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From Nickel Ore to Ni Nanoparticles  
in the Extraction Process:  
Properties and Application

Laterite nickel ore is a mineral rock, which contains iron–nickel oxide compounds. 
One processing technology proposed to treat the ore is the Caron process. In general, 
the Caron process combines pyrometallurgical and hydrometallurgical stages. In the 
pyrometallurgical step, the ore mixed with reductant is heated up to 1800 °C in a 
rotary kiln-electric furnace to transform iron–nickel oxide into iron–nickel alloy. In 
the hydrometallurgical stage, nickel has to be dissolved selectively using ammonia 
solution (alkaline). The further process is aimed to separate and purify the nickel in 
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1. Introduction

Nickel is an essential nonferrous metal and is widely used for stainless 
steel and alloy steel, steel plating, or catalysts in the hydrogenation 
process of the petroleum chemical industry [1, 2]. Current nickel re-
sources include nickel sulphide ore and nickel laterite ore composed of 
oxidized and silicate ores, which account for approximately 30% and 
50% of the world’s nickel reserves. However, more than 60% of nickel 
production comes from nickel sulphide ores because nickel in sulphide 
ores can be easily enriched and recovered by conventional flotation and 
magnetic and gravitational separations [3]. As high-grade nickel sul-
phide ores are exploited first and depleted, laterite nickel ores with low 
nickel grades become gradually the main nickel production resource 
[4–7]. Nickel in laterite ores mainly occurs in clay minerals (serpentine, 
smectites, vermiculites, etc.) and other silicates such as olivines and 
pyroxenes or iron oxide minerals. Nickel is enriched as isomorphic sub-
stitutions in the lateritic ores during the weathering of ultramafic rocks 
[8, 9]; therefore, the nickel cannot be extracted by conventional separa-
tion. In addition, nickel laterite ore profile has low nickel content and 
is classified into two layers, such as limonitic and saprolitic [10, 11]. 
There are two significant developmental advantages for nickel laterite 
ores: abundant reserves and surface deposits, which can be mined from 
the surface [12, 13]. Therefore, profitable processing processes for the 
efficient utilization of laterite nickel ore should be considered and stu
died [1, 14]. The set out processes for pre-concentration of nickel late
rite ores, such as removing coarse fractions from feed, sink-float sepa-
ration, gravity separation, magnetic separation, electrostatic separa-
tion, and flotation prior to hydrometallurgical and pyrometallurgical 
processes [15].

ammonia solution using solvent extraction and precipitation. The disadvantages of 
the pyrometallurgical stage in the Caron process include high-energy consumption, 
low economic value, and technical problems such as partially melted material, which 
hinders the further process. While in the hydrometallurgical stage, the extensive 
use of ammonia causes an environmental impact. Selective reduction is proposed 
to solve problems in the pyrometallurgical stage. Selective reduction is a process 
favouring the formation of iron oxide to obtain high nickel content in an intermedi-
ate product with less energy consumption. An additive is added to the ore to reduce 
selectively the nickel and decrease the reaction temperature. To solve the environ-
mental impact of ammonia, a novel and safer chemical is proposed as a substitu- 
te — the monosodium glutamate (MSG). Selective reduction combined with alkaline 
leaching using MSG is proposed as an alternative to the Caron method. Precipitation 
is employed further to purify the nickel that results in nickel nanoparticles with 
90–95 wt.% purity.

Keywords: laterite, Caron method, purification, synthesis, nickel nanoparticles.
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Nickel laterite and sulphide processes have been carried out [14–
16]. Descriptions of individual operations and processes have been pro-
vided in various symposia and processes [1, 7–13]. Various flowsheets 
are used to process laterite ores, generally divided into pyrometallurgi-
cal and hydrometallurgical processes. Most pyrometallurgical processes 
(ferronickel and matte smelting) use conventional flowsheets involving 
drying, calcining/reduction and electric furnace smelting. The common 
hydrometallurgical processes are the Caron process and the high-pres-
sure acid leaching (HPAL) process. The Caron process has several weak-
nesses. The pyrometallurgical process involves drying, calcination and 
reduction and requires high energy with low percentage nickel forma-
tion and the presence of impurities.

The hydrometallurgical process in Caron applies a variety of rea-
gents, and the nickel and cobalt recovery is lower than the HPAL pro
cess [17]. The HPAL process requires a predominantly limonitic ore 
with lower Mg content (<4%). Higher Mg content requires higher acid 
consumption. In addition, there are that affect the nickel precipitation 
process in nickel extraction, which the phase form and the laterite mix-
ture between limonite and saprolite. From these factors, the mixing 
function can minimize the extraction process by Caron. By varying the 
weight ratio between limonite and saprolite, it is possible to control the 
amount of iron in limonite and the percentage of magnesium and alu-
minium in saprolite. Several extraction factors in laterite need to be 
developed to meet the demand for increasing nickel grades and effective 
laterite nickel ore exploitation. 

In this paper, we review the current status and studies on the deve
lopment of hydrometallurgical and pyrometallurgical processes by Caron 
and other hydro- and pyroprocesses for comparison.

2. Hydrometallurgical Processes 
Hydrometallurgical processes in nickel laterite ore processing include 
the Caron process, acid leaching, MSG leaching, and purification of 
leached extraction. This paper will compare the hydrometallurgical 
method on Caron and other processes. However, the process cannot tole
rate higher amounts of Mg than the pressure acid leaching (PAL) pro-
cess, for example Nicaro, Punta-Gorda, Yabulu, Nonoc (now closed). 
The Caron process suffers from several disadvantages in hydrometal-
lurgy, which requires a variety of reagents. The recovery of nickel and 
cobalt is lower than that of the smelting process or the HPAL process, 
so modifications to the process are required for the green approach [18].

2.1. Ammonia-Roasting Reduction

The ammonia-roasting reduction was initially defined as the Caron pro-
cess. The process is shown in Fig. 1, which is primarily suitable for li-
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monite ore at a roasting temperature of 700–800  °C with reducing 
agents. The addition of ammonium carbonate from the roasted product 
can yield 7.5–8.0 wt.% Ni and 40–50 wt.% Co. The extraction condi-
tions for nickel and cobalt from low-grade laterite ores (Ni 1.17%, Fe 
45.56%) using a combined ammonia-roasting leaching method. The op-
timum conditions based on the study were reductant mass fraction of 
10%, roasting time of 120 minutes and roasting temperature of 750–
800  °C. In the ammonia leaching process, the liquid–solid ratio is 
4 : 1 (ml/g), the leaching temperature is 40 °C, the leaching time is 120 
minutes, and the concentration ratio of NH3 to CO2 is 90 g/l and 60 g/l. 
Under optimal conditions, the leaching efficiency of nickel and cobalt is 
86.25% and 60.84%, respectively [16]. The elemental sulphur (S) could 
reduce the processing temperature to 600  °C. The study resulted in 
higher Ni recovery from limonite and saprolite ores. The addition of 5% 
S in the roasting process resulted in 98% recovery of Ni from saprolite 
ore and 80.6% recovery of Ni from limonite ore. Without the addition 
of S, the recovery of Ni was 28% and 29% for saprolite and limonite 
ore, respectively, at 600 °C [19]. The optimization of the screening pro-
cess before combustion can be used on Fe-rich laterites with a large 
amount of iron (48.3% by weight) and a low amount of nickel (1.04% 
by weight). The purpose of the screening was to remove some of the 
silicate minerals from the limonite laterite ore from the Philippines 
with low recovery. This process increased the nickel and cobalt extrac-
tion from 84.0% and 35.5% to 87.9% and 47.4%, respectively. The 
screening process is used for comprehensive recovery and utilization of 

Fig. 1. Ammonia-roasting process
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iron content, thereby increasing the iron content in the leaching residue 
by up to 60.7% [20].

Ni and Co can be extracted simultaneously by reducing roasting-
ammonia leaching. However, the recovery rates for nickel and cobalt are 
relatively low, 7.5–8.0 wt.% Ni and 40–50 wt.% Co. In addition, the 
reduction leaching process with ammonia cannot be used to extract lat-
erite ores containing high copper, because copper can form complex 
compounds with ammonia causing very poor separation with nickel and 
cobalt. Third, this process cannot be used to refine laterite ores that 
contain high silicon and magnesium levels. Compared to other hydro-
metallurgical processes for laterite ores, the disadvantage of ammonia 
leaching is the high-energy consumption due to the roasting process.

2.2. Acid Leaching

There are two types of acid leaching: high-pressure acid leaching and 
acid leaching. Acid pressure leaching mainly includes pulp preparation, 
leaching, and recovery of nickel and cobalt from the leach solution. At 
250–270 °C and high pressures of 4–5 MPa, this requires expensive 
equipment maintenance and process condition control costs. The whole 
process is depicted in Fig. 2. The principle of the acid leaching process 
under pressure is that nickel and cobalt dissolve into acid under high 
pressure and high temperature. In general, acid leaching under pressure 
is carried out in a high acid system, where the free acid of 25–100 g/l 
can remain in the final liquid; so, the nickel and cobalt extraction is 
higher than 90%. Under high-pressure and high-temperature condi-
tions, nickel and cobalt extraction will have high levels. Meanwhile, it 
cannot be used to treat 
laterite ores with high 
magnesium because mag
nesium will increase 
acid consumption by high 
reactivity of magnesium 
with the acid.

The most frequently 
used acid is sulphuric 
acid [21–23]. As Ref. 
[22] reports, the extrac-
tion of nickel from lat-
erite ores is enhanced 
by increasing the molar-
ity of the acid or the ad-
dition of a small amount 
of soluble sodium. When the acid load Fig. 2. High-pressure acid leaching
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Fig. 3. Acid consumption vs. Ni (a) and Co (b) extraction of 30 and 45 wt.% siliceous 
goethite (SG) slurries for 4 hours, leaching at pH 1 and temperatures of 70 and 
90 °C [26, 27]

is 380 kg/ton of ore, the nickel and cobalt content produced is 93.3% 
and 91.6%, respectively. Meanwhile, in a solution with sodium ion con-
ditions of 5 g/l with an acid charge of 320 kg/ton ore, nickel and cobalt 
yields are 93.6% and 95.2%, respectively. The results show that 15% 
less acid could obtain the same nickel extraction from laterite ore in a 
solution containing 5 g/l sodium ions compared to the same extraction 
using a higher acid concentration. In addition, kinetic studies are an 
essential part of the sulphuric acid pressure leaching. The leaching ki-
netics of limonite ore, which mainly consisted of maghemite and mag-
netite, is using high-pressure sulphuric acid leaching. It was found that 
the leaching kinetics followed a shrinking core model in the initial and 
intermediate studies, while it also adhered to the acid diffusion control 
in later stages [24]. Different kinetic models correspond to different 
laterite minerals. The pressurized nitric acid leaching and used sulphu-
ric acid leaching to extract nickel and cobalt from Indonesian limonite 
ore, consisting mainly of goethite and magnetite. The optimal condi-
tions were as follow: acid/ore ratio of 380 kg/ton ore, leaching tem-
perature of 190 °C, leaching time of 60 minutes, pulp density of 32.5%, 
and particle size of 150 µm). In the pressurized acid process, the nickel 
and cobalt extraction yields were only 74.5% and 72.2%, respectively 
[25]. The concentration of iron in the leachate is as high as 12.5 g/l. 
However, the selective leaching of the ore was achieved, with >85% 
yields for nickel and cobalt, while the iron extraction rate was 1.80 g/l. 
Atmospheric pressure acid leaching is sulphuric acid with optimal nickel, 
cobalt, and iron yields of 90%, as shown in Fig. 3 [26, 27].

The pressurized nitric acid leaching was carried out on five limonite 
laterite ores. Under optimal leaching conditions (nitric acid/ore 380 kg/t, 
particle size 150 µm (100%), and pulp density 32.5% at 190 for 60 min), 
the extraction yield for nickel and cobalt was 84.52% and 83.85%. 
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Meanwhile, pressurized nitric acid leaching was carried out on three 
laterites containing high magnesium with optimal washing conditions 
(nitric acid: ore is 800 kg: 1 tonne, particle size is 150 m (100%), and 
pulp density is 28.5% at 150 °C for 60 minutes), the average extraction 
yields of Ni and Co were 98.22% and 99.01%, respectively [28].

Similarly, in the pressure leaching process, the most frequently used 
acid during atmospheric pressure leaching is sulfuric acid [29]. There are 
many studies on leaching with hydrochloric acid, nitric acid, and orga
nic acids as leaching materials to extract nickel from laterite nickel ores 
[26, 30, 31]. Atmospheric pressure sulphuric acid leaching extracting 
laterite ore with nickel content of 1.27% by weight and iron content of 
39.93% by weight under ultrasonic and non-ultrasonic conditions at opti
mal leaching were found as follow: particle size of 74 m (95%), leaching 
temperature of 80 °C, sulphuric acid concentration of 190 g/l, solid/liquid 
ratio of 20%, leaching time of 2 hours, and stirring speed of 400 rpm 
[32]. Under the same conditions, the extraction of Ni and Fe reached 
98.35% and 91.28% with an ultrasonic field activity that worked 4 
minutes every 5 minutes [32]. In contrast, the extraction of nickel and 
iron was only 78.84% and 80.26% in the absence of ultrasonic [32].

2.3. Monosodium Glutamate Leaching

The effect of glutamate as a lixiviant was tested at concentrations of 
0.5, 1 and 1.5 M. The pH of the solution was determined by the ratio of 
ammonia and glutamic acid. The increase in glutamate (added as glu-
tamic acid) decreased the pH due to neutralization from 9.5 (1 M gluta-
mate) to 8.3 (1.25 M) and 7.5 (1.5 M). A decrease in pH reduces the 
dissolution rate and maximum recovery of Ni. At lower pH, ammonia 
will be protonated and lose its ability as a synergist to form complexes 
with Ni [33]. Figure 4 shows the effect of the variation of molarity on 
nickel recovery, which indicates that MSG can be used as an alternative 
solvent in the nickel leaching process.

Fig. 4. Ni recovery using lixiviant 
ammonia–ammonium glutamate 
at different ammonia concentra-
tions [33]
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2.4. Purification Process

The cobalt/magnesium ratio is higher using 100% of Ionquest 290 and 
lower using 60% of Ionquest 290–92.9 and 22.7, respectively. The nickel/
magnesium ratio was higher using 80% of Ionquest 290 and lower using 
100% of Cyanex 272. With this result, the separation of cobalt from 
nickel-rich solutions was higher using 80% Ionquest 290 and 20% Cya-
nex 272, as shown in Table 1. However, nickel loss is lower using 60% 
Ionquest 290, which is 4.6%. The nickel concentration was higher after 
the solvent extraction experiment was conducted using 60% Ionquest 
290–83.9 g/L. Authors of Ref. [34] studied the separation of cobalt 
from Ni-rich solutions using Cyanex 272. The separation of cobalt was 
99.45% at 65 °C and pH 5.2, and there was no nickel loss [34]. For this 
reason, the results show that with concentrated solutions of nickel and 
cobalt, the use of synergism is beneficial. Iron can be separated using 
solvent extraction. However, cobalt loss occurs. In solution, the separa-
tion of iron by precipitation causes co-precipitation of Cu and Co due to 
the high concentration of Fe. There is separation of iron by precipita-
tion because of its low concentration in solution (0.6 g/l) and synergism 
to recover vanadium using DEHPA and PC88A as organic extractants 
[35]. The results showed that the maximum nickel recovery used 80% 

Table 1. Concentrations of nickel, cobalt, and magnesium (g/l)  
in the aqueous phase of the experiment [36]

Expe
riment

Ionquest 
290, %

Ni, 
%

Co, 
%

Mg, 
%

Expe
riment

Ionquest 
290, %

Ni, 
%

Co, 
%

Mg, 
%

1 100 74.9 0.03 1.5 4 40 73.7 0.06 1.1
2 80 78.9 0.02 0.7 5 20 77.4 0.04 1.0
3 60 83.9 0.1 1.4 6 0 78.2 0.2 2.1

Table 2. The efficiency of leaching H2SO4 laterite LAI (Agios Ioannis laterite) 
(24 hours) and LEV (Evia Island laterite) (6 hours) under at pH is 0.75,
temperature 90 °C, solid to liquid ration S/L = 30%, followed by the addition
of LK (Castoria Laterite) to increase the pH to 1.8 (up to 48 hours), by comparing 
the selectivity of Ni to Fe, Mg, and Al using the respective ratios  
and concentrations in pregnant leach solution (PLS) [37]

Laterite pH
Ni, 

mg/l
Co, 

mg/l
Fe, 

mg/l
Ca, 

mg/l
Mg, 
mg/l

Al, 
mg/l

Ni/Fe Ni/Mg Ni/Al

LAI 0.75 1100 82 10300 595 1630 6040 0.11 0.68 0.18
LAI+LK 1.8 2220 124 1850 456 24100 2000 1.2 0.09 1.11
LEV 0.75 2770 119 10100 — 6510 4560 0.27 0.43 0.61
LEV + LK 1.8 2430 94 2710 — 19300 2520 0.9 0.13 0.96
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Fig.  5. Precipitation profiles 
for Co, Mn, and Ni as a func-
tion of the oxidant-gas flow 
rate at 25 °C, pH 5.0, and time 
of 2 hours [42]

Ionquest 290 and 20% Cy-
anex 272, where 99.1% 
extraction was possible [36].

In the precipitation 
process, the Ni/Fe ratio, 
which determines selecti
vity using the addition of pH method, Agios Ioannis laterite is leached 
separately at pH 0.75, is 0.11 with optimal results the higher the addi-
tion of pH as Table 2 [37]. The column-leaching test for low-grade Agios 
Ioannis ore (0.58% Ni) yielded a Ni/Fe ratio between 0.15 and 0.24 
[38]. The applied a counter-current operating mode for HCl leaching 
from similar ores suppressing iron dissolution to 0.6%. However, this 
had a negative effect on the extraction of Ni and Co, which were limited 
to 55% and 63%, respectively [39]. Therefore, that precipitation is still 
not optimal in the purification process.

Another process, ozone precipitation, uses ozone as an alternative 
oxidant for persulphate due to a higher reduction potential, 2.08 V com-
pared to 2.01 V [40]. Ozone can be generated on the spot and does not 
introduce sodium into the process. It can be seen the effect of O3 on 
precipitation in Fig. 5; an increase in the gas flow rate resulted in a 
decrease in the rate of metal deposition. This is because the increase in 
gas rate to the corona ozone generator causes a decrease in the actual 
ozone content in the gas stream fed into the reactor. A similar experi-
mental setup to study direct oxidative leaching of sphalerite concen-
trate using ozone as an oxidant reported that the ozone content in the 
gas stream was reduced from 6.72% by weight at 1 l/min to 3.78% by 
weight when the gas stream was reduced [41]. The oxidant rate in the 
ozone generator was increased to 3 l/min [42]. The results of this ex-
periment thus reaffirm the critical role of ozone in the process of oxida-
tive precipitation.

3. Pyrometallurgical Processes 

The Caron process can be used for limonite ores or mixtures of limonite 
and saprolite. The ore is dried, and nickel is selectively reduced (along 
with cobalt and some iron) to metallic nickel at 700 °C. The metal is 
extracted by washing in an ammonia solution. The recovery of nickel 
and cobalt decreases with increasing saprolite, because nickel and cobalt 
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are trapped in the silicate matrix and are challenging to reduce at this 
temperature [43]. The Caron process suffers from several weaknesses in 
the pyrometallurgical stage; hence, process modifications are needed.

3.1. Roasting

Calcination or roasting of laterite ore (Ni 1.26%, Fe 32.6%) has two 
functions, namely the removal of chemically bound water content du
ring the goethite-hematite transformation and the reduction of volatiles 
in the reducing agent at a temperature of 350–700 °C [44]. As a result, 
it effectively reduces the chemically bound water content and all vola-
tiles at 700 °C in the reducing agent. The transformation phase of the 
laterite ore during preheating and reduction with carbon monoxide to 
understand better the extent of its effect on the final reduction obtained 
[11]. The transformation of goethite to hematite and the decomposition 
of chlorite and serpentine were identified during preheating. In addi-
tion, nickel initiation is formed at a temperature of 900 °C and nickel 
products on the surface create a dense low-permeability layer and cover 
the unreduced NiO, as shown in Fig. 6 [43, 45].

3.2. Rotary Kiln-Electric Furnace

Nickel and iron ore are reduced to metal during the reduction process, 
and then the ferronickel product is separated from the slag through 
smelting. Producing nickel–sulphide matte in reduction smelting is a 
variation of extracting ferronickel during reduction and smelting by 
adding sulphur to the calcine feed at the smelting stage. Rotary kiln 

Fig. 6. Back scattering electron images of basic nickel carbonates’ particles: (a) cal-
cined in air at 900 °C and (b) reduced in 15% H2–N2 at 900 °C; pre-calcined in air 
at (c) and (d) 900 °C, (e) 700 °C, (f) 500 °C then reduced in 15% H2–N2 at 900 °C; 
and (g) reduced in 1.5% H2–N2 at 900 °C. All use a heating rate of 10 °C/min and 
a holding time of 30 min [43, 45]
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Fig. 7. Rotary kiln reduction-electric furnace smelting

reduction–smelting electric furnace is called RKEF; 
the main steps are drying, calcining, pre-reduction 
and melting. The flow chart of the RKEF process is 
depicted in Fig. 7. Due to the high free water content 
in laterite ores, the drying phase is justified in the 
RKEF process.

3.3. Selective Reduction

Selective reduction is a nickel extraction process using 
a temperature of 1000–1200 °C with low energy con-
sumption followed by magnetic separation. It can be 
used to treat various types of laterite ores [46, 47]. In the reduction 
stage, nickel and iron are reduced to a metallic state at 1000–1200 °C. 
The ferronickel particles are separated from the slag in the magnetic 
separation step after the reduction results are pulverized. Nickel reco
very rates are generally higher than 90%. The selective reduction sepa-
ration process is carried out to increase the nickel content of ferronickel 
products. Nickel is reduced as much as possible, while the iron metalli-
zation must be restrained to achieve optimal nickel recovery and obtain 
ferronickel products with high nickel content. For selective reduction, 
iron must be metallized to some extent and act as a nickel carrier [13]. 
In addition, it is crucial to maximise the ferronickel particle size so that 
the ferronickel alloy can be recovered after refining and magnetic sepa-
ration. The study of the increasing in silicate minerals was useful for 
increasing the nickel concentration by suppressing the reduction of iron 
oxide [48]. Other results showed that the addition of calcium sulphate 
strongly encouraged the growth of ferronickel particles. In addition, the 
level and rate of nickel recovery are influenced by the reductant dose. 
Magnetic-selective reduction separation process to treat laterite ore con-
taining high iron (Ni 1.49%, Fe 34.69%) with the addition of sodium 
sulphate [46]. The ferronickel product with nickel content of 9.87% and 
nickel recovery rate of 90.9% was obtained from laterite ore, whose 
conditions included a reduction temperature of 1200  °C, 50 minutes, 
and an addition of 10% by weight of Na2SO4 and 2% of coal. Selective 
reduction of limonitic ore is with nickel content of 1.38% and iron con-
tent of 45.7% [14]. The effect of the addition of coal, sulphur, pyrite, 
and sodium sulphate, and temperature range of 1000–1200 °C on the 
selective reduction of limonite and saprolite was studied by [14]. The 
results showed that the addition of sulphur was more suitable for sap-
rolite. In addition, the increase in the addition of carbon and sulphur 
and a higher reduction temperature will lead to the formation of fer-
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ronickel alloys, which reduce nickel content [14]. For the limonite sam-
ple, adding 4% of sulphur at a reduction temperature of 1100 °C for 1 
hour resulted in ferronickel with average particle size of 1.59 µm, com-
pared to 1.01 µm for the same conditions without sulphur addition. As 
for saprolite, the addition of sulphur seems to reduce the average size 
of ferronickel particles [14]. Therefore, the process of optimizing the 
selective reduction conditions and the selection of suitable additives for 
the different laterite ores are important. Na2SO4 can increase nickel 
laterite reduction by liberating iron and nickel from Ni/Fe substituted 
lizardite, increasing ferronickel particle size, and significantly reducing 
nickel content and recovery rate [2]. The troilite produced in the reduc-
tion system functions as an activating agent to accelerate the formation 
of the melt phase. During reduction, the aggregation of ferronickel par-
ticles occurs by completely suppressing iron metallization [2]. Na2SO4 
can decompose into Na2O and S in a reduced atmosphere, and Na2SO4 is 
also reduced to Na2S [46]. S and Na2S are useful for the selective reduc-
tion of Ni due to the formation of FeS. Na2SO4 reacts with CO and forms 
Na2S, which then reacts with SiO2 on the FeO surface to produce FeS 
and Na2Si2O5 [25]. As a result, a thin layer of FeS is formed on the sur-
face and blocks the contact between the reducing gas and FeO; so, iron 
reduction occurs. With the addition of Na2SO4, selective reduction of 
laterite nickel ore by H2 in a fluidized reactor. Na2SO4 can control the 
kinetics of laterite ores and show catalytic activity when the tempera-
ture reaches more than 750 °C [49]. This shows that the reduction time 
affects the iron oxide reduction process. The sulphur from Na2SO4 will 
react with iron in laterite ore to form FeS, which can lower the fusion 
temperature and promote the growth of ferronickel particles [50, 51]. 
In other words, the Na2SO4 additive is advantageous for selective reduc-
tion by reducing the metallization ratio of iron through iron oxide sul-
phide. Reduction of low-grade nickel laterite ore with the addition of 
Na2S, Na2SO4, and CaSO4 [52]. Comparing the three additives, Na2SO4 
can increase ferronickel growth and nickel content in ferronickel [52]. 

Fig.  8. Scanning electron microscopy images of the sample at a temperature of 
1150 °C and the addition of 10% Na2SO4 for three reduction times: 60 (a), 90 (b), 
and 120 min (c) [54]
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Figure 8 shows the effect of additives in the optimum separation of 
nickel and iron compared to the calcination process in Fig. 6 [53, 54]. 
Iron–nickel was formed optimally at 60 minutes at a temperature of 
1150 °C, and additives were 10 wt.% Na2SO4.

Selective reduction is highly dependent on two aspects: the type and 
dose of reductant and additives. Suitable additives can strengthen selec-
tive reduction combustion, inhibit iron reduction, increase ferronickel 
particle size, and enhance the magnetic separation effect. The growth of 
ferronickel particles in the reduction-roasting step is quite important to 
determine whether the effective separation of ferronickel particles from 
impurities during the subsequent magnetic separation step can be 
achieved. The reduction temperature, time duration, and appropriate 
additives affect this. The selective reduction of nickel and the growth 
of ferronickel determine the nickel grade and the co-nickel recovery 
rate. The use of additives in the selective reduction process is carried 
out to increase the nickel content and recovery in the concentrate [53, 
55]. One element that can be used as an additive is sulphur, in the form 

Fig. 9. Diagram of dif-
ferential thermal analy-
sis without (a) and with 
(b) Na2SO4 [59]
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of sodium sulphate, sodium sulphide, calcium sulphate [16, 46, 48, 50, 
51, 56–58]. From the pre-research that has been done, sodium sulphate 
additive provides an increase in nickel content and optimal recovery 
compared to other additives, as shown in Table 3.

The addition of sodium sulphate can reduce Fe metallization due to 
the formation of FeS with a lower melting point (980 °C), thereby in-
creasing the mass transfer rate of metal ions during the reduction pro-
cess and causing ferronickel particles to aggregate [53, 56]. The large 
ferronickel particle size will increase the effectiveness of the ferron-
ickel separation process against slag/impurities in the subsequent grind-
ing process followed by magnetic separation.

As the differential thermal analysis results in Fig. 9 show, Na2SO4 
can affect the rate of nickel diffusion at low temperatures of 1100–
1250 °C and will reduce the formation of ferrous metal [59].

4. Synthesis of Nickel Nanoparticles and Their Application

In the last decade, nanotechnology has expanded the scope for researc
hers, manufacturers, and consumers in almost all sectors by enabling 
the engineering of functional systems at the nanoscale level, mainly in 
the form of nanoparticles [60]. Nanoparticles are raw materials used in 
nanotechnology [61]. As well as the bulk Ni-based alloys, Ni nanoparti-
cles have received much attention due to their unique magnetic, chemi-
cal, and physical properties as well as their potential applications in 
various technological fields such as catalysis, batteries, ink for nano-
tube printing, and immobilization of biomolecules through the magnetic 
force of nickel nanoparticles [62–65]. Compared to other magnetic nano-
particles, Ni nanoparticles have great potential as catalysts in reactions 
and propellant and sintering additives in coatings, plastics, and fibres 

Table 3. Pre-research results on the effect of additives  
in selective reduction of laterite nickel ore [26, 53]

Reductor 
(5%)

Additive, % Grade, wt.% Recovery, %

Na2SO4 NaCl Na2CO3 CaSO4 CaCl2 CaCO Ni Fe Ni Fe

ACS —  
no sulphur

15 5.3 81.6 83.7 35.2
5 2.1 66.7 72.8 63.2

10 2.5 64.9 60.7 44.3
15 3.31 64.74 53.46 29.01

10 2.61 66.13 28.8 21.09
15 1.952 63.39 50.98 45.89

Anthra- 
cite — high 
sulphur 

15 15.1 60.6 65.5 7.3
5 2.64 74.1 62.96 49.37

5 2.67 83.23 55.55 83.23
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[66]. Due to its relative abundance in the Earth’s crust, Ni is more cost-
effective than most metals used as catalysts [67]. The electrical conduc-
tivity of Ni allows its use in several applications [68]. Nickel nanopar-
ticles can be used as nanofluids in high purity, ultra-high purity, pas-
sivated, coated, and distributed [69]. The mechanism of nanoparticle 
can be seen in Fig. 10.

The synthesis of Ni nanoparticles is often associated with various 
challenges. Top-down synthesis methods and bottom-up synthesis proto-
cols have traditionally been adapted to synthesis Ni nanoparticles. Top-
down synthesis protocols include breaking down bulk materials into 
nanoscale materials [70]. The most widely used top-down nanoparticle 
synthesis methods are mechanical milling, laser ablation, nanolithogra-
phy, thermal decomposition, and sputtering [71]. Mechanical milling is 
the most common method for producing nanoparticles, which varies 
among different top-down approaches. Mechanical milling is used during 
synthesis for milling and post-annealing of nanoparticles where many 
elements are ground in an inert atmosphere. Mechanical grinding is af-
fected by plastic deformation, contributing to a particular shape, where-
as fracture causes a decrease in particle size while cold welding increa
ses particle size [72].

In conclusion of this section, note that a quasi-two-dimensional (2D) 
nickel hydroxide has been also grown [73, 74]. Among the family of cur-
rently known 2D materials (see, e.g., [75–86] and references therein), 
2D Ni(OH)2 attracts the research interest as a promising material-can-
didate for application in a design of new devices in photonics, electro
nics, and optoelectronics [87]. 

Fig. 10. Mechanism of nickel nanoparticles [70]
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5. Summary

Laterite is very difficult to extract because of its structure in hydroxide 
and complex impurities, which is different from nickel sulphide ores. 
The Caron process combines pyrometallurgy and hydrometallurgy. Pyro
metallurgy uses roasting, which is ineffective to decrease magnesium 
and silica content. Therefore, process modification is needed like selec-
tive reduction to produce Ni concentrate, which Ni content ranges from 
5 to 6 wt.% with a small quantity of magnesium and silica. Since the hydro
metallurgy process, ammonia leaching, negatively affects the environment, 
a novel and green reagent such as MSG (monosodium glutamate) is propo
sed. MSG is also applied to attain high nickel and cobalt recovery. Another 
improvement is Ni purification by precipitation and nanoparticle syn-
thesis, which results in nickel nanoparticles with 90–95 wt.% purity.
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ВІД НІКЛЕВОЇ РУДИ ДО НАНОЧАСТИНОК Ni В ПРОЦЕСІ 
ЕКСТРАҐУВАННЯ: ВЛАСТИВОСТІ ТА ЗАСТОСУВАННЯ

Латеритова ніклева руда — мінеральна гірська порода, що містить залізоніклеві 
оксидні сполуки. Однією з технологій перероблення, запропонованої для обро-
блення руди, є процес Карона. Загалом процес Карона поєднує пірометалурґійну 
та гідрометалурґійну стадії. На пірометалурґійній стадії руду, змішану з віднов-
ником, нагрівають до 1800 °C у ротаційній обпалювальній електричній печі для 
перетворення оксиду залізоніклю в залізоніклевий стоп. На гідрометалурґійній 
стадії нікель селективно розчиняється за допомогою розчину (лужного) аміаку. 
Подальший процес спрямовано на виділення й очищення ніклю в розчині аміаку 
за допомогою екстракції розчинником та осадження. До недоліків пірометалур-
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ґійної стадії в процесі Карона можна віднести високу енергомісткість, низьку 
економічну цінність і технічні проблеми, такі як частково розтоплений матері-
ал, що заважає подальшому процесу. Перебуваючи на гідрометалурґійній стадії, 
широке використання аміаку спричиняє вплив на навколишнє середовище. Для 
вирішення завдань пірометалурґійної стадії пропонується селективне відновлен-
ня. Селективне відновлення — це процес, що сприяє утворенню оксиду заліза 
для одержання високого вмісту ніклю в проміжному продукті з меншим спо-
живанням енергії. До руди додають добавку для селективного пониження вмісту 
ніклю та пониження температури реакції. Задля вирішення впливу аміаку на 
навколишнє середовище пропонується нова та безпечніша хімічна речовина в 
якості заміни — глутамат Натрію. Як альтернативу методу Карона пропонуєть-
ся селективне відновлення в поєднанні з лужним вилуговуванням за допомогою 
глутамату Натрію. Далі використовується осадження для очищення ніклю, що 
приводить до одержання наночастинок Ni з чистотою у 90–95 мас.%.

Ключові слова: латерит, метод Карона, очищення, синтез, наночастинки ніклю.




