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Abstract: The recovery of valuable metals from complex sulfide concentrates was investigated via chlorination roasting followed by water 
leaching. A reaction process is proposed on the basis of previous studies and the results of our preliminary experiments. During the process, 
various process parameters were studied, including the roasting temperature, the addition of NH4Cl, the roasting time, the leaching time, and 
the liquid-to-solid ratio. The roasted products and leach residues were characterized by X-ray diffraction and vibrational spectroscopy. Under 
the optimum condition, 95% of Ni, 98% of Cu, and 88% of Co were recovered. In addition, the removal of iron was studied in the water 
leaching stage. The results demonstrate that this process provides an effective approach for extracting multiple metals from complex concen-
trates or ores. 
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1. Introduction 

Nickel is a strategic metal that is widely used in stainless 
steel, alloys, batteries, and catalysts. The world’s available 
nickel ore deposits mainly consist of sulfide and laterite, and 
sulfide deposits represent approximately 40wt% of 
land-based nickel reserves [1]. In China, however, nickel 
sulfides account for 91wt% of total nickel reserves [2]. With 
the discrepancy between the growing industrial demand and 
depleting ore grade, alternative methods applicable to 
low-grade or complex ores have become an important re-
search topic.  

Conventionally, sulfide ores are treated via a flota-
tion-smelting-converting process. However, this technology 
is limited by concentrate quality and usually results in a low 
direct yield of metals. Researchers have applied various hy-
drometallurgical processes to metal recovery from complex 
sulfide ores, including acid leaching [3–5], heap leaching [6], 
and pressure oxidation leaching [7]. However, these me-
thods not only require lengthy operations, but also generate 
substantial concentrations of iron that complicate down-
stream treatment [8–9]. 

Concerns have also been raised [10–13] about using 
roasting pretreatments to overcome the problems of direct 
leaching. Among the alternative processes, chlorination is an 
important technique in the recovery of many nonferrous 
metals from minerals or concentrates [14–16]. Solid chlori-
nating agents such as NaCl, CaCl2, KCl, and NH4Cl are ex-
tensively used in dry chlorination instead of Cl2 or HCl be-
cause the latter two gases can be a strong corrosion of 
equipment [17]. In the process involving dry chlorination 
with raw materials roasted at temperatures above 350°C, 
nickel, copper, and other valuable metals are selectively 
converted into soluble dichlorides or sulfates, whereas iron 
remains predominantly in the form of oxides [18–20].  

In China, NH4Cl is produced mainly as a byproduct of 
the soda industry and is limited to use in agricultural pro-
duction. NH4Cl not only provides a cheaper source of chlo-
rine than KCl, but also reacts with raw materials at a lower 
temperature than NaCl [21–22]. Roasting with NH4Cl in-
stead of NaCl has also been studied in oxides as well as sul-
fides [23–25]. This treatment has generally been conducted 
at temperatures above 300°C using a large amount of addi-
tive (>50wt%) and could achieve high recovery of various 
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metals. However, the majority of studies have focused on 
oxide ores, and the roasting mechanism described in litera-
tures is dependent on the thermal decomposition of NH4Cl 
to produce HCl as a chlorine source; this procedure is in-
compatible with the chlorination process that has been re-
ported for sulfides with other chlorinating agents [26–28]. 
Little attention has been devoted to the reaction process as-
sociated with roasting sulfides using NH4Cl as a chlorinat-
ing agent. 

In this paper, we investigated the feasibility of chlorina-
tion roasting of complex sulfide nickel concentrate with 
NH4Cl and the application of the subsequent iron-removing 
methods through a jarosite process. The role that NH4Cl 
plays in the chlorination process was discussed, and its reac-
tion mechanism was elucidated. Furthermore, the effects of 
roasting temperature, the addition of NH4Cl, the roasting 
time, the leaching time, and the liquid-to-solid ratio on the 
extraction behavior of metals were studied.  

2. Experimental 

2.1. Materials 

The sulfide nickel concentrate sample used in this study 
was from Jinchuan Co., Ltd. in Gansu Province, China. For 
this study, the concentrate sample was ground into particles 
smaller than 75 μm. The chemical composition of the nickel 
concentrate was measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES). Table 1 presents 
the composition of the sulfide nickel concentrate. The X-ray 
diffraction (XRD) pattern of the concentrate is shown in Fig. 
1. The major silicate gangue is lizardite. All chemical rea-
gents used in this study were analytical grade and were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China. 
Ammonium chloride was ground into particles passing a 
50-mesh screen before use. 

Table 1.  Chemical composition of the sulfide nickel concen-
trate                                              wt% 

Fe O S Ni Cu Co Si Mg

34.16 19.75 16.47 9.37 6.63 0.227 5.57 6.88
 

2.2. Chlorination roasting and water leaching 

10 g of concentrate was mixed thoroughly with a certain 
amount of NH4Cl, and the mixture was transferred into a 
100 mL crucible. The crucible was then placed into a muffle 
furnace for a certain period of time after the furnace had 
been preheated to the designated preset temperature. The 
roasted samples were removed after the furnace cooled to 
room temperature. 

 

Fig. 1.  XRD pattern of the sulfide concentrate. 

The roasted residues were then leached with deionized 
water at 90°C with a liquid-to-solid ratio of 5:1 mL/g for 
120 min to extract valuable metals. The leaching solution 
was then filtered and transferred to a 1000 mL volumetric 
flask. Fig. 2 shows the flowsheet for the experimental pro-
cedure. And in order to precipitate ferric ions even better, in 
the iron-removal process, the residues were pre-oxidated 
with a certain amount of H2O2, and then the pH values of 
solutions were adjusted by NH3·H2O by adding slowly to 
maintain the appropriate pH values as shown in Fig. 2. The 
extractions of Ni, Cu, Fe, and Co (η) were calculated ac-
cording to the following equation: 

= 100%
1000

CV

m



  (1) 

where C is the content of metals from the leach liquor, mg/L; 
V is the volume of leach liquor, L; m is the mass of sulfide 
concentrate used in the experiments, g; and ω is the content 
of metals in the raw ore. Parallel experiments were con-
ducted twice, and the average extractions were obtained to 
ensure the reproducibility of the results. 

 

Fig. 2.  Flowsheet for the chlorination-leaching process. 
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2.3. Analytical methods 

The contents of nickel, copper, and cobalt in the leach 
liquor were determined by ICP-OES (Perkin-Elmer 
7300DV), and the amount of iron was analyzed by chemical 
titration. The solution before iron removal was obtained by 
acid-washing the calcine with 40 mL of 5wt% HCl solution. 
The ammonium, chloride, and sulfate ion contents were de-
termined by the formaldehyde method, the Mohr method, 
and the gravimetric method, respectively. The pH values of 
the leach liquor were measured using a pH meter (pH, 
Shanghai INESA, PHS-3C). The phases of sulfide concen-
trate, roasted products, and leach residues were characte-
rized by XRD (Rigaku, 18KW D/MAX2500V+/PC, Cu Kα 
radiation, 40 kV/40 mA). The infrared spectra of the leach 
residues were collected by Fourier transform infrared (FTIR) 
spectroscopy (Nicolet Avatar370) in the wavenumber range 
from 400 to 4000 cm−1 using the KBr pellet technique. Laser 
Raman scattering spectra of calcines and leach residues 
were recorded at room temperature in the wavenumber 
range from 100 to 1600 cm−1 using a Renishaw Invia con-
focal micro-Raman system; the 633 nm line was used as the 
excitation source. 

3. Results and discussion 

3.1 Chlorination roasting 

3.1.1. Phase changes during chlorination roasting 
To investigate the reaction process of chlorination roast-

ing, a series of roasting experiments were conducted at var-
ious temperatures from 200 to 325°C at intervals of 25°C. 
The roasted products were sealed in an N2 atmosphere. 
XRD analyses were carried out as soon as possible be-
cause of the hygroscopic nature of the reaction products. 
As shown in Table 2, the size of the arrows indicated the 
relative content of different phases. The presence of 
NH4FeCl3 is indicated in the sample roasted at 200°C, in 
addition to unreacted pentlandite, chalcopyrite, pyrite, and 
magnetite. Compared with the phases of unreacted pen-
tlandite and chalcopyrite at 200°C, the formation of Fe2O3 
indicates that the oxidation of iron sulfides may occur rea-
dily or preferentially in the presence of NH4Cl. The main 
reactions related to iron sulfides are assumed to be as fol-
lows:  
4FeS + 3O2 → 2Fe2O3 + 2S2 (2) 
2FeS + 2Cl2 → 2FeCl2 + S2 (3) 
FeCl2 + NH4Cl → NH4FeCl3 (4) 

In the XRD pattern of the sample roasted at 225°C, the 
peaks associated with pentlandite and chalcopyrite started to 
decrease in intensity, and NH4NiCl3, (NH4)2CuCl4 and 

(NH4)2Ni2(SO4)3 were detected in the roasted products. Of 
course, significant unreacted metal sulfides were also de-
tected in the roasted products. Pentlandite, chalcopyrite, and 
pyrite had disappeared completely by 250°C. In addition, 
double salts with different molar ratios were abundant; these 
salts included chloride salts such as (NH4)2FeCl5 and sulfate salts 
such as (NH4)3Fe(SO4)3, NH4Fe(SO4)2, and (NH4)2Fe(SO4)2. 
The main reactions about iron at this temperature could be 
assumed to be as follows: 
6FeCl2 + 3O2 → 2FeCl3 + 2Fe2O3 + 3Cl2↑ (5) 
FeCl3 + 2NH4Cl → (NH4)2FeCl5 (6) 
Fe2O3 + 6(NH4)2SO4 → 2(NH4)3Fe(SO4)3 + 6NH3↑ + 3H2O  

(7) 
Fe2O3 + 4(NH4)3Fe(SO4)3 → 6NH4Fe(SO4)2 + 6NH3↑ + 3H2O  

(8) 
At a roasting temperature of 325°C, these double salts 

started to decompose into simple chlorides and sulfates such 
as NiCl2, CuCl, CuCl2, Fe2(SO4)3, NiSO4, which were not 
listed here but reflected in the XRD result. 

Table 2.  Compounds identified by XRD after roasting at dif-
ferent temperatures 

Compound 
Roasting temperature / °C 

200 225 250 275 300 325

(Fe,Ni)9S8        

CuFeS2        

FeS2        

NH4NiCl3    

(NH4)2Ni2(SO4)3    

(NH4)2CuCl4    

NH4FeCl3    

(NH4)2FeCl5          

(NH4)2Fe(SO4)2          

(NH4)2Fe2(SO4)3        

NH4Fe(SO4)2    

(NH4)3Fe(SO4)3          

 
The reaction mechanism during the roasting process is 

presented in Fig. 3. It involves the following steps. (1) Iron 
sulfide formation is catalyzed by HCl and O2, and binary 
metal sulfides are thermally decomposed into simple sul-
fides and elemental sulfur. (2) Sulfur is oxidized into SO3 or 
SO2, and the produced SO2 can be further oxidized into SO3 
via catalysis with Fe2O3 [29]. SO3 or SO2 then reacts with 
NH4Cl to produce Cl2 in the presence of oxygen, and metal 
sulfides are chlorinated by Cl2. (3) Iron oxides or metal 
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chlorides undergo combination reactions with ammonium 
salts. 

 

Fig. 3.  Reaction mechanism of sulfide concentrate with 
NH4Cl. 

The in situ chlorination mechanism has been widely con-
firmed in previous studies involving other chlorinating 
agents [18,28], and the chlorination of sulfides is more 
thermodynamically favorable than the chlorination of 
oxides [22]. This scenario can be also compared with the 
chlorination of oxides by NH4Cl at temperatures above 
300°C [30], where the chlorination of sulfides was demon-
strated to occur at lower temperatures than the chlorination 
of oxides. Possible chemical reactions during the roasting 
process are as follows: 
4NH4Cl + O2 + 2SO3 → 2(NH4)2SO4 + 2Cl2↑ (9) 
(Ni,Fe)9S8 + 22NH4Cl + 16.5O2 → 4NH4NiCl3 + 5FeCl2 + 
8(NH4)2SO4 + 2NH3↑ + H2O (10) 
CuFeS2 + 6NH4Cl + 4O2→ (NH4)2CuCl4 + FeCl2 + 
2(NH4)2SO4 (11) 

The oxidation process primarily facilitates the conversion 
of iron sulfides into hematite or magnetite. The sulfation 
of these iron oxides can then be achieved through reac-
tion with (NH4)2SO4 generated from the chlo-
rine-forming reaction in Eq. (9) [31]. In the presence of 
O2, Cl2, HCl, NH3, SO2, and SO3, competing reactions 
exist between chlorination and sulfation of different 
metal sulfides or oxides [32]. On the basis of the ther-
modynamics of some reactions shown in Fig. 4, the sul-
fation sequence for various metal oxides is Fe, Co, Ni, 
Cu; in addition, iron chlorides are not stable in the range 
of experimental reaction temperatures. Thus, iron oxides 
are first generated and readily converted into double sul-

fates ((NH4)xMey(SO4)z, Me = Fe, Ni). By contrast, the 
behavior of copper runs counter to that of iron, which is 
almost in the form of double chlorides. And notably, 
compared with Table 2, the formation of double chlorides 
contributes to the stability of iron chlorides in the roast-
ing process. 

 
Fig. 4.  Relationship between ΔG and T for some relevant 
reactions. 

3.1.2. Effect of roasting temperature 
A series of chlorination roasting experiments were carried 

out between 200 and 325°C with the addition of NH4Cl and 
with the reaction time kept constant. The extraction of met-
als was determined by the methods described in section 2.2. 
The effect of roasting temperature on the extraction of met-
als is shown in Fig. 5. A significant improvement was ob-
served in the extraction of nickel, copper, iron, and cobalt as 
the temperature was increased to 250°C; thereafter, however, 
the extraction of nickel, copper, and cobalt decreased 
slightly. This decrease is attributed to the dramatic decom-
position of ammonium chloride at high temperatures, which 
results in a smaller portion available to react with sulfides at 

 

Fig. 5.  Effect of roasting temperature on the extraction of 
metals (90°C, 100 mL water for 60 min). 
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temperatures above 300°C. In the leach residues, iron is 
present as ammoniojarosite. Furthermore, as the roasting 
temperature increases, ammonium chloride decomposes 
quickly; this decomposition leads to a decrease in the am-
monium content during leaching. As a result, at tempera-
tures above 300°C, iron extraction increases remarkably. 
Obviously, roasting at approximately 250°C resulted in a 
good leaching performance. 
3.1.3. Effect of NH4Cl addition 

The influence of NH4Cl addition on the extraction of 
metals is presented in Fig. 6. The results show that increas-
ing the amount of ammonium chloride up to 100wt% pro-
motes the extraction of metals, and then the extractions of 
metals decrease slowly when the amount of ammonium 
chloride added is increased further. These results stem from 
excess NH4Cl particles restraining the diffusion of O2 be-
cause of the sintering of reaction products. The extraction of 
iron increases with the amount of NH4Cl added from 20wt% 
to 50wt% and thereafter remains constant until the amount 
of NH4Cl added reaches 100wt%. The extractions of Ni, Cu, 
and Co decrease as the amount of NH4Cl added exceeds 
100wt%, and the extraction of iron increases slightly. This 
behavior is attributed to the decrease of the concentration of 
SO2– 

4  in the leaching solution. The extractions of Ni, Cu, 
and Co were sufficient with the excess addition of NH4Cl; 
thus, the amount of NH4Cl added was fixed at 80wt% in the 
subsequent experiments. 

 

Fig. 6.  Effect of NH4Cl addition on the extraction of metals 
(90°C, 100 mL water for 60 min). 

3.1.4. Effect of roasting time 
The effect of roasting time on the extraction of valuable 

metals is shown in Fig. 7. The extraction of metals increases 
sharply as the roasting time increases to 60 min; further in-
creases in roasting time beyond 60 min lead to increases in 
extractions of no more than 20%. When the roasting time is 

extended from 60 min to 180 min, the extraction results remain 
constant. However, the extraction of iron decreases when the 
roasting time is increased from 60 min to 300 min. The de-
crease in iron recovery to the leach liquor after 60 min may be 
caused by the formation of Fe2O3 or NH4Fe(SO4)2, which is 
poorly soluble [8]. Hence, a roasting time of 150 min is suffi-
cient to extract more than 88% Co, 94% Ni, and 98% Cu. 

The metal extraction results also indicate a common se-
quence of recovery rates under certain conditions: Cu > Ni > 
Co > Fe. This order is the reverse of that related to the oxy-
gen affinity of various nonferrous metals. Furthermore, Fe 
also exhibits a stronger affinity for chlorine than Co, Ni, and 
Cu, consistent with the roasted products obtained at roasting 
temperatures ranging from 200 to 250°C. The difference in 
roasting behaviors among these four metals may be due to 
the different oxidation rates of the corresponding metal sul-
fides and to the differences in chemical stability of the cor-
responding metal chlorides. 

 
Fig. 7.  Effect of roasting time on the extraction of metals 
(90°C, 100 mL water for 60 min). 

3.2. Water leaching 

After chlorination roasting under the optimum conditions 
(roasting temperature of 250°C; 80wt% NH4Cl addition; 
roasting time of 150 min), the calcines were subjected to 
leaching by water. As evident in Fig. 7, the extraction of iron 
does not exceed 50% over various roasting time periods. 
Results reported in literatures [32–33] indicate that the con-
trol of iron plays a critical role in the hydrometallurgical 
processes of non-ferrous metals and that high leaching tem-
peratures contribute greatly to the formation of ammonioja-
rosite. Here we expect iron to be removed completely as a 
precipitate during the hot-water leaching stage. As a result 
of its successful implementation in the zinc metallurgy in-
dustry [34], the jarosite process was introduced to lower the 
concentration of iron in the leach liquor while fixing the 
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leaching temperature at 90°C. 
3.2.1. Effect of leaching time 

Fig. 8 shows the effect of leaching time on the leaching 
behavior of metals. The FTIR spectra of residues leached for 
different periods of time are given in Fig. 9. The leaching 
time is observed to strongly affect the extraction of iron. As 
the leaching time increases from 10 to 120 min, the dissolu-
tion of iron decreases by approximately 17%. Not surpri-
singly, the extractions of nickel, copper, and cobalt remain 
almost constant as the leaching time is extended. In addition, 
Fig. 9 shows that the crystallization of ammoniojarosite is 
not accomplished when calcine is leached for only 10 min. 
Clearly, leaching for 30 min is necessary to precipitate am-
moniojarosite effectively. 

 

Fig. 8.  Effect of leaching time on the extraction of metals 
(90°C, 100 mL water). 

 

Fig. 9.  FTIR spectra of residues leached for different periods 
of time (90°C, 100 mL water). 

3.2.2. Effect of liquid to solid ratio 
Fig. 10 shows the effect of the liquid-to-solid ratio on the 

extraction of metals. These results suggest that the extrac-
tions of nickel, copper, and cobalt are weakly dependent on 
the liquid-to-solid ratio in the range from 1 to 5 mL/g. 

However, the extraction of iron changes drastically as a re-
sult of a decrease in the initial ferric ion concentration when 
too much water is added. However, excessive water in the 
leaching process can lower the concentration of metal ions 
in the solution, which adversely affects the subsequent se-
paration and purification. Therefore, a liquid-to-solid ratio of 
2 mL/g is appropriate in the leaching stage to extract 95% of 
Ni, 98% of Cu, 30% of Fe, and 88% of Co. 

 

Fig. 10.  Effect of the liquid-to-solid ratio on the extraction of 
metals (90°C for 60 min). 

3.2.3. Iron removal process 
As presented in Fig.10, under the optimum condition, 

about 30% of Fe were transferred into the leach liquor. And 
so, an iron-removal step is adopted to separate iron from the 
solution to the fullest. The iron-removal process includes 
two steps: chemical reaction and crystallization [35]. The 
reaction can be written as  
3Fe3+ + NH4

+ + 2SO2– 
4  + 6H2O → NH4Fe3(OH)6(SO4)2 + 6H+ 

 (12) 
On the basis of this reaction, sufficient monovalent cation 

and sulfate ion are necessary to precipitate ferric ions. 
Roasted products can provide sufficient sulfate ions, and the 
majority of ammonium in the additive is fixed in the form of 
double salts. Therefore, a supply of extra sulfate salts is not 
needed to maintain the precipitation reaction. Notably, ferr-
ous compounds were identified in the roasted products (Ta-
ble 2). Thus, moderate amounts of oxidizing agent are re-
quired to maximize the precipitation of iron. Meanwhile, 
the precipitation reaction will generate acid, which de-
creases the removal rate of iron. Thus, a neutralizing agent 
is used to adjust the initial acidity and pH value of the so-
lution during the reaction process. In these experiments, 
the roasted samples were dissolved in water and 
per-oxidized with 0.4 mL of 20wt% H2O2 for 10 min at 
room temperature. Then, 5wt% NH3·H2O was slowly in-
jected to maintain the initial pH value at 1.6–1.9 and the 
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final pH value at 2.2–2.5 at the leaching temperature of 
90°C for 30 min. The insoluble gangue minerals and minor 
unreacted sulfides may serve as nucleation seeds to acce-
lerate the kinetics of crystallization. Agitation can also im-
prove the dispersion of nucleation seeds [36].  

The results of iron precipitation are presented in Fig. 11. 
Based on the the mass balance of elements with Table 1, 
the calculation from these results indicates that 84.68% of 
iron was removed in the form of ammoniojarosite. The 
remaining 11.88% of iron was in the leach residue in the 
form of hematite and minor unreacted iron sulfides. More 
importantly, approximately 92% of chloride ion from 
NH4Cl, 36% of ammonium, and 99% of sulfur were fixed 
in the calcine. This result indicates that the emission of 
SO2 is negligible and the released ammonia gas can be ab-
sorbed by water. 

 
Fig. 11.  Ion content of the leach liquor before and after iron 
removal. 

3.2.4. Characteristics of the leach residue 
The XRD pattern of the residue after the iron-removal 

process is given in Fig. 12. The main phases are ammoni-
ojarosite and lizardite. Lizardite is the main gangue in the 

flotation concentrate. In addition, the FTIR and Raman spectra 
of the residue are shown in Fig. 13. Three bands are observed 
in the region from 1000 to 1200 cm−1 in both spectra. The two 
peaks at 1082 and 1196 cm−1 in the FTIR spectrum and the 
two bands at 1095 and 1163 cm−1 in the Raman spectrum are 
the vibrational modes of ν3(SO2– 

4 ), and the strong peak at  
1001 cm−1 in the FTIR spectrum and at 1005 cm−1 in the Ra-
man spectrum are assigned to the symmetric stretching 
mode of SO2– 

4  [37]. The splitting of the ν3(SO2– 
4 ) mode is 

consistent with the C2v point symmetry of SO2– 
4  ions in jaro-

site-group compounds [38]. In the FTIR spectrum of the 
leach residue, the sharp peaks at 3414 and 1425 cm−1 are 
due to the stretching modes of N–H bonding. The peak at 
1629 cm−1 is the bending stretching of H2O. The bending 
stretching modes of SO2– 

4  are observed at 451 and 624 cm−1 
in the Raman spectrum [39]. Other bands in the Raman 
spectrum are related to the external modes of Fe–O bonding; 
the appearance of these bands indicates that some iron 
oxides remained in the leach residue, although they were not 
detected in the XRD pattern. 

 
Fig. 12.  XRD pattern of the residue after the iron removal 
process. 

 

Fig. 13.  FTIR (a) and Raman spectra (b) of the residue after the iron removal process. 
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4. Conclusions 

(1) A low-temperature chlorination-water leaching process 
with NH4Cl as a chlorinating agent was investigated for the 
extraction of valuable metals from complex sulfide concen-
trates via chlorination roasting at 250°C. 

(2) Iron was precipitated effectively in the form of am-
moniojarosite using a jarosite process with pre-oxidation 
and pH control. 

(3) The whole roasting process included the breakdown 
of binary metal sulfides, the formation of chlorine and iron 
oxides, the chlorination of metal sulfides, and the sulfation 
of metal oxides. The generation of double chlorides pro-
moted the stability of iron chlorides in the roasting process. 

(4) The roasting process resulted in the emission of al-
most no SO2, and NH3 was used as NH3·H2O to adjust the 
solution pH value in the subsequent water-leaching step.  
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