0.090 0.490 594 

3 0 0.022 0.000 0.000 0.007 0.004 0.004 0.632 0.315  

10 0.008 0.000 0.000 0.004 0.024 0.004 0.208 0.118  

25 0.004 0.000 0.000 0.004 0.015 0.003 0.130 0.052  

50 0.006 0.000 0.000 0.002 0.007 0.002 0.035 0.008  

75 0.005 0.000 0.000 0.003 0.005 0.002 0.029 0.014  



 
 

Table A8.3. Samples 1-18 for Series 1 of schwertmannite column test (5 min residence time) 

Sample 
Expanded bed 

height (cm) 
Expanded bed 

volume (l) 
Outlet flow 

(l/min) 
Outlet 

pH 
Outlet EH 

(mV) 

Bed 
residence 

time (min) 

Water through bed 
(l) 

Eq. Bed 
volume 

0    6.6 188  0 0 

1 37.0 5.30 0.74 4.4 382 7.16 13.60 2.55 

2 37.0 5.30 0.72 3.9 405 7.36 20.80 3.90 

3 37.0 5.30 0.72 3.7 421 7.36 28.00 5.24 

4 37.0 5.30 1.08 3.6 417 4.90 38.80 7.27 

5 37.0 5.30 1.07 3.5 447 4.95 54.85 10.27 

6 37.6 5.38 1.06 3.6 448 5.08 70.75 13.25 

7 37.6 5.38 1.03 3.5 449 5.23 86.20 16.14 

8 37.6 5.38 1.02 3.6 450 5.28 101.50 19.01 

9 37.5 5.37 1.08 3.6 445 4.97 133.90 25.08 

10 37.4 5.35 1.08 3.7 473 4.96 166.30 31.15 

11 37.4 5.35 1.08 3.6 460 4.96 198.70 37.22 

12 37.4 5.35 1.06 3.7 435 5.05 262.30 49.13 

13 37.4 5.35 1.03 3.8  5.20 324.10 60.70 

Blank 
14-18 

34.0 4.87 0 6.6 162 4.42 324.10 60.70 

14 34.0 4.87 1.10 4.6 350 4.42 434.10 83.31 

15 34.0 4.87 0.80 5.3 303 6.08 914.10 181.93 

16 34.0 4.87 0.80 5.4 293 6.08 1106.10 221.39 

17 34.0 4.87 0.80 5.6 242 6.08 1118.10 223.85 

18 34.0 4.87 0.80 5.4 291 6.08 1118.10 223.85 

 
  



 

Table A8.4. Samples 19-39 for Series 1 of schwertmannite column test (5 min residence time) 

Sample 
Expanded bed 

height (cm) 
Expanded bed 

volume (l) 
Outlet flow 

(l/min) 
Outlet 

pH 
Outlet EH 

(mV) 

Bed 
residence 

time (min) 

Water through bed 
(l) 

Eq. Bed 
volume 

Blank 
19-20 

38.0 5.44 1.10 6.8 196 4.94 1118.10 223.85 

19 38.0 5.44 1.10 5.8 207 4.94 1118.10 223.85 

20 37.5 5.37 0.90 5.7 215 5.96 1145.10 228.88 

21 37.5 5.37 0.90 5.7 216 5.96 1172.10 233.90 

22 37.5 5.37 1.12 5.8 218 4.79 1256.10 249.53 

23 37.5 5.37 1.12 5.9 210 4.79 1306.50 258.91 

24 37.5 5.37 1.12 6 206 4.79 1373.70 271.42 

25 37.4 5.35 1.10 6.2 228 4.87 1439.70 283.70 

26 37.4 5.35 1.10 6.3 231 4.87 1505.70 295.98 

27 37.4 5.35 1.10 6.5 234 4.87 1571.70 308.26 

28 37.4 5.35 1.10 6.6 234 4.87 2110.70 408.57 

29 37.4 5.35 1.10 6.6 236 4.87 2116.20 409.59 

Blank 
30-39 

34.5 4.94 1.14 6.9 165 4.33 2116.20 409.59 

30 34.5 4.94 1.135 6.6 169 4.35 2116.20 409.59 

31 34.0 4.87 1.12 6.6 166 4.35 2183.40 423.36 

32 34.0 4.87 1.10 6.5 168 4.42 2216.40 430.12 

33 34.0 4.87 1.10 6.6 168 4.42 2326.40 452.67 

34 34.0 4.87 1.10 6.8 166 4.42 2381.40 463.94 

35 34.0 4.87 1.10 6.7 168 4.42 2463.90 480.84 

36 34.0 4.87 1.10 6.7 172 4.42 2518.90 492.12 

37 34.0 4.87 1.10 6.5 171 4.42 2562.90 501.13 

38 34.0 4.87 1.08 6.6 161 4.51 2627.70 514.41 

39 34.0 4.87 1.08 6.5 168 4.51 2692.50 527.69 

 
  



 
 

Table A8.5. Samples 40-60 for Series 1 of schwertmannite column test (5 min residence time) 

Sample 
Expanded bed 

height (cm) 
Expanded bed 

volume (l) 
Outlet flow 

(l/min) 
Outlet 

pH 
Outlet EH 

(mV) 

Bed 
residence 

time (min) 

Water through bed 
(l) 

Eq. Bed 
volume 

Blank 
40-51 

34.0 4.87 1.20 7.5 191 4.06 2992.50 589.59 

40 34.0 4.87 1.28 7.1 159 3.80 2992.50 589.59 

41 34.0 4.87 0.98 6.7 169 4.97 3051.30 601.72 

42 34.0 4.87 0.96 6.7 166 5.07 3123.30 616.57 

43 33.8 4.84 1.02 6.6 180 4.74 3174.30 627.10 

44 33.8 4.84 1.02 6.6 158 4.74 3245.70 641.83 

45 33.8 4.84 1.02 6.7 164 4.74 3306.90 654.45 

46 33.8 4.84 1.18 6.7 166 4.10 3377.70 669.06 

47 33.8 4.84 1.18 6.7 164 4.10 3448.50 683.67 

48 33.8 4.84 1.17 6.7 158 4.14 3518.70 698.15 

49 33.8 4.84 1.16 6.8 158 4.17 3588.30 712.51 

50 33.8 4.84 1.16 6.9 156 4.17 3657.90 726.87 

51 33.8 4.84 1.14 6.8 163 4.24 4200.00 838.72 

Blank 
52-60 

33.8 4.84 1.12 7.2 149 4.32 4200.00 838.72 

52 33.8 4.84 1.12 7.1 153 4.32 4267.20 852.61 

53 33.8 4.84 1.12 7.0 184 4.32 4334.40 866.50 

54 33.8 4.84 1.10 7.0 183 4.40 4400.40 880.14 

55 33.8 4.84 1.10 7.0 176 4.40 4477.40 896.05 

56 33.8 4.84 1.10 7.0 177 4.40 4537.90 908.56 

57 33.8 4.84 1.10 6.9 206 4.40 4609.40 923.34 

58 33.8 4.84 1.10 6.8 209 4.40 4686.40 939.25 

59 33.8 4.84 1.10 7.1 203 4.40 5136.40 1032.26 

60 33.7 4.82 1.10 6.9 199 4.39 5186.40 1042.60 

 
  



 

Table A8.6. Results for samples 1-18 for Series 1 of schwertmannite column test (5 min residence time) 

Sample As (mg/l) Cd (mg/l) Cr (mg/l) Cu (mg/l) Fe (mg/l) Pb (mg/l) Sb (mg/l) Zn (mg/l) 

0 0.017 0.000 0.000 0.001 0.035 0.002 1.499 0.505 

1 0.001 0.001 0.000 0.002 4.804 0.005 0.033 0.283 

2 0.004 0.001 0.000 0.002 3.426 0.007 0.018 0.258 

3 0.002 0.001 0.000 0.002 2.563 0.004 0.012 0.292 

4 0.001 0.001 0.000 0.001 1.200 0.004 0.012 0.264 

5 0.003 0.001 0.000 0.003 0.555 0.005 0.010 0.273 

6 0.000 0.000 0.000 0.002 0.342 0.006 0.014 0.255 

7 0.003 0.001 0.000 0.001 0.318 0.004 0.012 0.208 

8 0.004 0.001 0.000 0.005 0.246 0.014 0.019 0.263 

9 0.001 0.000 0.000 0.004 0.178 0.015 0.015 0.224 

10 0.003 0.000 0.000 0.003 0.167 0.000 0.018 0.212 

11 0.001 0.001 0.000 0.002 0.133 0.000 0.019 0.196 

12 0.004 0.000 0.000 0.002 0.097 0.004 0.021 0.186 

13 0.001 0.000 0.000 0.002 0.085 0.007 0.027 0.155 

Blank 
14-18 

0.025 0.000 0.000 0.014 0.015 0.019 1.302 0.345 

14 0.001 0.000 0.000 0.063 0.092 0.019 0.020 0.251 

15 0.001 0.000 0.000 0.007 0.047 0.023 0.043 0.136 

16 0.001 0.000 0.000 0.009 0.042 0.020 0.042 0.189 

17 0.001 0.000 0.000 0.005 0.049 0.016 0.047 0.100 

18 0.001 0.000 0.000 0.004 0.031 0.030 0.106 0.125 

 
  



 
 

Table A8.7. Results for samples 19-39 for Series 1 of schwertmannite column test (5 min residence time) 

Sample As (mg/l) Cd (mg/l) Cr (mg/l) Cu (mg/l) Fe (mg/l) Pb (mg/l) Sb (mg/l) Zn (mg/l) 

Blank 
19-20 

0.009 0.000 0.000 0.004 0.032 0.007 1.117 0.404 

19 0.000 0.000 0.000 0.002 0.130 0.004 0.047 0.285 

20 0.000 0.000 0.000 0.003 0.105 0.007 0.026 0.141 

21 0.000 0.000 0.000 0.002 0.088 0.030 0.027 0.106 

22 0.009 0.000 0.000 0.003 0.029 0.004 0.046 0.110 

23 0.000 0.000 0.000 0.002 0.045 0.005 0.049 0.084 

24 0.000 0.000 0.000 0.003 0.032 0.002 0.062 0.078 

25 0.000 0.000 0.000 0.002 0.034 0.002 0.061 0.055 

26 0.000 0.000 0.000 0.002 0.018 0.004 0.080 0.105 

27 0.000 0.000 0.000 0.002 0.017 0.007 0.091 0.057 

28 0.000 0.000 0.000 0.002 0.010 0.005 0.142 0.223 

29 0.000 0.000 0.000 0.002 0.009 0.002 0.137 0.050 

Blank 
30-39 

0.027 0.000 0.000 0.003 0.031 0.006 0.839 0.179 

30 0.004 0.000 0.000 0.002 0.011 0.004 0.101 0.067 

31 0.003 0.000 0.000 0.002 0.017 0.002 0.075 0.093 

32 0.003 0.000 0.000 0.002 0.007 0.004 0.085 0.062 

33 0.002 0.000 0.000 0.001 0.008 0.003 0.097 0.046 

34 0.003 0.000 0.000 0.003 0.003 0.013 0.103 0.060 

35 0.008 0.000 0.000 0.003 0.002 0.013 0.125 0.056 

36 0.006 0.000 0.000 0.002 0.002 0.008 0.132 0.050 

37 0.005 0.000 0.000 0.002 0.002 0.007 0.140 0.044 

38 0.004 0.000 0.000 0.002 0.002 0.007 0.141 0.038 

39 0.002 0.000 0.000 0.002 0.002 0.007 0.137 0.037 

 
  



 

Table A8.8. Results for samples 40-60 for Series 1 of schwertmannite column test (5 min residence time) 

Sample As (mg/l) Cd (mg/l) Cr (mg/l) Cu (mg/l) Fe (mg/l) Pb (mg/l) Sb (mg/l) Zn (mg/l) 

Blank 
40-51 

0.020 0.000 0.000 0.003 0.003 0.004 0.722 0.367 

40 0.007 0.000 0.000 0.002 0.002 0.008 0.138 0.091 

41 0.006 0.000 0.000 0.001 0.016 0.000 0.072 0.040 

42 0.006 0.000 0.000 0.001 0.011 0.000 0.086 0.063 

43 0.005 0.000 0.000 0.001 0.008 0.004 0.095 0.074 

44 0.003 0.000 0.000 0.001 0.004 0.002 0.105 0.042 

45 0.003 0.000 0.000 0.002 0.003 0.002 0.116 0.035 

46 0.002 0.000 0.000 0.001 0.005 0.002 0.104 0.036 

47 0.002 0.000 0.000 0.001 0.004 0.002 0.119 0.029 

48 0.002 0.000 0.000 0.001 0.002 0.001 0.133 0.034 

49 0.006 0.000 0.000 0.001 0.002 0.002 0.141 0.042 

50 0.003 0.000 0.000 0.001 0.003 0.003 0.148 0.035 

51 0.002 0.000 0.000 0.020 0.003 0.001 0.165 0.061 

Blank 
52-60 

0.022 0.000 0.000 0.018 0.018 0.002 0.839 0.393 

52 0.009 0.000 0.000 0.003 0.003 0.006 0.170 0.104 

53 0.002 0.000 0.000 0.002 0.015 0.011 0.209 0.091 

54 0.002 0.000 0.000 0.002 0.011 0.008 0.222 0.086 

55 0.002 0.000 0.000 0.001 0.010 0.007 0.243 0.069 

56 0.002 0.000 0.000 0.001 0.009 0.012 0.249 0.074 

57 0.002 0.000 0.000 0.001 0.017 0.004 0.223 0.054 

58 0.002 0.000 0.000 0.001 0.007 0.007 0.262 0.066 

59 0.002 0.000 0.000 0.001 0.005 0.004 0.291 0.074 

60 0.002 0.000 0.000 0.001 0.009 0.007 0.307 0.098 

  



 
 

Table A8.9. Samples 1-16 for Series 2 of schwertmannite column test (2-4 min residence time) 

Sample 
Expanded bed 

height (cm) 
Expanded bed 

volume (l) 
Outlet flow 

(l/min) 
Outlet 

pH 
Outlet EH 

(mV) 

Bed 
residence 

time (min) 

Water through bed 
(l) 

Eq. Bed 
volume 

Blank 
0-16 

   5.6 164    

1 24 3.44 0.80 2.9 520 4.29 13.60 3.48 

2 27 3.86 2.00 3.4 495 1.93 73.60 18.83 

3 27.5 3.94 2.00 3.6 483 1.97 133.60 34.19 

4 27.5 3.94 1.99 3.9 432 1.98 223.15 57.10 

5 27.5 3.94 1.99 4.8 327 1.98 312.70 80.02 

6 27.5 3.94 1.99 5.1 306 1.98 372.25 95.26 

7 27.8 3.98 4.00 3.3 476 0.99 392.25 100.38 

8 27.6 3.95 3.88 5.5 288 1.02 411.65 105.34 

9 27.6 3.95 3.88 5.6 271 1.02 431.05 110.31 

10 27.6 3.95 3.88 5.7 248 1.02 469.85 120.24 

11 27.6 3.95 3.86 5.7 239 1.02 508.45 130.11 

12 27.6 3.95 3.86 5.7 239 1.02 547.05 139.99 

13 27.5 3.94 3.84 5.8 237 1.03 585.45 149.82 

14 27.5 3.94 2.44 5.8 234 1.61 695.25 177.92 

15 27.5 3.94 2.44 5.9 230 1.62 780.47 199.73 

16 27.5 3.94 2.43 6.0 221 1.62 841.22 215.27 

  



 

Table A8.10. Results for samples 1-16 for Series 2 of schwertmannite column test (2-4 min residence time) 

Sample As (mg/l) Cd (mg/l) Cr (mg/l) Cu (mg/l) Fe (mg/l) Pb (mg/l) Sb (mg/l) Zn (mg/l) 

Blank 
0-16 

0.0011 0.0004 0.0004 0.0056 0.0538 0.0310 1.2176 0.2904 

1 0.0028 0.0002 0.0003 0.0108 1.7423 0.2580 0.0322 0.4960 

2 0.0019 0.0001 0.0002 0.0058 0.3046 0.5100 0.0180 0.3379 

3 0.0021 0.0001 0.0002 0.0063 0.1405 0.0328 0.0735 0.2691 

4 0.0041 0.0001 0.0002 0.0075 0.0950 0.0368 0.1738 0.1601 

5 0.0019 0.0001 0.0001 0.0051 0.0500 0.0254 0.1793 0.1647 

6 0.0016 0.0001 0.0001 0.0037 0.0346 0.0247 0.1966 0.1476 

7 0.0030 0.0001 0.0002 0.0048 0.1233 0.0268 0.1947 0.1104 

8 0.0017 0.0000 0.0001 0.0047 0.0251 0.0189 0.2613 0.1315 

9 0.0020 0.0001 0.0001 0.0026 0.0210 0.0123 0.3480 0.1135 

10 0.0030 0.0000 0.0002 0.0087 0.0480 0.0473 0.3952 0.1578 

11 0.0015 0.0000 0.0001 0.0036 0.0196 0.0165 0.2655 0.1000 

12 0.0019 0.0001 0.0000 0.0013 0.0125 0.0043 0.3357 0.1375 

13 0.0027 0.0001 0.0000 0.0025 0.0109 0.0086 0.3916 0.1385 

14 0.0030 0.0001 0.0000 0.0014 0.0119 0.0100 0.3437 0.1050 

15 0.0000 0.0000 0.0000 0.0030 0.0140 0.0170 0.4040 0.1190 

16 0.0033 0.0000 0.0000 0.0017 0.0160 0.0114 0.4015 0.0980 

 



 
 

Appendix 9 – Data from tests with Merit 5000, TMT 15 and 
TiP 

Table A9.1. Setup and results for tests with Merit 5000 

Sample 
Volume 

(ml) 

Merit 
5000 
(g/l) 

pHstart 
pH after 
H2SO4 

pH after 
Merit 
5000 

pHstop 
(4h) 

Sb 
(mg/l) 

Sb 
removal 

(%) 

Blank 200  7.2   7.5 1.13  

1 200 40 7.2  8.5 9.3 0.93 17.7 

2 200 40 7.3 6.1 8.4 9.2 1.12 0.9 

3 200 40 7.2 3.8 8.2 8.6 1.13 0.0 

4 200 40 7.3 8.5 6.5 8.3 0.96 15.0 

5 200 40 7.2 8.6 3.90 4.0 0.03 97.3 

 
Table A9.2. Setup for tests with TMT 15 

Sample 
Volume 

(ml) 
pHstart pHTMT 15 pHadjusted 

TMT 15 
(ml) 

Praesol 2505 
(ml) 

Blank  7.2     

1  7.2 9.8 7.4 0.1 1 

2  7.2 10.9 8.3 1 1 

3  7.2 11.9 8.3 10 1 

4  7.2 10.9 10.9 1 1 

5  7.2 10.9 8.4 1 1 

 
Table A9.3. Results for tests with TMT 15 

Sample 
As 

(mg/l) 
Cd 

(mg/l) 
Cr 

(mg/l) 
Cu 

(mg/l) 
Fe 

(mg/l) 
Pb 

(mg/l) 
Sb 

(mg/l) 
Zn 

(mg/l) 

1 0.009 0.000 0.000 0.003 0.004 0.000 1.235 0.022 

2 0.019 0.000 0.005 0.009 0.180 0.001 1.259 0.013 

3 0.020 0.000 0.000 0.002 0.030 0.005 0.842 0.045 

4 0.003 0.000 0.000 0.005 0.002 0.000 1.228 0.013 

5 0.010 0.000 0.000 0.008 0.007 0.000 1.103 0.039 

 
The tests with TMT 15 were done in Boliden but the samples could not be analysed with 
spectrophotometer due to interference from TMT 15. The samples were therefore sent to Tara for 
analysis with ICP-OES. 
  



 

Table A9.4. Time series tests (0-24h) done with titanium phosphate in Boliden 

Test TiP (g/l) Volume (ml) Time (h) pH 
Sb 

(mg/l) 

Sb 
removal 

(%) 

1 0.5 200 0 7.1 1.11  

   0.5  1.11 0.0 

   2  1.10 0.9 

   3.5  1.14 -2.7 

   5  1.00 9.9 

   7  0.95 14.4 

   24 8.0 1.05 5.4 

2 1 200 0 7.1 1.11  

   0.5  1.09 1.8 

   2  1.15 -3.6 

   3.5  1.00 9.9 

   5  0.92 17.1 

   7  0.89 19.8 

   24 8.0 0.90 18.9 

3 5 200 0 7.1 1.11  

   0.5  1.03 7.2 

   2  0.88 20.7 

   3.5  0.81 27.0 

   5  0.84 24.3 

   7  0.75 32.4 

   24 8.1 0.75 32.4 

4 10 200 0 7.1 1.11  

   0.5  0.96 13.5 

   2  0.81 27.0 

   3.5  0.78 29.7 

   5  0.77 30.6 

   7  0.75 32.4 

   24 7.9 0.76 31.5 

5 20 200 0 7.1 1.11  

   0.5  0.84 24.3 

   2  0.79 28.8 

   3.5  0.79 28.8 

   5  0.73 34.2 

   7  0.75 32.4 

   24 8.0 0.77 30.6 
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