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ABSTRACT 

Non-oxidative acid leaching of pyrrhotite from Kevitsa’s Ni-concentrate and 

methods to recover by-products, have been investigated. Selective dissolution of 

pyrrhotite (Fe1-xS, 0<x<0.25) can enrich the content of the valuable metals, such 

as Ni and Co, in the final concentrate and will reduce the amount of Fe and S sent 

to the smelters. The pyrometallurgical smelting of leached concentrate will thus 

give less formation of smelter by-products in form of slag and SO2. The leaching 

was studied through an experimental design plan with parameter settings of  

38.8% to 57.8% H2SO4 and temperatures from 60 to 100°C. The best results were 

obtained in experiments carried out at the lower experimental range. Leaching at 

60°C with an initial acid concentration of 38.8% H2SO4 was found sufficient to 

selectively dissolve most of the pyrrhotite; leaving an enriched solid residue. A 

QEMSCAN analysis of the solid residue confirmed that most of the pyrrhotite had 

been dissolved and showed that pentlandite was still the main Ni-mineral. 

Chemical assays showed that more than 95% of the Ni, Co, and Cu remained in 

the final residue. 

   The utilized leaching process generates by-products, in the form of large 

quantities of Fe2+ in solution and gaseous H2S. To recover Fe2+, crystallization of 

iron(ii) sulfate (FeSO4∙nH2O) from leach solution through cooling have been 

studied. The crystallized crystals were further dehydrated into the monohydrate 

(FeSO4∙H2O) through a strong sulfuric acid treatment (80% H2SO4). XRD 

analysis confirmed that FeSO4∙H2O was the main phase in the final crystals, and a 

chemical analysis showed a Fe content of about 30%, 1.5% Mg, 0.4% Ca, and 

0.2% Ni. 

   The possibility to leach the concentrate by circulating the acidic solution from 

the crystallization stage has been tested. The recirculation of the solution showed 

no negative effects, as the recoveries of elements and chemical assays of the final 

solid residue were found to be similar to the obtained assay when the concentrate 

was leached in a fresh solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

III SAMMANFATTNING 

SAMMANFATTNING 

Icke-oxidativ syralakning av magnetkis från Kevitsas Ni-koncentrat har studerats 

samt metoder för tillvaratagande av biprodukter. Genom en selektiv upplösning av 

magnetkis (Fe1-xS, 0<x<0.25) kan värdefulla metaller som Ni och Co anrikas i det 

slutliga koncentratet. Samtidigt som mängden Fe och S som skickas till 

smältverken minskar, vilket också innebär att mindre biprodukter i form av slagg 

och SO2 erhålls vid den pyrometallurgiska smältningen av Ni-koncentratet. En 

experimentell design plan genomfördes för att studera lakningen där 

syrakoncentrationen varierades från 38.8% till 57.8% H2SO4 och temperatur från 

60 till 100°C. Bäst resultat erhölls vid de lägre parameterinställningarna. Lakning 

vid 60°C med en initial syrakoncentration på 38.8% H2SO4 visade sig vara 

tillräcklig för att selektivt lösa upp merparten av all magnetkis och lämna kvar en 

anrikad produkt. Via QEMSCAN bekräftades att merparten av all magnetkis hade 

löst upp sig och att huvudsakligt Ni-mineral fortfarande var pentlandit. Kemiska 

analyser visade att mer än 95% av Ni, Co och Cu stannade kvar i fasta godset. 

   Den tillämpade lakningsmetoden genererar biprodukter i form av stora mängder 

Fe2+ i lösning och H2S i gasform. För att tillvarata Fe2+ har kristallisering av 

laklösning som järn(ii) sulfat (FeSO4∙nH2O) studerats genom kylning. De 

kristalliserade kristallerna avvattnades till monohydrat, FeSO∙1H2O, genom 

avvattning i stark svavelsyra (80% H2SO4). XRD bekräftade FeSO∙1H2O som 

huvudfas i slutliga kristallerna och kemisk analys visade på ca 30% Fe med 

huvudsakliga orenheter i form av 1.5% Mg, 0.4% Ca och 0.2% Ni. 

   Möjligheten till att laka i återcirkulerad lösning efter kristallisering har 

undersökts. Lakning i återcirkulerad lösning visade inga negativa effekter då 

liknande halter och utbyten erhölls till det fasta godset. 
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GLOSARY 

Smelting Extraction of valuable metals from minerals into either an 

element or a simple compound 

Pyrometallurgy The methods and techniques that involves high temperature 

processing for extraction and purification of metals 

Hydrometallurgy  The methods and techniques that utilizes aqueous chemistry 

for processing of metals or metal-containing material 

Leaching Process for dissolving solid compounds into liquid phase 

Slag A mixture of oxides obtained as by-product in 

pyrometallurgical smelting 

Comminution The breaking, crushing or grinding of an ore to obtain a 

particle size reduction 

Froth flotation Physiochemical separation method that utilizes differences in 

surface properties of minerals 

Crystallization Formation of a crystalline solid phase from a solution 

Scrubbing The dissolution of a gas component into a liquid phase after 

forced contact between the gas and the liquid 
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1 1 INTRODUCTION 1  

1 INTRODUCTION 

1.1 BACKGROUND 

Nickel smelting of sulfidic Ni-concentrates generates slag and SO2 as by-

products. The SO2 is normally utilized for production of H2SO4, while produced 

slag is commonly discarded and landfilled (Grundwell, et al., 2011). A novel way 

to decrease the amounts of by-products formed during pyrometallurical smelting 

would be to process cleaner concentrates. 

   The conventional beneficiation of sulfidic nickel ores includes comminution to 

liberate the minerals and froth flotation for separation (Grundwell, et al., 2011). 

Ideally should only the Ni-minerals report to the final Ni-concentrate, i.e. perfect 

separation. In reality, perfect separation is rarely achieved, and the produced 

concentrates still contain some gangue minerals. 

   Boliden operates a Ni-Cu-PGM mine at Kevitsa in northern Finland. The 

Kevitsa mine became part of Boliden in June 2016 after completion of an 

acquisition from First Quantum (Boliden, 2016). At Kevitsa, a Ni-Cu-PGM ore is 

processed to produce a Cu-concentrate and a Ni-concentrate. The main Ni-bearing 

mineral is pentlandite, (Fe,Ni)9S8, which often is associated with pyrrhotite, Fe1-xS 

(0<x<0.125). The Ni-concentrate produced at the Kevitsa mine contains 

significant amounts of pyrrhotite and a selective removal of pyrrhotite would 

reduce the Fe content in the final concentrate without losing valuable metals. A 

non-oxidative leaching process could potentially selectively dissolve pyrrhotite, 

without losing metal values to the solution. This forms the basis of this thesis 

project. The purpose of this project was to investigate the leaching of pyrrhotite 

from Kevitsa’s Ni-concentrate and to provide knowledge on the possibilities for 

recovering any by-products. 

 

1.2 OBJECTIVES 

The objectives were to investigate and optimize the conditions for leaching of 

pyrrhotite from the sulfidic Ni-concentrate produced at the Kevitsa mine, and to 

determine how to recover the large amounts of dissolved Fe2+ and gaseous H2S, 

which are formed. This includes:  

i) Identification of the most important parameters for optimal selective 

leaching of the pyrrhotite 

ii) Investigation of the effects of temperature and acidity on the 

crystallization of leached Fe2+ as iron(ii) sulfate (FeSO4∙nH2O) 

iii) Investigation of the possibilities to produce the monohydrate of iron(ii) 

sulfate (FeSO4∙H2O) 

iv) Quantification of the amount of gaseous H2S that is formed and 

identification of alternative uses for H2S 

1.3 SCOPE 

The scope of this project has been to investigate the leaching of pyrrhotite from 

Kevtisa’s nickel concentrate, as a method to selectively remove pyrrhotite, 

together with the possibilities of recovering the by-products. The study has 

focused on the non-oxidative acid dissolution of pyrrhotite with H2SO4 as 

leaching agent, which generates Fe2+ in solution and gaseous H2S. Crystallization 

through cooling has been studied as a method for crystallizing Fe2+, primarily as 
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FeSO4∙7H2O. The focus has, however, been directed towards investigating the 

possibility to produce FeSO4∙H2O, as it could be a more valuable product than the 

more hydrated form. 

   Regarding H2S, this project has been limited to just quantification of the amount 

of H2S formed through the absorption in a NaOH-scrubber. However, some of the 

utilization possibilities for H2S, will be briefly summerized. 
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2 LITTERATURE REVIEW 

2.1 MINERALOGY OF KEVITSA 

The reported major and minor sulfide minerals in Kevitsa are shown in Table 1 

and Table 2. Among the major sulfide minerals, both pyrrhotite and the 

stoichiometric variant of FeS, i.e. troilite, were previously observed. In Table 1, 

pyrrhotite is reported to be of hexagonal character with the composition of Fe0.95S. 

However, previous studies found that monoclinic pyrrhotite also exists in Kevitsa 

ore (Musuku, et al., 2016). 

   Kojonen et. al (2008) have also studied the mineralogy of the Kevitsa Ni-Cu-

PGM deposit. The major sulfide minerals according to this paper is pentlandite, 

pyrite, chalcopyrite, cubanite and hexagonal pyrrhotite. Monoclinic pyrrhotite and 

troilite also exists, but are not classified as major sulfide minerals. Ni-content in 

troilite, hexagonal pyrrhotite and monoclinic pyrrhotite, are reported to be in the 

range of 0-0.87%. 

Table 1   Major sulfide mineral in Kevitsa ore body (Musuku, et al., 2016)

 

Table 2   Minor sulfide minerals in Kevitsa ore body (Musuku, et al., 2016). 

 
2.1.1 Iron and nickel sulfides 

Pyrrhotite is the name of non-stoichiometric Fe-sulfides with composition Fe1-xS 

(0<x<0.125). It is Fe-deficient and displays an excess of S over Fe. A 

stoichiometric variant exists with equimolar relation and is known as Triolite 

(FeS). Troilite has a hexagonal structure, while pyrrhotite displays hexagonal to 

monoclinic structures depending on the degree of Fe-deficiency. The less Fe-

deficient forms have hexagonal structures, while the most Fe-deficient form is 

monoclinic (Thomas, et al., 2003). In pyrrhotite may up to 0.8% Ni occur as a 

solid solution (Garg, et al., 2017). Another common iron sulfide mineral is pyrite, 

FeS2. 

   The most common nickel mineral in sulfidic nickel ore types is pentlandite, 

(Ni,Fe)9S8. The molar relation of Ni to Fe in pentlandite can range from 0.34 to 

2.45, but the most common molar relation of Ni:Fe relation is about 1.15 

(Grundwell, et al., 2011). 
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2.2 PYRRHOTITE DISSOLUTION 

Previous work reported in literature indicates that pyrrhotite can be dissolved in a 

non-oxidative or an oxidative acid environment. The non-oxidative dissolution is 

described as rapid and proceeds by reaction (1) with sub-reactions (2) and (3) 

(Thomas, et al., 2001; Belize, et al., 2004). Besides the release of H2S gas, zero-

valence sulfur is also being formed and found as disulfide, polysulfide, or 

elemental sulfur (Chirita & Rimstidt, 2014; Subramanian, et al., 1972). The 

oxidative dissolution is slower and proceeds according to reactions (4) with either 

(5) or (6) also occurring (Belize, et al., 2004).  

Non-oxidative dissolution 

𝐹𝑒1−𝑥𝑆 + 2(1 − 𝑥)𝐻+ = (1 − 𝑥)𝐹𝑒2+ + (1 − 𝑥)𝐻2𝑆 + 𝑥𝑆0 (1) 

Sub-reactions 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 > 𝑆2− + 𝐻+ → 𝐻𝑆−   (2) 

𝐻𝑆− + 𝐻+ → 𝐻2𝑆    (3) 

Oxidative dissolution 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 > 𝑆2− + 4𝐻2𝑂 → 𝑆𝑂4
2− + 8𝐻+ + 8𝑒−  (4) 

 with either 

2𝑂2 + 4𝐻2𝑂 + 8𝑒− → 8𝑂𝐻−   (5) 

 or 

8𝐹𝑒3+ +  8𝑒− → 8𝐹𝑒2+    (6) 

   Thomas et al. (1998) reported the observation of an induction period that 

inhibits the non-oxidative dissolution for pyrrhotite at anoxic acidic conditions. 

The duration of the induction period is reported to be controlled by the degree of 

surface oxidation, temperature and acid strength (Thomas, et al., 1998). 

   Pyrrhotite surfaces are easily oxidized by air. Mycroft et al. (1995) report a 

three-zone structure for air-oxidized pyrrhotite based on XPS and Auger electron 

spectroscopy. A schematically representation of these three sublayers (or zones) is 

displayed in Figure 1. An outermost oxidized layer of iron oxyhydroxide with a 

thickness of ca 5Å (Zone A), an intermediate S-rich and Fe-deficient zone with a 

thickness of ca 30Å (Zone B), and an underlying zone of bulk pyrrhotite (Zone 

C). Zone B is compositional stratified with the most excess of S in the outermost 

part, Fe:S≈1:2, and with declining ratio towards zone C, down to approximately 

Fe:S≈1:1.15. 

 
Figure 1   A schematic representation of sublayers found in air-oxidized pyrrhotite 

(Mycroft, et al., 1995). 

 



 

 

5 2 LITTERATURE REVIEW 

   A four-stage dissolution mechanism, for dissolution of pyrrhotite in anoxic acid 

(at temperatures above 40˚C), has been proposed by Thomas et al. (1998): 

1) An immediate dissolution of exposed oxidized species in zone A (i.e. 

Fe(III), oxy-sulfur and hydroxide/oxyhydroxide species). 

2) Inhibited, and diffusion controlled, dissolution of the sulfur-rich layer in 

zone B wherein the release of iron is quicker than the release of sulfur. 

Oxidative dissolution of poly-sulfide species occurs without formation of 

H2S. 

3) Rapid acid consuming reactions by producing H2S from S2- and HS- 

species. This stage occurs under non-oxidative or reductive conditions. 

4) A re-oxidation of the surface to become like the previous sulfur-rich layers 

(zone B) that inhibited the rapid non-oxidative dissolution. Dissolution 

rate decreases and the mechanism returns to an oxidative dissolution of 

polysulfide species. 

   A change from oxidative to non-oxidative dissolution can increase the 

dissolution rate by up to three orders of magnitude (Thomas, et al., 2000). Figure 2 

displays the four stages involved in anoxic acid (0.1 mol/l HClO4) dissolution of 

pyrrhotite at temperatures of 40 and 50˚C. At the lower temperature of 37 ˚C no 

measurable amount of H2S was formed (Thomas, et al., 1998). 

      A mechanism to explain the change from stage 2 to stage 3 was proposed by 

Thomas et al. (2001). Oxidic dissolution dominates in stage 2 and the absence of 

non-oxidative dissolution implies that very limited amounts of monosulfide 

species (S2-) are present in the oxidized layer. It is proposed that during the 

oxidative dissolution, in conditions of limited oxidizing agent, a successive 

accumulation of trapped negative charges occurs at the mineral surface. The 

release of HS- in stage 3 indicates that S2- is present in the surface layer. And the 

switch from stage 2 to stage 3 is suggested to happen in two distinct sub-stages 

(Thomas, et al., 2001): 

1. Release of iron that leaves the surface as Fe2+, but no release of electrons 

from the structure 

2. After a critical accumulation of charge a reduction of covalently S-S 

species, such as polysulfide to monosulfide, occurs according to reaction 

formula (7):   

𝑆𝑛
2− + 2(𝑛 − 1)𝑒− → 𝑛𝑆−    (7) 

 Thereafter, HS- is released by acidification, which finally forms H2S. 
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Figure 2   The influence of temperature on the dissolution rate of pyrrhotite as reported 

by Thomas et al. (1998), based on dissolution of synthetic pyrrhotite with Ar-purging and 

0.1 mol/L HClO4. The four dissolution stages are marked. 

   Ingraham et al. (1972) made a study of non-oxidative acid leaching of pyrrhotite 

in heated HCl. At conditions of insufficient temperature and/or acid concentration, 

a S-coating was formed on the mineral surface, which hindered further dissolution 

and caused the reaction to cease. This S-layer was removable by washing in CS2 

and the leaching reaction could after that proceed at essentially the same rate. At 

sufficient temperature and acid strength, complete dissolution could be achieved 

in seconds; e.g. at 90˚C with 20% HCl, complete dissolution was achieved in 15 

seconds, as displayed in Figure 3. Figure 4 displays the effect of the initial acid 

concentration and temperature on the amount of Fe dissolved. Within the shaded 

area a complete dissolution was achieved.  

 
Figure 3   Rate of dissolution of iron from pyrrhotite (Ingraham, et al., 1972). 
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Figure 4   Effect of initial temperature and acid concentration on the amount of iron 

dissolved (Ingraham, et al., 1972). 

2.3 PROCESS ROUTES FOR LEACHING OF PYRRHOTITE 

Subramanian et al. (1972) reviewed and suggested different hydrometallurgical 

processing routes for treatment of “artificial” pyrrhotite obtained from the 

decomposition of pyrite through heating. Process routes for non-oxidative 

leaching in H2SO4, and for HCl as well, was presented and those are shown in 

Figure 5. Activation of the pyrrhotite was required prior to the leaching in H2SO4, 

since H2SO4 scarcely attacked the unactivated pyrrhotite. With activation, the 

molar ratio of S to Fe could be decreased, which promoted  the dissolution in 

H2SO4, as can be seen in Figure 6. One activation method suggested was heating 

of the sulfide with an Fe-powder or with a mix of Fe and C. Another activation 

method described, is when heating the sulfide with the addition of H2-gas 

(Subramanian, et al., 1972).  

 
Figure 5   Process route for leaching of pyrrhotite in HCl respectively for leaching in 

H2SO4. (Subramanian, et al., 1972) 
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Figure 6   Effect of Fe:S molar ratio on the leaching of pyrrhotite in dilute sulfuric acid 

(0.8 mole H2SO4 per mole of Fe, 95˚C and 20% solids). (Subramanian, et al., 1972) 

   A patent by McGauley & Dor (1977) described two process routes for the 

production of FeSO4∙H2O from Fe-bearing complex mineral sulfides. The patent 

covers leaching, purification, crystallization, and dehydration processes. Two 

conceptual flowsheets of leaching process were shown, one was co-current, and 

the other was counter-current. A three-stage crystallization process is also 

mentioned in the patent with stepwise crystallization procedure with intermediate 

products of FeSO4∙7H2O and FeSO4∙4H2O, and the final monohydrate 

FeSO4∙H2O. 

2.4 EMPIRICAL RATE EQUATIONS FOR NON-OXIDATIVE ACIDIC 
DISSOLUTION 

Chirita & Rimstidt (2014) have proposed an empirical rate equation for non-

oxidative acidic dissolution of pyrrhotite 

𝑟𝐻+(𝑚𝑜𝑙 𝑚−2𝑠−1)   = 1.58 ∗ 107𝑒−
65900

𝑅
(

1

𝑇
)𝑀𝐻+

1.46  (8) 

where 𝑟𝐻+ is the rate of non-oxidative pyrrhotite dissolution (mol1m-2s-1),  𝑅 is the 

gas constant (8.314 J mol-1K-1), T is temperature (K), and 𝑀𝐻+ is the 

concentration of H+ (mol/L). 

   The rate equation by Chirita & Rimstidt (2014) was based on regression 

modeling of in total 62 rate data.  Chirita & Rimstidt (2014) gathered 16 of those 

from own experiments and the rest were collected from various literature 

(Bugajski & Gamsjäger, 1982; Janzen, et al., 2000; Gleisner, 2005; Thomas, et al., 

2000; Thomas, et al., 2001). Eq. (8) can be expressed in logarithmic form as 

shown in equation (9), wherein one standard error of each parameter is given in 

parenthesis (Chirita & Rimstidt, 2014). 

log 𝑟𝐻+ = 7.20(±0.59) − 1.46(±0.04)𝑝𝐻 −
3443(±194)

𝑇
       (𝑅2 = 0.98)   (9) 

The fit of data for equation (8) or (9) spans temperatures in the range of 

20≤T≤90˚C and pH in the range of 0≤pH≤5. The same paper included a method of 

forward error propagation used to determine an estimated error of log 𝑟𝐻+ at any 

pH and temperature (Chirita & Rimstidt, 2014). 
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   Ingraham et al. (1972) studied non-oxidative pyrrhotite dissolution in HCl. 

Plotting of log[Fe2+] vs time [s] displayed a linear trend for the first 50% of the 

dissolution. They applied an equation of type (10) to find rate constants valid for, 

at least, the first 50% of dissolution. 

log[𝐹𝑒2+] = 𝑘𝑡   (10) 

   In the paper by Ingraham et al. (1972) was the effect of different parameters on 

the dissolution studied through experiments with variation of particle size, 

temperature, stirring rate, and pH. Their findings are summarized in Table 3. 

Table 3   Effect of variables on first 50% of dissolution according to (Ingraham, et al., 

1972). T = temperature (°C), C = concentration of HCl (%), S = stirring speed (rpm). 

Parameter Exp. 

conditions 

Variation of 

parameter 

Effect of variable 

Particle size Unknown 
200 to 325 mesh 

(i.e. 74 to 44 µm) 
None 

Temperature 
10% HCl, 60 

rpm 
30, 45, 62 and 86˚C ln(𝑘) = 3.982 −

1540

𝑇
 

Acid 

concentration 
300 rpm, 30˚C 

5, 10, 15, 20 and 36 

%HCl 

𝑘 = −0.0062 + 0.6129𝐶
− 1.062𝐶2 

Stirring 

velocity 

30˚C, two 

series at 20% 

and 36% HCl 

150 to 900 rpm 
𝑘 = −0.03944 + 0.0065

∗ 𝑆0.5 

   The same paper by Ingraham et al. (1972) reports an overall rate equation 

derived by multiplying each of the rate equations with one another, see equation 

(11). 

𝑘(sec−1) = 1.095 ∗ 10−6 ∗ exp (−
3547

𝑇
) ∗ (0.6129𝐶 − 1.062𝐶2) ∗ (0.00659 ∗ 𝑆0.5) (11) 

 

2.5 IRON(II) SULFATE 

The solubility of ferrous sulfate, FeSO4, in H2O and other aqueous solutions have 

been studied in various literature. A review of FeSO4 and its properties in various 

hydrated forms are found in a paper by Cameron (1930). Cameron reviewed, 

compared and summarized the solubility and other properties of FeSO4 from 

various published papers up until that date. 

   According to Cameron (1930), FeSO4 is soluble in water and insoluble in many 

of the non-aqueous solvents (ammonia, carbon dioxide, alcohol, glacial acetic 

acid, methyl acetate, and ethyl acetate). 

   Crystals of ferrous sulfate, FeSO4∙nH2O, can be prepared with different amounts 

of crystallization water and it is also possible to convert it into the anhydrous form 

if heated to very high temperatures. The hydrous forms that have been observed 

and synthesized in different ways are mono-, di-, tri-, tetra-, penta-, hexa- and 

heptahydrate, i.e. FeSO4∙nH2O with n equals 1, 2, 3, 4, 5, 6, and 7. (Cameron, 

1930). 

   The heptahydrate, FeSO4∙7H2O, is described as the stable solid at ordinary 

temperatures that can be separated from aqueous solution as deep green 

monoclinic crystals. It is reported to have a melting point of 64˚C and a specific 

gravity of 1.889. If heated in vacuum at 140˚C it transforms into the monohydrate 

(FeSO4∙H2O) (Cameron, 1930). A more recent article produced monohydrate by 
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drying heptahydrate crystals at 80˚C in a vacuum of 0.6∙10-5 Pa (Petkova, et al., 

2011). 

   The tetrahydrate, FeSO4∙4H2O, has been found as a stable form in aqueous 

solutions at the temperature range of 56.6 to 64.4˚C (Cameron, 1930). 

   The monohydrate, FeSO4∙H2O, is a stable compound in aqueous solutions 

containing higher concentrations of sulfuric acid. The monohydrate crystals being 

reported as snow white and crystalline (Cameron, 1930). 

   The various solubility and stable hydrates in aqueous H2SO4 solutions at various 

temperatures and acid concentrations can be interpreted from diagrams. Seyeler et 

al. (1974) included one such diagram that is shown in Figure 7, where the thick 

line indicates the transition curve where heptahydrate is stable on the lefthand side 

and the monohydrate on the other. A paper by Bullough et al. (1952) included a 

similar diagram that agrees very well with Figure 7. 

   However, both of these diagrams found in Seyeler et al. (1974) and Bullough et 

al. (1952) does not include any stability region of tetrahydrate. The possibility of 

tetrahydrate to exists as a stable phase in pure aqueous solutions have been 

included in other papers (Cameron, 1930; McGauley & Dor, 1977). The paper by 

Cameron (1930) also observed the heptahydrate as a stable phase in solutions with 

low concentrations of sulfuric acid. The stability region of a tetrahydrate is 

displayed in Figure 8, which besides from the presence of a tetrahydrate stability 

field, is fairly similar to the other diagrams as found by Cameron (1930) and 

McGauley & Dor (1977). However, the origin of this last diagram (Figure 8) is 

unknown to the author as the source could not be found. 

   According to Cameron (1930), the monohydrate is stable in sulfuric acid 

solutions with 43.9 to 82.2% sulfuric acid. Table 4 shows a list of the stable 

compounds at concentrations of sulfuric acid higher than 43.9% as reported by 

Cameron (1930). 

Table 4   Stable compounds at different temperatures in the system of ferrous sulfate, 

sulfuric acid, and water (Cameron, 1930). 

%H2SO4 Stable 

compound 

%Fe 

43.9-82.2 FeSO4∙H2O 32.9% 

82.2-87.7 2FeSO4∙H2SO4 27.8% 

87.7-94.1 FeSO4∙H2SO4 22.3% 

>94.1 FeSO4∙3H2SO4 12.5% 

   Properties and names of the FeSO4∙nH2O with seven, four and one hydrates are 

shown in Table 5. 

Table 5   Properties of ferrous sulfates (Anthony, et al., n.d.) 

Name Chemical 

Structure 

Density Crystal 

System [g/cm3] 

Melanterite FeSO4·7H2O 1.90 Monoclinic 

Rozenite FeSO4·4H2O 2.29 Monoclinic 

Szomolnokite FeSO4·H2O 3.05 Monoclinic 

 



 

 

11 2 LITTERATURE REVIEW 

 
Figure 7   Ferrous sulfate in aqueous sulfuric acid (Seyeler, et al., 1974).  

 
Figure 8   Ferrous sulfate solubility as a function of temperature and acid concentration 

(Unknown source). 
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2.6 MAGNESIUM(II) SULFATE 

The Ni-concentrate of Kevitsa contains some Mg that are present in gangue 

minerals, and any dissolved Mg may be crystallized as MgSO4. Wise, et al., 

(2003) studied dissolution of FeSO4 and MgSO4 in aqueous solutions of H2SO4 at 

room temperature (22.9˚C) over the acid concentration range of 20-90% H2SO4. 

At 20% H2SO4, the solubility of MgSO4 and FeSO4 were fairly similar, and with 

increased acid concentration the solubility decreased for both sulfates. However, 

with increased acid concentration the MgSO4 solubility decreased slower than for 

FeSO4, and thus at a given acid concentration above 20% H2SO4, the solubility of 

MgSO4 was higher than that for FeSO4 (Wise, et al., 2003). 

 

 
Figure 9   The solubility of FeSO4 and MgSO4 as a function of wt% H2SO4 at 22.9˚C 

(Wise, et al., 2003). 

2.7 CAPTURE AND PROCESSING OF H2S 

2.7.1 NaOH scrubbing 

By scrubbing H2S in a NaOH solution, reactions (12) and (13) are taking place 

(Mamrosh, et al., 2014). 

𝐻2𝑆(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐻𝑆(𝑎𝑞) + 𝐻2𝑂  (12) 

𝑁𝑎𝐻𝑆(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎2𝑆(𝑎𝑞) + 𝐻2𝑂  (13) 

   According to Mamrosh, et al., (2014) the extent of reactions (12) and (13) are 

dependent on the amount of excess NaOH relative to sulfide, and with higher 

solution pH levels, the conversion to Na2S is favored.  

2.7.2 Production of elemental sulfur from H2S 

A review of S-recovery from H2S is found in Pilgrim, et al., (1970). Via the Claus 

reaction, S can be recovered from H2S by the oxidation thereof with O2. The 

reaction is shown below as (14) 

2𝐻2𝑆 + 𝑂2 → 2𝐻2𝑂 + 2𝑆    (14) 
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   A by-product from smelting sulfidic concentrates with pyrometallurgical 

methods is gaseous SO2 and with gaseous H2S is it possible to recover elemental S 

through reaction (15) 

 2𝐻2𝑆 + 𝑆𝑂2 → 2𝐻2𝑂 + 3𝑆   (15) 

   Details on sulfur recovery according to reaction (14) and (15) are found 

elsewhere, and the compendium by Pilgrim, et al., (1970) provides a review of 

much of the work done in this field up until the year 1970.
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3 APPLIED METHODS 

3.1 OVERVIEW 

The performed experimental work includes leaching in H2SO4, washing of the 

leach residue in distilled H2O, H2S capture in a NaOH-scrubber, crystallization of 

FeSO4∙nH2O from leach solution, and dehydration of FeSO4∙nH2O into 

FeSO4∙H2O through H2SO4-treatment. 

   The applied analysis and characterization methodologies includes XRF, 

QEMSCAN, XRD, COD, TOC, Pycnometer, and miscellaneous chemical 

analyzes that have been done by ALS Minerals and ALS Scandinavia. Table 6 and 

Table 7 show the methods used for analysis and characterization, respectively. A 

description of the methods applied by ALS Minerals and ALS Scandinavia are 

found in Appendix. 

   The assay of Ni-concentrate analyzed by ALS Minerals has been used in all 

mass balances, when leaching this concentrate. This Ni-concentrate assay (i.e. the 

feed assay) has then been combined with either the residue assay or the solution 

assay when performing the mass balances. The solids left after leaching have been 

called leach residue and the solids left after washing have been called the wash 

residue. 

   Analyzes performed by ALS have been used for mass balancing, whenever 

available. However, most of the chemical analyzes have been done with the XRF 

instrument in Boliden (Spectro Xepos ED-XRF from Ametek). Fe, Mg, and S 

were mass balanced based on feed analysis by ALS and residue analysis with 

XRF at Boliden. The solution analyzes of Ni, respectively Cu, were deemed more 

trustworthy than the solid analyzes, and therefore both Ni and Cu have been mass 

balanced on solution analyzes in combination with ALS feed analyzes. The 

crystallizations, and the experiments R1 respective R2, were mass balanced 

entirely on solution analyzes by ALS Scandinavia and feed analysis by ALS 

Minerals. 

Table 6   Applied analyzes methods on solids  

Product Chemical assays (place, [method]) 

Other 

characterizations 

methods 

Nickel 

conc. (feed) 

ALS Minerals [S-IR08, Me-MS61c] PSD via sieving, 

QEMSCAN 

Leach 

residue 

Boliden [XRF] 
 

Wash 

residue 

Boliden [XRF] PSD via sieving, 

QEMSCAN 

Crystals Assays have been mass balanced from 

solution analyzes by ALS Scandinavia 

XRD, Pycnometer 

for density 
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Table 7   Applied analyzes on liquid products 

Product Chemical assays (place, [method]) Other 

characterizations 

methods 

Leach 

solution 

Boliden [XRF] 

ALS Scandinavia [ICP-AES, ICP-SFMS] 

 

Wash 

solution 

Boliden [XRF] 

ALS Scandinavia [ICP-AES, ICP-SFMS] 

 

Scrubber 

solution 

Boliden [Spectrometer (Na2S)] 

ALS Scandinavia [V4-B] 

COD, TOC 

Liquid after 

freezing 

Boliden [XRF] 

ALS Scandinavia [ICP-AES, ICP-SFMS] 

 

Liquid after 

H2SO4 

treatment of 

crystals 

Boliden [XRF] 

ALS Scandinavia [ICP-AES, ICP-SFMS] 

 

 

3.2 SAMPLE PREPARATION OF NICKEL CONCENTRATE 

A total of ca 45 kg of Nickel concentrate was delivered in a sealed container to the 

TMPlab (25 January 2017). A primary splitting step with a rotary splitter divided 

the sample to smaller posts of ca 1kg, which was stored separately in a freeze 

container at ca 0˚C (to limit surface oxidation). The secondary splitting step 

involved splitting, with a riffle splitter, 1kg posts that had been dried in an oven at 

60˚C. Thereafter a riffle splitter was used multiple times to split the posts into 

suitable sub-samples for the proceeding experiments. 

 

3.3 LEACHING EXPERIMENTS 

The variables studied in leaching experiments were temperature and H2SO4 

concentration. These parameters were chosen based on the literature review that 

suggested that they were the most important variables. All leaching experiments 

were performed inside fume hoods for safety reasons; to limit the exposure to 

H2S. 

   An experimental design was set up in the software MODDE after some 

preliminary test work that aimed to identify what range of temperature and acid 

concentration to be used in the design plan. In the preliminary testing only 

qualitative observations were made, i.e. visual observation of gas evolvement and 

in combination with sensing the H2S odor through gentle sniffing on a glass rod 

that been held above the pulp surface.  

   Based on the preliminary observations, the temperature was set in the range of 

60 to 100˚C and the acid concentration in the range of 38.8 to 58.8% H2SO4. The 

design wizard in MODDE was utilized for setting up the experimental design 

plan. The experimental objective set to optimization and the design model 

selected as CCF (Central Composite Face-centered with star distance: 1). The 

choice of CCF was based on a recommendations from the design wizard. Table 8 

lists all experiments in the selected design plan. 

 

 



 

16 LEACHING OF PYRRHOTITE FROM NICKEL CONCENTRATE 

Table 8   Experiments and parameter setups of experimental design. 

Exp No Exp 

Name 

Run 

Order 

Temp. 

˚C 

%H2SO4 

1 N1 3 60 38.8 

2 N2 2 100 38.8 

3 N3 4 60 57.8 

4 N4 1 100 57.8 

5 N5 6 60 48.3 

6 N6 9 100 48.3 

7 N7 8 80 38.8 

8 N8 7 80 57.8 

9 N9 5 80 48.3 

10 N10 10 80 48.3 

11 N11 11 80 48.3 

   The leaching procedure for the experiments N1-N11 involved a leaching step 

followed by a washing step with intermediate drying, weighting and analysis of 

solids. Figure 10 shows a schematic illustration of this procedure that generates 

three final products: a leach solution, a wash solution, and a wash residue.  

 
Figure 10   Experimental procedure. 

 The leaching setup consisted of a leaching vessel (500ml round bottle) placed 

inside a heating jacket, connected to a temperature control unit. Temperature 

control was achieved by a glass-coated temperature sensor submerged in the pulp 

and connected to a control unit, which switched the heat on whenever required; to 

maintain the set temperature. An overhead stirrer with a plastic propeller set to 

120rpm, provided mixing and suspension of pulp. 

   Leaching procedure. The aqueous H2SO4 solutions for leaching was prepared 

through mixing of 95% H2SO4 with distilled H2O inside the leaching vessel, see 

Table 9 for mixing recipes used for providing 120 ml. For each test 20.00g of  Ni-

concentrate was used as feed material. Feed addition was done in a step-wise 

manner to the pre-heated H2SO4-solution at the set temperature (everything added 

within 2 minutes) and the leach time was set to 1.5 hours. After leaching for 1.5 

hours, the pulp was filtered in a Büchner funnel setup. During each filtration, 80 

ml of heated distilled water (~60˚C) was added as wash water to limit the 

formation of iron sulfate on the leaching residue. 
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Table 9   Mixtures used in obtaining acid of given strength. 

Volume 

%H2SO4 
Dist. 
H2O 

95% 
H2SO4 

ml ml 

86.9 33.1 38.8 

76.3 43.7 48.3 

64.6 55.4 57.8 

   Washing setup and procedure. The washing setup consisted of a 500 ml glass 

beaker placed on a heater unit with a stirrer mounted from above to provided 

mixing with a plastic propeller. A volume of 150 ml of distilled water was heated 

to 60°C, and thereafter dry leach residue was added. The pulp was then mixed for 

20 minutes at this temperature before filtration and drying of the wash residue in 

the oven (at 60°C). 

 

3.4 LEACHING WITH H2S COLLECTION 

All of the design experiments (N1-N11) were done in open leach vessel with no 

capture of H2S. To quantify the formation of H2S, additional leaching experiments 

were done with gas-collection in NaOH-scrubbers. The gas-collection setup 

included two flasks filled with 150ml of 6M NaOH that were connected in series, 

with vacuum suction at one end. Figure 11 displays the overall experimental set-

up, including leaching and the gas-collection system. Besides from the addition of 

a gas-collection system, the setup was rather similar to the one described in 

section 3.3 Leaching Experiments. However, a bigger leach vessel of 1000 ml 

(compared to 500 ml) was used in these experiments. On top of leach vessel, a 

glass lid was placed with small holes; with a temperature sensor mounted through 

one hole, a plastic propeller through another hole and the gas outlet channel 

through a third hole. The whole setup was set up as a closed-system with 

connected vacuum suction to pass formed gas through the NaOH-bottles, to 

capture the H2S. However, some free space around the plastic stirrer rod existed, 

so a completely closed system was not achieved. It is possible that small 

quantities of H2S could have escaped without being captured, especially during 

material addition and temporary stops for flushing down material from the edges. 

   The three best experiments from the design plan were scaled up by leaching 

50.00 grams Ni-concentrate in 300 ml of aqueous H2SO4 and by using two 

scrubbers connected in series. See Table 10 for leaching conditions. The leaching 

time was the same as in the design plan, i.e. 1.5 hours. 

Table 10   Experiments with H2S capture. 

Exp Name Temp. 

˚C 

%H2SO4 

SK1 60 38.8 

SK2 60 48.3 

SK3 80 38.8 
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Figure 11   Leaching setup with a gas-collection system. 

   Two experiments, K1 and K2, were done to quantify the leaching kinetics by 

measuring the H2S evolution over time. At set time points, the vacuum was 

temporary stopped, and the flasks were quickly exchanged to new ones with fresh 

NaOH solution (150ml of 6M NaOH in each flask). The quick exchange of flasks 

allowed for the analysis of the captured H2S in each flask and plotting of the 

cumulative H2S evolvement over time. In both experiments, 25 grams of Ni-

concentrate were leached in 300ml of aqueous H2SO4. K1 were done at 60˚C with 

an initial acid concentration of 38.8% H2SO4. K2 were done at 80˚C with same 

initial acid concentration.  At 60˚C, six measurements point were taken. For the 

other experiment, at 80˚C, eight measurements were obtained through a similar 

approach, but with more samples taken in the beginning. The collected scrubber 

solutions were analyzed for Na2S with a Spectrophotometer and the amounts of 

H2S collected, were calculated. 

3.5 CRYSTALLIZATION 

3.5.1 Crystallization through cooling 

   The effect of cooling temperature on the crystallization of iron(ii) sulfate has 

been studied in a series of experiments. Leach solutions for crystallization were 

obtained through two separate leaching experiments of 50.00g Ni-concentrate in 

300ml of aqueous H2SO4. The leaching conditions and crystallization 

temperatures studied are shown in Table 11, and the two experiments differed only 

by the initial acid concentration used. 

Table 11   Solutions that were crystallized at different temperatures. 

Experiment Conditions Solution 

Crystallized 

Crystallization 

at [˚C] 

S1 
60˚C, 38.7%H2SO4 and 

leach time of 1.5h 

Leach 

solution 

-2, -12, -22 

S2 
60˚C, 48.8%H2SO4 and 

leach time of 1.5h 

Leach 

solution 

-12, -17, -22 
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   The leach solution of S1 showed crystallization of small amounts of crystals, 

directly after filtration. The solution was therefore heated to dissolve any formed 

crystals and then split into four different bottles with 60 ml of solution in each. 

Leach solution was allowed to reach equilibrium at room temperature before 

cooling further at lower temperatures. Each cooling experiments included the 

placement of one bottle inside a freezer set at the given temperature and allowed 

to reach equilibrium for 24 hours. After 24 hours, the crystals were separated from 

the solution through two-step filtration in a Buchner funnel setup. The first step 

was a normal Buchner funnel filtration with vacuum suction to separate the liquid 

from the crystals. After the first step had been completed, a secondary filtration 

step wherein the filtration funnel from the first step with crystals were moved to 

another Buchner flask and filtrated once more with vacuum suction but with 

flushing of acetone over crystals. The acetone flushes out any remaining liquid on 

the crystals and leaves dried crystals after it has evaporated off. 

   All liquids prior and after crystallization were sent to ALS Scandinavia for 

analysis, and the recovery of crystals were calculated based on solution assays. 

 

3.5.2 Sulfuric acid treatment for dehydration of crystals 

Based on literature review, a method has been tested for dehydrating the crystals 

to produce the monohydrate form FeSO4∙H2O. The literature suggested that 

monohydrate is the stable phase in high concentrations of sulfuric acids, 43.9-

82.2% H2SO4, and that a too high concentration (>82.2%) should be avoided as 

crystals may take up H2SO4 molecules (Cameron, 1930). 

3.5.2.1 Method used for dehydration of crystals in 80%H2SO4 

The sulfuric acid treatment of crystals involved adding dried crystals into a 

solution of 80% H2SO4. Some preliminary test work on the dehydration of 

synthetic FeSO∙7H2O gave indications of a rapid conversion at room temperature 

as well as at higher temperatures. Visually, the crystals change color from 

greenish to white immediately on contact, which indicated a rapid conversion. 

   This dehydration method with sulfuric acid was tested on crystallized crystals 

from leach solutions originating from the experiments described below in section 

3.6 Combined leaching, crystallization and recirculation. The dehydration was 

done through mixing 20.00g of crystals in 100 ml of 80% H2SO4, for 30 minutes. 

The mixing was done inside a 500ml glass beaker, with an overhead stirrer with a 

plastic impeller providing the stirring of 200rpm. 

3.6 COMBINED LEACHING, CRYSTALLIZATION AND 
RECIRCULATION 

A special experiment was done to see if leaching in recirculated solution from the 

crystallization stage would be possible and how it may affect the process. A 

conceptual flowsheet is shown in Figure 12 and comprises the following steps:  

 Leaching 50g Ni-concentrate in 38.8% sulfuric acid at 60˚C. 

 S/L separation of leach residue and leach solution through filtration. 

 Cooling of leach solution to crystallize FeSO4∙nH2O. 30 ml of 95% H2SO4 

was added to 330 ml of leach solution. The acidified leach solution was 

subsequently placed in a freezer at -20°C for 18 hours. 
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 S/L separation of the formed crystals and solution after crystallization by 

filtration. 

 Leaching of another 50g post of Ni-concentrate in 274ml of recirculated 

solution from the crystallization stage. 

 Sulfuric acid treatment of formed crystals for dehydration into FeSO4∙H2O 

as previously described in 3.5.2.1 Method used for dehydration of crystals 

in 80%H2SO4. 

   
Figure 12   Conceptual flowsheet tried. 

3.7 CHARACTERIZATION METHODS 

3.7.1 Chemical analyzes 

   Most of the analyzes have been done with a Spectro Xepos ED-XRF from 

Ametek at the laboratory in Boliden. A few samples were sent to ALS and ALS 

Scandinavia for analysis. Analyzes of scrubber solutions were done with 

spectrometer, COD, and TOC at the laboratory in Boliden. 

 

3.7.2 Sieving and fractionating of samples 

Particle size distribution of feed material was determined with Boliden’s standard 

sieve procedure. Including wet sieving on a single screen at 45µm, followed by 

dry sieving of +45µm and micro-sieving of -45µm. The wet sieving was done 

with a Retch A 200 equipped with a single 45µm sieve. Dry sieving with an AS 

200 Tap that has a sieve series ranging from 45 µm to 2000 µm (45, 63, 90, 125, 

180, 250, 355, 500, 710, 1000, 1400 and 2000 µm). By separately saving the 

material obtained from each size fraction, fractionation of the material is 

accomplished. The weighting of each size fraction then gives the data required for 

determination of the particle size distribution. 

 

3.7.3 QEMSCAN 

QEMSCAN, i.e. Quantitative Evaluation of Minerals by SCANning electron 

microscopy, have been applied to obtain knowledge of mineralogy before and 

after leaching. The size fractions -20, 20-45, 45-63, 63-90 and +90µm from 

sieving of feed material where epoxy molded, ground, polished, and carbon 

coated before QEMSCAN analysis. A sample of final residue after leach and 

wash treatment was prepared in the same manner, but with only three fractions of 

-20, 20-45, and +45µm. The QEMSCAN analyzes were run by Iris Wünderlich 
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and Dominique Brising in Boliden. The equipment used for QEMSCAN was a 

QEMSCAN 650 from FEI with two EDS detectors (Bruker XFlash 5030, 133eV). 

 

3.7.4 XRD 

XRD measurements (X-ray diffraction) with a PANalytical Empyrean instrument 

have been done at Luleå University of Technology. The XRD requires fine 

ground material, and therefore the crystals were pulverized with a laboratory disc 

mill (Siebtechnik T100) at 1000rpm. Only the crystals that had been crystallized 

from solution were pulverized through grinding in the mill. The dehydrated 

crystals, obtained after dehydration in H2SO4, showed enough fineness already 

and was not ground. The fine-grained material was then backfilled in sample 

holders and set in position for XRD-analysis. The XRD measurement covered the 

range of 10 to 90 degrees of 2θ and ran for approximately one hour per sample 

(detailed machine settings are given in Appendix). 

3.7.5 Post processing of XRD 

For post-processing of XRD data was the software HighScore Plus used and the 

database compound references available at Luleå University of Technology. First, 

the background was determined and subtracted (via application of automatic 

settings). With search peaks were the significant peaks identified, see Figure 13 for 

search setup.  From the reference database were compounds selected that showed 

the best agreement with peaks identified in the diffractogram. 

 
Figure 13 Set up for search of peaks. 

3.7.6 Density measurements 

With a Pycnometer (AccuPyc II 1340) the density of crystals was determined. The 

pycnometer made measurements in three cycles on each sample. Reported density 

is the mean value of the three measurements. 

3.8 ANALYSIS OF SCRUBBER SOLUTIONS 

3.8.1 Spectrophotometer 

Analysis of Na2S in scrubber solutions was done with a spectrophotometer (Hach 

Lange DR5000) that had a method with calibrated Na2S spectrum. From analyzed 

Na2S, the sulfide content in solution was calculated. 

3.8.2 COD 

Analysis of chemical oxygen demand (COD) in solutions proceeded according to 

the standard method package LCK 214 from Hach Lange GMBH (Hach Lange 
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GMBH, 2016). Dilution with deionized H2O was done to meet the calibrated 

analysis range of COD (0-1000 mg/L). 

   Readings of COD gives the amount O2 required to oxidize species in the 

solution. To relate COD to amount of H2S that been captured in the scrubber 

solution as sulfide, one may assume that sulfide in solution is oxidized to sulfate 

and that two molecules of O2 are required to oxidize one molecule of S2-, see 

reaction (16) 

𝑆2− + 2𝑂2 → 𝑆𝑂4
2−    (16) 

Hence, it is possible to back-calculate how much sulfide that was in the sample 

and from that calculate the amount of H2S. 

3.8.3 TOC 

One analysis of total organic carbon (TOC) has been done according to the 

standard method package LCK 385 from Hach Lange GMBH (Hach Lange 

GMBH, n.d.). This TOC analysis was only done on the scrubber solution obtained 

after leaching in experiment R1. Some sample pretreatment was done before the 

TOC analyze that were not part of the standard TOC method. This pretreatment 

involved lowering of the pH bellow the pKa-value of H2S/HS- to gas out some 

H2S and thus limit a possible disturbance of gaseous H2S during TOC. Figure 14 

displays a pH diagram of sulfur species in aqueous solution. The pKa of H2S/HS- 

is ca 7, which means that H2S is the dominant species at pH≤7 and HS- is the 

dominant species at pH≥7. This can be observed in Figure 14, where these two 

species cross each other. 

 
Figure 14   pH diagram H2S(aq) and H2S(g) in 1 atm. In Aqueous solution (Luleå 

University of Technology, u.d.). 
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4 RESULTS 

4.1 PROPERTIES OF FEED MATERIAL 

The chemical composition of Ni-concentrate as analyzed by ALS Minerals is 

shown in Table 12. Total S analyzed with S-IR08 (LECO instrument), and all other 

elements with MeMS61c (4-Acid ICP-MS for Concentrates). 

Table 12   Chemical composition of Nickel concentrate. 

%Fe %S %Ni %Mg %Cu %Ca %Co %Al %K %Zn 

32.8 23.3 9.1 5.1 2.4 1.97 0.43 0.38 0.045 0.031 

   Mineral assays analyzed through QEMSCAN are shown in Table 13. Pyrrhotite 

and pyrite are grouped together in the table, due to problems of distinguishing 

between them with QEMSCAN, but it is believed to be mainly pyrrhotite. 

Pentlandite makes up 32.6% of the nickel concentrate and is the main mineral 

besides from the high content of iron sulfides (Pyrrhotite/pyrite). Small amounts 

of Cu minerals are observed in the form of chalcopyrite and cubanite. 

Table 13   Mineral assays of Nickel concentrate. 

wt% < 20 

µm 

> 20 

µm 

> 45 

µm 

> 63 

µm 

> 90 

µm 

bulk 

Pentlandite 37.66 25.01 26.39 29.65 20.60 32.57 

Pyrrhotite/Pyrite 30.63 48.96 49.51 40.54 19.52 36.52 

Chalcopyrite 6.49 0.97 0.95 1.65 5.04 4.38 

Cubanite 1.49 0.76 1.01 1.49 4.72 1.44 

Other Sulfides 0.17 0.06 0.04 0.03 0.03 0.12 

Quartz and other 

silicates 

18.58 20.63 18.07 22.71 44.43 20.41 

Magnetite 0.41 0.39 0.76 1.10 2.00 0.56 

Other oxides 0.07 0.07 0.12 0.14 0.29 0.09 

Calcite and other 

carbonates 

0.41 0.47 0.46 0.56 0.85 0.46 

Apatite 0.00 0.00 0.00 0.00 0.01 0.00 

Others 0.00 0.31 0.38 0.37 0.28 0.14 

Unknown 4.09 2.37 2.28 1.78 2.22 3.30 

Total 100 100 100 100 100 100 

Table 14 shows the particle size distribution of the nickel concentrate. 

Table 14   Particle size distribution of Nickel concentrate. 

Sieve size [µm] 250 180 125 90 53 45 20 

Acc.% finer 100 99.8 98.5 95.5 88.0 77.4 57.6 

 

   The chemical composition of pentlandite grains in the Ni-concentrate is shown 

in Table 15, wherein the amount of Mg, Si, Al, and Ca are from associated 

minerals. The molar relation of Ni:Fe is approximately 0.79 in the pentlandite. 

The chemical composition of pyrrhotite grains in the Ni-concentrate is shown in 
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Table 16, where the amounts of O, Mg, Si, Ni, Ca are from associated minerals. A 

molar relation of Fe:S of approximately 1 is observed for the pyrrhotite. 

Table 15   Chemical composition of Pentlandite. Mg, Si, Al, and Ca are from associated 

minerals 

Element [wt.%] [Norm. wt.%] [Norm. at.%] Error in 

wt.% 

(1 Sigma) 

Fe 24.76 36.72 29.7 0.66 

Ni 20.51 30.41 23.4 0.54 

S 20.31 30.11 42.4 0.76 

Mg 0.65 0.96 1.8 0.06 

Si 0.63 0.93 1.5 0.05 

Al 0.38 0.57 0.9 0.05 

Ca 0.20 0.30 0.3 0.03 

Sum: 67.43 100.00 100.0 
 

 

Table 16   Chemical composition of Pyrrhotite. Mg, Si, Ni, Ca are from associated 

minerals. 

Element [wt.%] [Norm. wt%] [norm. at.%] Error in 

wt.% 

(1 Sigma) 

Fe 44.70 58.69 42.7 1.17 

S 25.63 33.65 42.7 0.96 

O 2.74 3.60 9.2 0.33 

Mg 1.23 1.61 2.7 0.09 

Si 0.98 1.29 1.9 0.07 

Ni 0.61 0.80 0.6 0.04 

Ca 0.28 0.36 0.4 0.03 

Sum: 76.17 100.00 100.0 
 

 

4.2 LEACHING RESULTS 

4.2.1 Leaching experiments within the design plan 

The total mass recoveries to the leach solution and washed residue are illustrated 

in Figure 15, respectively. The weight of leach residues showed more spread 

compared to the wash residues. The spread in mass recovery before and after the 

washing step, that were observed for many of the experiments, highlights the 

importance of a washing step, which primary aims to dissolve any crystallized 

iron(ii) sulfate present in the leach residue. 

   During leaching, it was observed that for experiments performed at 60°C, the 

increased acid concentration increased induction time. At the lowest acid 

concentration of 38.8%, no induction time was observed, whilst at an acid 

concentration of 48.3%, an induction time of approximately 16 minutes was 

observed, and at an acid concentration of 57.8%, it was 25 minutes. For all 

experiments at 80 and 100˚C this phenomenon was not observed.  
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Figure 15   Total mass recovery to leach and wash residue. 

   Distributions to wash residue are displayed in Table 17. The recoveries of Ni and 

Cu are both close to 97%, with small standard deviations. The distributions of Fe, 

Mg, and S displays more spread in the different experiments. The three 

experiments that gave the best results regarding the dissolution of Fe are N1, N5, 

and N7. The three replicates (N9, N10, and N11) show good agreement for Ni and 

Cu. However, in the replicates are some spread observed for the elements Mg, S 

and Fe. 

   Assays of final wash residues are displayed in Table 18. Ni and Cu have been 

enriched and show higher grades compared to the assay of the feed. Mg, S and Fe 

all displays lower grades in the residue compared to the feed. 

Table 17   Distribution to wash residue. *=based on solution assay. 

Exp 

Name 

Mg 

[%] 

S 

[%] 

Fe 

[%] 

*Ni 

[%] 

*Cu 

[%] 

N1 55.6 47.8 31.5 97.6 99.2 

N2 48.8 58.0 42.6 95.1 95.8 

N3 52.7 48.0 32.1 97.8 98.3 

N4 49.3 55.8 44.9 96.8 97.6 

N5 50.7 46.6 30.5 97.2 96.9 

N6 44.1 46.4 34.5 96.5 95.5 

N7 47.4 44.1 31.4 96.9 95.9 

N8 50.1 50.8 37.3 97.3 97.2 

N9 45.6 48.4 35.8 96.7 94.7 

N10 47.5 46.4 33.7 96.7 94.7 

N11 45.3 47.3 34.8 97.1 95.6 

MEAN 48.8 49.1 35.4 96.9 96.5 

Std 3.1 3.9 4.2 0.7 1.3 

MAX 55.6 58.0 44.9 97.8 99.2 

MIN 44.1 44.1 30.5 95.1 94.7 
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Table 18   Assays of wash residue. *=based on solution assay. 

Exp 

Name 

Mg 

[%] 

S 

[%] 

Fe 

[%] 

*Ni 

[%] 

*Cu 

[%] 

N1 4.9 19.3 17.9 15.4 4.0 

N2 3.9 21.0 21.7 13.5 3.5 

N3 4.7 19.4 18.2 15.5 4.0 

N4 3.9 20.1 22.7 13.6 3.5 

N5 4.6 19.4 17.9 15.8 4.1 

N6 4.0 19.1 20.0 15.5 4.0 

N7 4.4 18.6 18.7 16.0 4.1 

N8 4.2 19.5 20.2 14.6 3.8 

N9 4.0 19.2 19.9 15.0 3.8 

N10 4.2 18.9 19.3 15.4 3.9 

N11 4.0 19.1 19.8 15.4 3.9 

MEAN 4.2 19.6 20.0 15.1 3.9 

Std 0.3 0.8 1.5 0.8 0.2 

MAX 4.7 21.0 22.7 16.0 4.1 

MIN 3.9 18.6 17.9 13.5 3.5 

 

4.2.2 Leaching with Scrubber 

The leaching experiments SK1, SK2, and SK3 all displayed similar recoveries and 

assays of leach residue for Fe and Ni. Table 19  displays the recoveries based on 

wash residue assays, which are shown in Table 20. 

Table 19   Recoveries to wash residue. *Based on solution analysis. 

Exp Name Mg S Fe *Ni *Cu 

SK1 57.5 51.5 31.0 96.8 95.2 

SK2 54.5 54.0 31.3 95.8 91.5 

SK3 54.5 51.6 31.4 96.3 95.0 

MEAN 55.5 52.4 31.2 96.3 93.9 

Std 1.41 1.18 0.18 0.38 1.71 

MAX 57.5 54.0 31.4 96.8 95.2 

MIN 54.5 51.5 31.0 95.8 91.5 

Table 20   Assays of wash residue. *Based on solution analysis. 

Exp Name Mg S Fe *Ni *Cu 

SK1 4.9 19.9 16.9 14.7 3.7 

SK2 4.6 20.7 16.9 14.4 3.5 

SK3 4.6 19.7 16.9 14.4 3.7 

MEAN 4.7 20.1 16.9 14.5 3.6 

Std 0.1 0.4 0.0 0.1 0.1 

MAX 4.9 20.7 16.9 14.7 3.7 

MIN 4.6 19.7 16.9 14.4 3.5 
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   Captured H2S in the scrubber solution, based on the Na2S spectrometer 

analyzes, are displayed in Table 21 together with the total amount of leached Fe, 

reporting to the leach and wash solutions. The amounts of H2S captured in SK3 

have intentionally been excluded, since it was observed that not all of the released 

H2S had been scrubbed, due to the leakage of gas. However, as the leached out 

iron in SK3 agrees with SK1 and SK2, the formation of H2S in SK3 is expected to 

be of a similar magnitude. The molar ratio of Fe/H2S is about 1.58, in both SK1 

and SK2, which is higher than expected when compared to the reaction formula 

for pyrrhotite dissolution, which shows a 1:1 molar ratio of formed H2S to leached 

Fe. 

Table 21   Formation of H2S and Fe leached to solutions. 

Exp. 

Name 

H2S Fe in solutions Molar 

ratio 

g mol g mol Fe/H2S 

SK1 4.37 0.13 11.32 0.20 1.58 

SK2 4.35 0.13 11.26 0.20 1.58 

 

4.2.3 Kinetics of H2S evolvement 

The evolvements of H2S over time (accumulated), at 60 and 80˚C, are shown in 

Figure 16, based on Na2S analysis from the Spectrophotometer. The leaching at 80 

degrees showed a more rapid evolvement of H2S and slightly more H2S being 

captured in total. The total amounts of H2S and leached out Fe are shown in Table 

22. According to these analyzes, more H2S was captured in K2 compared to K1, 

while the Fe assays say that less Fe was leached in K2. 

 

 
Figure 16   Accumulated H2S over leaching time. 
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Table 22   Total amount of H2S captured, Fe in solution and the molar ratio of Fe/H2S. 

Exp. 

Name 

Total H2S Fe in solutions Molar 

ratio 

g mole g mole Fe/H2S 

K1 2.09 0.061 5.96 0.107 1.74 

K2 2.23 0.066 5.62 0.101 1.54 

4.3 CRYSTALLIZATION RESULTS 

Solution assays in g/l for the mother liquid and the solutions after crystallization 

are shown in Table 23 for S1 and in Table 24 for S2. It is believed that some 

analysis or volume measurement error occurred at -2˚C, as this solution shows 

higher assays than the mother liquid, except for Ca that appears to have 

crystallized. The solution of S2 contains less Fe, as much of the iron has 

crystallized on the leach residue. 

Table 23   Solution analyzes of S1.  
 

Ca Fe K Mg Na S Co Cu Ni Zn 

g/L g/L mg/L g/L mg/L g/L mg/L mg/L g/L mg/L 

Mother liquid 0.365 32.0 46.8 2.86 19.3 145 11.7 28.4 0.250 42.0 

-2˚C 0.071 35.1 47.7 2.92 20.0 152 11.3 29.9 0.254 42.5 

-12˚C 0.071 9.0 47.6 1.63 20.8 141 3.3 8.3 0.118 21.1 

-22˚C 0.082 7.0 52.1 1.32 20.9 144 2.6 5.8 0.095 16.7 

Table 24   Solution analyzes of S2. 
 

Ca Fe K Mg Na S Co Cu Ni Zn 

g/L g/L mg/L g/L mg/L g/L mg/L mg/L g/L mg/L 

Mother liquid 0.101 15.6 44.0 2.62 19.2 187 8.0 72.8 0.222 27.2 

-12 0.091 15.1 36.3 2.50 16.6 187 6.3 67.7 0.215 25.6 

-17 0.094 6.5 44.6 1.91 19.8 186 3.6 32.4 0.141 17.0 

-22 0.094 5.3 42.5 1.63 19.9 191 2.7 26.1 0.119 14.5 

   The recovery of elements to crystallized crystals based on solution assays is 

shown in Table 25 for S1. Table 26 shows the recoveries to crystals in S2. More 

iron crystallizes with decreased temperature. 

Table 25   Recovery of elements to crystals from mother liquid S1. 

Temp. 

˚C 

Ca Fe K Mg Na S Co Cu Ni Zn 

% % % % % % % % % % 

-2 80.9 -7.7 -0.2 -0.4 -2.0 -2.9 5.2 -3.4 -0.1 0.5 

-12 82.8 75.2 10.2 49.7 4.7 14.2 74.9 74.3 58.2 55.6 

-22 80.5 81.0 3.5 60.0 6.1 14.0 80.9 82.4 67.1 65.5 

Table 26   Recovery of elements to crystals from mother liquid S2. 

Temp. 

˚C 

Ca Fe K Mg Na S Co Cu Ni Zn 

% % % % % % % % % % 

-2 9.7 3.2 17.5 4.4 13.5 -0.1 21.3 7.0 3.3 5.9 

-12 13.4 61.4 5.4 31.9 3.7 7.1 58.7 58.5 40.8 41.7 

-22 9.9 66.9 6.6 39.8 -0.2 1.2 67.3 65.3 48.3 48.5 
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   The mass and assays of formed crystals are shown in for S1 for Table 27. The 

crystallization of S1 at -2˚C showed crystallization of mainly Ca, with small 

amounts of Co and Zn. 

Table 27   Weight and assays of crystals formed from S1. 

Temp. 

˚C 

Mass Ca Fe K Mg Na S Co Cu Ni Zn 

[g] % % ppm % ppm % ppm % % ppm 

-2 0.11 16.5 -138.4 -58.7 -0.6 -216.2 -238.6 340 -0.05 -0.01 116 

-12 6.69 0.27 21.6 42.6 1.3 8.1 18.5 79 0.02 0.13 209 

-22 6.48 0.27 24.1 15.3 1.6 10.8 18.9 88 0.02 0.16 255 

Table 28   Weight and assays of crystals formed from S2. 

Temp. 

˚C 

Mass Ca Fe K Mg Na S Co Cu Ni Zn 

[g] % % ppm % ppm % ppm % % ppm 

-12 0.22 0.26 13.5 2074.5 3.1 700.5 -5.4 461 0.14 0.20 431 

-17 2.43 0.03 23.6 58.5 2.1 17.7 32.5 116 0.10 0.22 279 

-22 2.63 0.02 23.8 66.5 2.4 -0.8 4.9 123 0.11 0.24 301 

 

4.4 COMBINED LEACHING, CRYSTALLIZATION AND 
RECIRCULATION 

4.4.1 R1 - First leach, wash, and crystallization 

Distribution of elements in leach and in wash step, based on the feed analysis and 

on the solution analysis (analyzed by ALS Scandinavia), are given in Table 29. 

More than 97% of Ni, Co, and Ni stayed in the washed residue. Assays of leach 

and wash residues are reported in Table 30. 

Table 29   Distributions in leaching and washing of R1. 

Sample Distribution 

Ca Fe K Mg Na Co Cu Ni Zn 

% % % % % % % % % 

Leach 

Solution 

17.2 61.4 63.6 34.0 15.7 1.7 0.004 1.7 79.1 

Leach 

Residue 

82.8 38.6 36.4 66.0 84.3 98.3 99.996 98.3 20.9 

Wash 

Solution 

2.9 0.5 2.9 0.4 1.0 0.4 2.3 0.6 2.5 

Wash 

Residue 

79.9 38.1 33.5 65.6 83.3 97.9 97.7 97.7 18.5 

 

Table 30   Assays of leach and wash residues of R1. *Based on solution assay (ALS). 

 Ca* Fe* K* Mg* Na* S Co* Cu* Ni* Zn* 

% % % % % % % % % % 

Leach 

Residue 

2.5 19.8 0.03 5.3 0.1 19.9 0.7 3.7 14.0 0.01 

Wash 

Residue 

2.6 20.52 0.02 5.5 0.1 20.0 0.7 3.8 14.6 0.01 
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   Scrubber solution analyzes from Spectrophotometer (Na2S), COD and ALS are 

shown in Table 31. All three analyze methods showed some deviation from one 

another. The analysis of ALS gave the lowest S content and COD the highest. For 

this scrubber solution a TOC analysis was also done, to quantify the organic 

carbon content in the solution. The results of TOC analysis is shown in Table 32. 

The low TOC content in the scrubber solution of just about 6.1 mg can be 

negligible compared to the sulfide content, and thus the increased sulfide content 

observed for the COD analyzes compared to other sulfide analyzes, are not 

explained by the TOC-content. 

Table 31   Scrubber solution analyzes of R1. 

Method S Calc. H2S 

g g mole 

Spectrophotometer (Na2S) 3.61 3.84 0.11 

COD 4.22 4.48 0.13 

ALS (V4-B) 2.97 3.16 0.09 

Table 32   TOC analysis of scrubber solution from R1. 

Volume TOC 

ml mg/l mg 

158 38.9 6.1 

   Crystallization of the leach solution after acid addition gave the distributions of 

the elements shown in Table 33. The crystal assays are shown in Table 34. The 

main contaminating metals found in crystals are Mg, Ca and Ni.  

Table 33   Distributions in crystallization of leach solution.  

 Ca Fe K Mg Na S Co Cu Ni Zn 

% % % % % % % % % % 

Liquid 15.7 18.3 95.1 46.8 94.7 85.6 22.4 36.1 36.6 38.6 

Crystals 84.3 81.7 4.9 53.2 5.3 14.4 77.6 63.9 63.4 61.4 

Table 34   Assay of crystals crystallized from leach solution. 

Ca Fe K Mg Na S Co Cu Ni Zn 

% % ppm % ppm % ppm ppm % ppm 

0,4 20.4 17.4 1.1 6.7 22.6 71.2 0.78 0.1 187 

   The distributions of the elements in the acid wash step are shown in Table 35. 

The assays of final crystals after H2SO4 in Table 36. About 99% of the Fe stayed in 

the crystals at this high acid concentration of roughly 80%H2SO4, indicating a low 

solubility of Fe at this acidic level. 

Table 35   Distribution in H2SO4 wash of crystals. 

 Ca Fe K Mg Na Co Cu Ni Zn 

% % % % % % % % % 

Liquid 18.3 0.9 148.9 12.5 153.9 1.0 33.3 5.9 0.7 

Crystals 81.7 99.1 -48.9 87.5 -53.9 99.0 66.7 94.1 99.3 
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Table 36   Assays of crystals after H2SO4 wash. 

Ca Fe K Mg Na Co Cu Ni Zn 

% % ppm % ppm ppm ppm % ppm 

0.4 30.8 -12.9 1.5 -5.5 107.2 0.8 0,2 282 

   The solution assays before and after crystallization are shown in Table 37. The 

solution after crystallization was used as leaching liquid in the second leaching, 

i.e. R2. 

Table 37   Solution assays before and after crystallization. 

 Ca Fe K Mg Na S Co Cu Ni Zn 

g/l g/l mg/l g/l mg/l g/l mg/l µg/l g/l mg/l 

Leach 

solution 

0.47 28.1 40.0 2.4 14.3 125.6 10.3 136.8 0.22 34.2 

After 

crystallization 

0.08 5.3 39.1 1.2 13.9 155.0 2.4 50.8 0.08 13.6 

 

4.4.2 R2 - Second leach, wash, and crystallization 

Then for R2, wherein the liquid after crystallization of R1 solution was used as 

leaching liquid, is the distribution in leaching and washing step shown in Table 38. 

Assays of the leach solution and wash residue of R2 is shown in Table 39. 

Table 38   Distribution in R2 for leaching and washing. 

Sample Distribution 

Ca Fe K Mg Na Co Cu Ni Zn 

% % % % % % % % % 

Into 

leach 

solution 

15.8 59.8 63.1 32.6 15.6 1.7 0.001 

 

1.7 76.1 

Leach 

residue 

84.2 40.2 36.9 67.4 84.4 98.3 99.999 98.3 23.9 

R1 Wash 

solution 

3.6 0.5 3.0 0.4 0.8 0.3 2.4 0.5 2.5 

Wash 

residue 

80.6 39.7 33.9 67.0 83.7 98.0 97.6 97.8 21.4 

Table 39   Assays of leach and wash residue R2. *ALS analysis on solution 

 Ca* Fe* K* Mg* Na* S Co* Cu* Ni* Zn* 

% % % % % % % % % % 

Leach 

Residue 

2.6 20.4 0.03 5.3 0.1 20.1 0.7 3.6 

 

13.9 0.01 

Wash 

Residue 

2.6 21.3 0.02 5.6 0.1 20.0 0.7 3.7 

 

14.6 0.01 

   The scrubber solution assays from Spectrophotometer, COD, and ALS are all 

shown in Table 40. The analysis of S according to each of the three analyze 

methods are deviating from one another. The COD analysis shows the highest S 

content and the ALS analysis the lowest. 
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Table 40   Scrubber solution analyzes of R1. 

Method S Calc. H2S 

g g mole 

Spectrophotometer (Na2S) 3.78 4.02 0.12 

COD 4.35 4.62 0.14 

ALS (V-4B) 3.17 3.37 0.10 

   The distribution of elements in crystallization of leach solution is shown in Table 

41 for R2. It should be noted that no acid addition was done before the 

crystallization of R2 and a lower distribution to crystals are expected compared to 

R1. The assays of the formed crystals are shown in Table 42. Mg, Ca, and Ni being 

the main elements besides from Fe. K, Na, Co, and Zn are minor elements in the 

ppm range.  

Table 41   Distribution in crystallization of leach solution. 

 Ca Fe K Mg Na S Co Cu Ni Zn 

% % % % % % % % % % 

Liquid 41.8 29.1 91.0 56.1 98.4 86.4 35.3 26.1 49.2 50.4 

Crystals 58.2 70.9 9.0 43.9 1.6 13.6 64.7 73.9 50.8 49.6 

Table 42   Assays of crystals formed in crystallization of leach solution. 

Ca Fe K Mg Na S Co Cu Ni Zn 

% % ppm % ppm % ppm ppm % ppm 

0.25 19.1 53.30 1.2 3.4 13.7 66.0 0.5 

 

0.1 184.1 

   The distributions in the acid wash step are shown in Table 43. The assays of the 

final crystals after H2SO4 treatment (in 80% H2SO4) are shown in Table 44. The 

assay of the leach solution before and after crystallization are shown Table 45. 

Table 43   Distribution in H2SO4 treatment of crystals. 

 Ca Fe K Mg Na Co Cu Ni Zn 

% % % % % % % % % 

Liquid 26.3 0.9 48.5 11.9 303.8 1.1 51.4 6.0 0.7 

Crystals 73.7 99.1 51.5 88.1 -203.8 98.9 48.6 94.0 99.3 

Table 44   Assays of crystals after H2SO4 wash. 

Ca Fe K Mg Na Co Cu Ni Zn 

% % ppm % ppm ppm ppm % ppm 

0.3 30.3 44.1 1.7 -11.2 105.0 0.4 0.2 293.9 

Table 45   Assay of leach solution before and after crystallization for R2. 

 Ca Fe K Mg Na S Co Cu Ni Zn 

g/l g/l mg/l g/l mg/l g/l mg/l µg/l g/l mg/l 

Leach 

solution 

0.50 31.6 70.0 3.2 24.9 118.8 12.0 <20 0.28 43.6 

After 

crystallization 

0.23 10.4 72.0 2.1 27.7 116.0 4.8 23.6 0.16 24.8 
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4.4.3 Comparison R1 to R2 

Figure 17 shows a side-by-side comparison of the distribution to wash residue for 

leaching in fresh acid (R1), and for leaching in recirculated residual solution 

obtained after the crystallization (R2), respectively. The distributions are similar 

in both R1 and R2. R2 showed a slightly higher distribution of Fe, Mg and Zn to 

wash residue. 

 

 
Figure 17   Distribution to wash residue. 

   Slightly less amount of dissolved Fe and more captured H2S were observed for 

R2 compared to R1, as shown in Table 46. The molar ratio of dissolved Fe to H2S 

is approximately 1.6 in R1 and 1.5 in R2 based on the average values of the three 

analyzes, which is higher than expected based on the reaction formula for 

pyrrhotite dissolution. 

Table 46   Dissolved Fe and analyzes of captured H2S. 

Exp. 

Name 

Dissolved 

Fe 

H2S 

Sp.meter COD ALS Average 

mole mole mole mole mole 

R1 0.182 0.11 0.13 0.09 0.11 

R2 0.177 0.12 0.14 0.10 0.12 

   For the crystallization step some differences are observed between R1 and R2, 

mainly in the distribution of the elements between liquid and crystals. However, it 

is important to note that H2SO4 was added before crystallization of R1 and that no 

acid addition was done in the crystallization of R2. The difference is most likely 

due to difference in total H2SO4 concentrations, which affects the solubilities and 

hence the recoveries to the crystals. 

4.4.4 Characterization of crystals 

The XRD diffractograms showed the best match towards Rozenite (FeSO4∙4H2O) 

for the crystals that were crystallized from leach solution. The crystals after 

treatment in 80% H2SO4 showed the best match with Szomolnokite (FeSO4∙H2O) 

based on the XRD diffractogram, which confirms the dehydration into 

FeSO4∙H2O. The XRD-diffractograms, and graphs that shows comparison of 
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peaks observed against peaks of best matching phase, are included in appendix 

under section 9.3 XRD Diffractograms. 

   The density of crystals before and after dehydration in 80% H2SO4 are shown in 

Table 47 together with the Fe assays of crystals. 

Table 47   Density of crystals. 

Crystal sample Density Fe 

g/cm3 % 

R1 Before H2SO4 wash 2.05 20.4 

R1 After H2SO4 wash 2.90 30.8 

R2 Before H2SO4 wash 1.98 19.1 

R2 After H2SO4 wash 2.93 30.3 

   The crystals, crystallized from the leach solution, display lower density than 

FeSO4∙4H2O (2.29 g/cm3) and higher than FeSO4∙7H2O (1.90 g/cm3). The grades 

of Fe in crystals, 20.4%Fe in R1 and 19.1%Fe in R2, are closer to FeSO4∙7H2O 

(20.1% Fe) than FeSO4∙4H2O (24.9% Fe). However, impurities of mainly Mg, Ca 

and Ni probably lowers the Fe grade. Mg and Ca are also lighter elements than Fe 

and could potentially lower the density of formed crystals. 

   The H2SO4 treated crystals were confirmed as FeSO4∙1H2O through XRD. The 

density of these crystals is lower than the reported density of FeSO4∙1H2O (3.05 

g/cm3). The assays of Fe in the dehydrated crystals, 30.8%Fe in R1 and 30.3%Fe 

in R2, are being lower than the theoretical 32.9% Fe for pure FeSO4∙H2O. The 

lower Fe grade and densities are probably due to the presence of impurities, which 

mainly was observed as Mg, Ca and Ni. 

4.5 PROPERTIES OF WASHED RESIDUE 

A wash residue from leaching at 60°C with an initial acid concentration of 38.8% 

was characterized through sieving and QEMSCAN. The size distribution of it is 

shown in Table 48. In Table 49 is grade distribution of Fe and Ni in different 

fractions given. 

Table 48   Size distribution of wash residue. 
 

45µm 20µm 

Cum.%finer 82.8 61.6 

Table 49   Grades of Fe and Ni within size fractions as analyzed through QEMSCAN 

[%]. 

Elements Fraction 

> 45 µm > 20 µm < 20 µm bulk 

Fe 21.05 23.07 23.76 23.14 

Ni 15.63 18.83 19.27 18.55 

   Mineral fraction assay of the wash residue is shown in Table 50. Pentlandite is 

the dominant mineral with 51.6%. Silicates being the second most common 

minerals making up 30.5%. Other Ni/Fe minerals make up 8.2% of the bulk 

sample. The group of others Ni/Fe minerals include violarite, gersdorffite, 

siegenite, heazlewoodite, and FeS with Co and Cu impurities. 
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Table 50   Mineral assay of wash residue [%]. 

Minerals > 45 

µm 

> 20 

µm 

< 20 

µm 

bulk 

Chalcopyrite 2.64 1.65 2.71 2.48 

Cubanite 3.58 1.75 1.93 2.18 

Pyrite 3.12 3.09 2.45 2.70 

Pyrrhotite 0.38 0.39 0.06 0.19 

Pentlandite 44.44 53.05 53.16 51.64 

Other Ni/Fe minerals 3.73 6.23 10.10 8.18 

Other Sulfides 0.01 0.43 0.37 0.32 

Magnetite 0.33 0.10 0.04 0.10 

Silicates 39.50 31.83 27.45 30.45 

Carbonates 0.01 0.01 0.03 0.02 

Oxides 0.07 0.04 0.00 0.02 

Others 0.00 0.00 0.00 0.00 

Unknown 2.18 1.43 1.69 1.72 

Total 100 100 100 100 

   In Table 51 is mass distribution of Fe over different minerals in different 

fractions reported. The iron is mainly distributed to pentlandite (72.6% in bulk).  

Table 51   Mass distribution of Fe over different minerals in different fractions [%]. 
 

> 45 

µm 

> 20 

µm 

< 20 

µm 

bulk 

Chalcopyrite 3.61 2.02 3.23 3.04 

Cubanite 7.00 3.12 3.34 3.87 

Pyrite 6.89 6.24 4.80 5.43 

Pyrrhotite 1.13 1.06 0.17 0.51 

Pentlandite 68.75 74.85 72.86 72.64 

Other Ni/Fe minerals 5.23 8.00 12.63 10.50 

Other Sulfides 0.00 0.03 0.02 0.02 

Magnetite 1.12 0.30 0.11 0.31 

Silicates 6.17 4.34 2.83 3.67 

Carbonates 0.01 0.00 0.00 0.00 

Oxides 0.08 0.04 0.00 0.02 

total 100 100 100 100 

   The distribution of Ni over minerals and fractions are shown in Table 52. About 

95% of the Nickel is distributed to the pentlandite and the rest is found in the 

other Ni/Fe minerals. 

Table 52   Mass distribution of Ni over different minerals in different fractions [%]. 
 

> 45 µm > 20 µm < 20 µm bulk 

Pentlandite 97.31 96.41 94.38 95.24 

Other Ni/Fe 

minerals 

2.69 3.59 5.62 4.76 

Total 100.00 100.00 100.00 100.00 

   No elemental sulfur species were observed in the QEMSCAN. 
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5 DISCUSSION 

5.1 EXPERIMENTAL OBSERVATIONS 

Sufficiently high concentration of H2SO4 and temperature are required for rapid 

dissolution of pyrrhotite. However, the lower range of tested parameter setups 

gave the most promising results, i.e. test runs N1 (60°C, 38.8% H2SO4), N5 

(60°C, 48.3% H2SO4), and N7 (80°C, 38.8% H2SO4). Applications of too high 

settings of the parameters should be avoided as indicated by the results of 

experiments within the design plan. The solubility of FeSO4 decreases with 

increased acid level, and so does the carrying capacity of how much Fe2+ the leach 

solution can contain without reaching saturation. 

   The experiments SK1, SK2, and SK3, were scaled up versions of the three best 

experiments from design plan, and they all showed similar recoveries and grades 

of Fe to the washed residue, when compared with each other. The small 

differences in grade and recovery of Fe that were seen in design plan was not 

observed in those three experiments. 

   An unexpected trend of increased induction time with higher acid 

concentrations was observed in leaching at 60˚C. At higher temperatures no such 

effects were observed, which indicates that higher temperatures helped to 

overcome the induction period, even at higher acid concentrations. 

   A temperature increase from 60 to 80°C showed a positive effect on the 

leaching kinetics when using 38.8%H2SO4 (see Figure 16). In both experiments, 

K1 and K2, more or less all of the H2S was captured within 40 minutes. This 

indicates fast kinetics at these conditions, and that the leaching time of 1.5h used 

in all other experiments, should have been sufficient time to dissolve pyrrhotite. 

   The leaching process can be regarded as selective as more than 95% of Ni, Co 

and Cu stay in the solid material, after leach and wash treatment. Pentlandite is 

still the main Ni-bearing mineral as reported in section 4.5 Properties of washed 

residue.  Dyson & Scott (1976) claimed that excess sulfur from the dissolution of 

pyrrhotite could form protective coatings on pentlandite surfaces that hinder the 

dissolution of pentlandite. However, with QEMSCAN no such sulfurous layers 

was observed.  

   More than 95% of the Nickel were recovered to the solid residue after leach and 

wash treatment. The small amount of nickel dissolved (<5%) probably comes 

from the dissolved pyrrhotite, which may contain small amounts of Ni. No 

experimental work was done on selective recovery of the dissolved Ni. Sulfide 

precipitation by H2S could be a potential candidate for recovery of Ni from 

solution as NiS (Karbanee, et al., 2008). 

   QEMSCAN analysis on a washed residue showed that most of the pyrrhotite 

had been dissolved by leaching at 60°C, with an initial acid concentration of 

38.8%H2SO4, as was shown in section 4.5 Properties of washed residue. 

Subramanian, et al., (1972) reported in their paper that the activation of pyrrhotite, 

was required prior to the leaching of pyrrhotite in H2SO4, in order to decrease the 

iron deficiency, as H2SO4 scarcely attacked unactivated pyrrhotite. The pyrrhotite 

in the Kevitsa’s Ni-concentrate was readily dissolved without “activation”, which 

could be due to the low Fe-deffiency in this pyrrhotite. The chemical composition 

of this pyrrhotite, as indicated by analysis with EDS detectors, showed a molar 

relation for Fe:S of approximately 1, which is higher than the previous reported 
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molar relation for  Fe:S of 0.95, for hexagonal pyrrhotite in Kevitsa’s ore 

(Musuku, et al., 2016). 

   The leaching in recirculated solution from the crystallization step showed no 

negative effect on the leaching performance, as concluded in section 4.4.3 

Comparison R1 to R2. Recoveries and grades to the washed residue were similar 

for all elements in R1 and R2. 

   Regarding the formed H2S, a miss-match was observed between the dissolved 

Fe and the captured H2S, wherein the molar ratio for Fe:H2S was ≥1.5. Clearly, 

more moles of Fe was leached out than the captured moles of H2S, although the 

reaction formula for dissolution of pyrrhotite suggest it to be a 1:1 molar ratio. 

Several factors might have influenced this observation, which will contribute to an 

explanation. The main one being that not all H2S stripped out of the leach solution 

as H2S is soluble in aqueous solutions with an acidic pH. The leach solution still 

smelled H2S after filtration. Another contributing effect could be the dissolution 

of Fe from other minerals and the dissolution of Fe from oxidized Fe-bearing 

surfaces. 

5.2 PROCESS CONSIDERATIONS 

5.2.1 Acid concentration and temperature 

Higher temperature increases the leaching kinetics as was observed with a 

temperature of 80˚C compared to 60˚C as shown in Figure 16. On the other hand, 

with the higher release rate of H2S, more foaming will also take place, as the Ni-

concentrate is hydrophobic and readily floats during the gas evolution reaction. 

Extensive foaming might be a disadvantage and a challenge in a real process. 

   The acid concentration is important to control as it affects both the leaching 

process and the crystallization process. An increased tendency of FeSO4 to 

crystallize on the leach residue has been observed at higher acid concentrations, 

which in turn puts more demand on the wash step. Also, since higher acid 

concentrations decrease the FeSO4 solubility, it leads to less Fe2+ that can be 

dissolved per volume, without reaching saturation. 

 

5.2.2 Sulfuric acid addition – before or after crystallization? 

The leaching is acid consuming, and thus a controlled addition of sulfuric acid is 

required to maintain sufficient acid levels. In the search of an optimal acid 

addition point, two important aspects must be considered: 

i) High concentrations of sulfuric acid decreases the solubility of ferrous 

sulfate. 

ii) The mixing of concentrated sulfuric acid with aqueous solutions is 

exothermic, which leads to temperature increase upon mixing. 

   Considering i), the optimal point would be before crystallization. However, this 

would lead to a temperature increase due to ii) and increased costs for cooling. 

Considering ii), the optimal point would be within the leaching that utilizes high 

temperature for leaching. 

   If the second alternative is chosen, a higher content of Fe (and other metals) is 

expected to be recirculated. Moreover, the capacity to take up Fe in the solution 

will be less compared to if first alternative is chosen, and hence it is expected that 

more Fe is found as crystals in the leach residue, that then requires washing. 
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5.2.3 Valorization of dissolved Fe 

The dissolved Fe should preferably be recovered into a marketable product. Two 

valorization alternatives are: 

 Crystallization of dissolved Fe as iron(ii) sulfate, preferable as 

monohydrate FeSO4∙1H2O 

 Electrowinning for production of scrap Fe or possibly a FeNi-alloy 

   This project have proved that dissolved Fe in leach solution can be crystallized 

to iron(ii) sulfate through cooling. Furthermore, it has been shown that it is 

possible to produce FeSO4∙H2O through dehydration of crystals in high 

concentration of H2SO4, which ideally should be close to 82.2%, but not higher 

since the FeSO4∙1H2O is only stable up to 82.8%H2SO4 (Cameron, 1930). It 

should be possible to recirculate the acid in such a dehydration process step. The 

dehydration of crystals gives off water molecules that dilutes the acid 

concentration, and thus, the acid concentration must be restored from time to time. 

This maintenance of acid level can be achieved through addition of fresh acid and 

thus it is required to maintain the water balance. 

   It could be possible to further process FeSO4∙H2O to scrap Fe or to a possible 

FeNi-alloy through electrowinning. Cardarelli (2011) has a patent wherin a 

electrochemical process is described for the recovery of metallic Fe or Fe-rich 

alloy, from iron-rich metal sulfate solution. 

 

5.2.4 Valorization of H2S 

It is important to find a suitable marketable product for the H2S produced from 

leaching. Some valorization alternatives include: 

 Production of elemental S from H2S through Claus reaction or from an 

available source of SO2. Both these alternatives were briefly mentioned in 

section 2.7.2 Production of elemental sulfur from H2S 

 Scrubbing H2S in NaOH to produce either NaHS or Na2S as mentioned in 

section 2.7.1 NaOH scrubbing 

 Sulfide precipitation of metals with H2S 

   The last one, sulfide precipitation, might be a possible method to recover 

dissolved Ni from solutions. Karbanee, et al., (2008), studied the NiS precipitation 

using gaseous H2S. According to their findings HS- is required for the 

precipitation of NiS. To provide HS- as dominant species in solution, the pH-value 

must be above 6.99, as indicated by pKA for reaction (17). In the presence of HS- 

can NiS be precipitated according to reaction (18). 

𝐻2𝑆(𝑎𝑞) ↔ 𝐻𝑆− + 𝐻+          𝑝𝐾𝐴 = 6.99  (17) 

𝑁𝑖2+ + 𝐻𝑆− → 𝑁𝑖𝑆 + 𝐻+    (18) 

Thus, a precipitation of NiS from the leach or the wash solution would require the 

addition of some alkaline source, to raise the pH prior to precipitation. 

5.3 ECONOMICAL AND ENVIRONMENTAL CONSIDERATIONS 

The benefits of a leach process implementation at the mine site with recovery of 

the formed by-products are 
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 Lowered TC-cost (i.e. Treatment Charge cost), which is a cost that the 

mine site has to pay to the smelter on the basis of the tonnage to be 

processed. 

 Reduced transportation costs for the final Ni-concentrate. 

 Production of by-products that, if marketable, may contribute to extra 

revenue. 

 Less demands on the froth flotation in regards of selectivity against 

pyrrhotite. Thereby, it might be possible to operate the froth flotation in a 

different way to promote an increased recovery of valuable metals. 

   A process implementation would result in the handling of high concentrations of 

H2SO4, increased demands on water cleaning and handling of the toxic H2S gas. 

Hence, a process implementation would result in increased demands regarding the 

aspects of health, safety and environmental considerations.  

   The economical drawbacks of a process implementation are the investment 

costs, the operating costs, the costs for water cleaning, and the costs for material 

handling of the formed by-products. 

   For the smelter site, the benefit of reduced pyrrhotite and enriched content of 

valuable metals, will be the formation of less amounts of by-products during the 

pyrometallurgical smelting, i.e. less formation of slag and gaseous SO2. However, 

the produced amounts of slag and gaseous SO2 will only be reduced and not 

eliminated since the leached Ni-concentrate will still contain both Fe and S that 

are bound in other minerals. 

   So, instead of producing slag and SO2 from the pyrrhotite present in the Ni-

concentrate may alternative by-products be produced that might be more valuable. 

The valorization of by-products formed during leaching have been discussed in 

the sections 5.2.3 Valorization of dissolved Fe and 5.2.4 Valorization of H2S.
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6 CONCLUSIONS 

The non-oxidative sulfuric acid leaching of pyrrhotite from Kevitsa’s Ni-

concentrate is a method that selectively removes pyrrhotite and enriches the grade 

of the valuable metals: 

 Leaching for 1.5h at 60°C with 38.8%H2SO4 was sufficient to dissolve 

more or less all of the pyrrhotite content. 

 More than 95% of Ni, Co and Cu are recoverable to the final solids after 

leaching and washing. 

 Pentlandite is still present as the main Ni-mineral in final solids and carries 

95% of the Nickel content; 

 A weight reduction of ca 40% could be achieved. 

 Potential exists to leach in a recirculated solution from the crystallization 

process without negatively affecting the results, as observed in the 

leaching results presented section 3.6 Combined leaching, crystallization 

and recirculation. 

 

   Crystallization of leach solution through cooling and treatment of crystals in 

80%H2SO4 for dehydration have been proved as a method to recover Fe2+ from 

the leach solution into final crystals of FeSO4∙H2O: 

 The leach solution could be crystallized through cooling (preferably by 

acid addition before cooling to lower the solubility of FeSO4) to form 

crystals of FeSO4∙4H2O, with main contaminants of Mg, Ca and Ni. 

 A separate step for dehydration of the crystals into monohydrate, 

FeSO4∙1H2O, through exposure to high concentrated H2SO4 (42.2-82.2% 

H2SO4) can then be used. 

 In dehydration of crystals with 80% H2SO4, a 99% Fe-recovery to crystals 

was obtained, which indicates a very low solubility of Fe at this 

concentration levels of H2SO4. 

   Possibilities for valorization of the gaseous H2S exists (but have not been 

studied within this project): 

 Scrubbing in NaOH for production of NaHS or Na2S 

 Recover elemental S from H2S trough Claus process, or through a gaseous 

reaction between SO2 and H2S 

 Precipitate metal sulfides with H2S 
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7 RECOMMENDATIONS OF FUTURE WORK 

Below is a list of future work that could be considered: 

 Establish the mass and energy balances for an assumed production level. 

Compute the energy balance to estimate the energy demands for the 

leaching and the crystallization circuits. Such an energy balance would 

also be beneficial in addressing addition point for sulfuric acid.  

 Investigate possibilities to further process FeSO4∙H2O into scrap Fe or as a 

FeNi-alloy through electrowinning. 

 Investigate if froth flotation can be used to further enrich the leached 

concentrate. 

 Investigate possibilities to precipitate Ni from solution as NiS with H2S. 
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9 APPENDIX 

9.1 ANALYZE METHODS USED BY ALS 

Table 53   Descriptions of analyzes by ALS. 

Method Discription 

V4-B Dissolution and analysis of water sample, 12 ml sample and 1.2 

ml HNO3 treated in autoclave. Analysis with ICP-AES according 

to SS EN ISO 11995 (mod) and EPA-method 200.7 (mod). 

ICP-SFMS Analysis with ICP-SFMS according to SS EN ISO 17294-1,2 

(mod) and EPA-method 200.8 (mod). 

ICP-AES Analysis with ICP-AES according to SS EN ISO 11885 (mod) 

and EPA-method 200.7 (mod) 

S-IR08 Total Sulphur analyzed with LECO instrument. 

ME-MS61c 4-Acid ICP-MS for Concentrates 

 

9.2 XRD SETTINGS 

Configuration=Reflection Configuration 

Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 

Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 

Diffractometer system=EMPYREAN 

Raw Data Origin XRD measurement (*.XRDML) 

Scan Axis Gonio 

Start Position [°2θ] 10.0131 

End Position [°2θ] 89.9891 

Step Size [°2θ] 0.0260 

Scan Step Time [s] 296.5650 

Scan Type Continuous 

PSD Mode Scanning 

PSD Length [°2θ] 3.35 

Offset [°2θ] 0.0000 

Divergence Slit Type Fixed 

Divergence Slit Size [°] 0.5000 

Specimen Length [mm] 10.00 

Measurement Temperature [°C] 25.00 

Anode Material Cu 

K-Alpha1 [Å] 1.54060 

K-Alpha2 [Å] 1.54443 

K-Beta [Å] 1.39225 

K-A2 / K-A1 Ratio 0.50000 

Generator Settings 40 mA, 45 kV 

Diffractometer Type 0000000011115135 

Diffractometer Number 0 

Goniometer Radius [mm] 240.00 

Dist. Focus-Diverg. Slit [mm] 100.00 

Incident Beam Monochromator No 

Spinning Yes 
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9.3 XRD DIFFRACTOGRAMS 

The XRD-diffractograms of crystals that been crystallized from leach solution of 

R1 and R2 are sown in Figure 18 respectively Figure 19. The XRD-diffractograms 

of crystals that been dehydtrade in 80% H2SO4 are shown in Figure 20 for R1 and 

Figure 21 for R2. The observed peaks and peaks for the best matching phase are 

shown for respectively sample in Figure 22, Figure 23, Figure 24 and Figure 25. 
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Figure 18   XRD-diffractogram of crystals crystallized from leach solution of R1. 

 
Figure 19   XRD-diffractogram of crystals crystallized from leach solution of R2. 
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Figure 20   XRD-diffractogram of R1 crystals that been dehydtrade in 80% H2SO4. 

 
Figure 21   XRD-diffractogram of R2 crystals that been dehydrated in 80% H2SO4. 
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Figure 22   Observed peaks in XRD-diffractogram of the crystallized crystals from leach 

solution of R1 (Peak List) and XRD-peaks of rozenite (FeSO4∙4H2O, ref 98-002-3912). 

 
Figure 23   Observed peaks in XRD-diffractogram of the crystallized crystals from leach 

solution of R2 (Peak List) and XRD-peaks of rozenite (FeSO4∙4H2O, ref 98-002-3912). 
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Figure 24   Observed peaks in XRD-diffractogram of dehydrated R1 crystals (Peak List) 

and XRD-peaks of Szomolnokite (FeSO4∙H2O, ref 98-007-1345). 

 
Figure 25   Observed peaks in XRD-diffractogram of dehydrated R2 crystals (Peak List) 

and XRD-peaks of Szomolnokite (FeSO4∙H2O, ref 98-007-1345). 

9.4 ESTIMATION OF ACID ADDITION 

According to the reaction formula for dissolution of pyrrhotite is it a 2:1 molar 

relation of H+ consumed to leached out Fe2+, i.e. two moles of H+ is expected to 

be consumed on each mole of leached out Fe. Thus, by assuming that pyrrhotite 

dissolution is the only acid consuming reaction one may estimate the acid 

consumption and hence how much acid that is expected be remained in leach 

solution. However, an increase in acid concentration is expected within 

crystallization as the crystallization stage removes molecules from the liquid into 

crystals. So, two things were considered for the estimation of acid addition; 
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i). How much acid that is left in solution? 

ii). How much Fe that crystallizes out? 

   For the crystallization was 333 ml of leach solution with 32 g/l Fe crystallized 

(28 g/l according to ALS) that had a density of 1.277 g/l. The acid amount in this 

solution was estimated based on the amount of acid before leaching and the 

theoretical consumption during the dissolution of pyrrhotite, see equation (19) 

𝑚𝐻2𝑆𝑂4 𝑖𝑛 𝐿𝐹 = 𝑚𝐻2𝑆𝑂4 𝑖𝑛 𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒 − 𝑚𝐻2𝑆𝑂4 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  (19) 

Where 𝑚𝐻2𝑆𝑂4 𝑖𝑛 𝐿𝐹 being the mass of H2SO4 remaining in solution after leaching, 

𝑚𝐻2𝑆𝑂4 𝑖𝑛 𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒 the mass prior to leaching, and 𝑚𝐻2𝑆𝑂4 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 the consumed 

mass of H2SO4. 

An assumption that 80% of the Fe would crystallize out as FeSO4∙7H2O was made 

and an estimated mass of formed crystals computed according to equation (20). 

𝑚𝐹𝑒𝑆𝑂4∙7𝐻2𝑂 =
𝑚𝐹𝑒∗0,80

0.2009
    (20) 

Wherein 0.2009 is the mass fraction of iron in FeSO4∙7H2O. Moreover, the weight 

of solution after crystallization can be mass balanced by subtracting the weight of 

formed crystals and adding the weight of new acid added. And as both the present 

and new acid after addition is known can the acid concentration be computed 

%𝐻2𝑆𝑂4 =
𝑚𝐻2𝑆𝑂4

𝑚𝑡𝑜𝑡𝑎𝑙
    (21) 

   Based on the estimation according to above was 30 ml of 95% H2SO4 added to 

the leach solution of R1 before crystallization, as it was estimated to be sufficient 

to reach acid levels of ca 38% H2SO4. 


