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Abstract: The dissolution of nickel and cobalt from Caldag lateritic nickel ore using the combination of sulphuric and ascorbic acids
was investigated. The use of other organic acids, namely citric, maleic and stearic acids, as synergistic reagents was studied for
comparison. The results revealed that the use of ascorbic and citric acids markedly improved the dissolution of cobalt compared to
the other two organic acids that only showed slight synergistic effect on the leaching rate. In terms of nickel dissolution, ascorbic acid
is the most effective synergist, followed by citric, maleic and stearic acids in descending order. Under the most optimized conditions
found in this study, i.e., using 1 mol/L of sulphuric acid with the presence of 4 g/L of ascorbic acid at 80 °C and solid-to-liquid ratio
of 1/10, more than 99% and 98% leaching rates of cobalt and nickel, respectively, can be achieved within 4 h of leaching. In addition,
the leaching performance is relatively insensitive to the change of ascorbic acid concentration from 2 to 4 g/L which is highly

desirable from operational perspective.
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1 Introduction

Laterite nickel ore is an increasingly important
mineral resource for nickel and its valuable by-product,
cobalt, due to the depletion of the traditional sulphide
ores. The two metals are essential in numerous modern
applications such as rechargeable batteries for electric
vehicles and modern devices, and superalloys for
acrospace and other high-temperature applications. In
addition, due to its substantial role in such applications,
cobalt has been recognized as a critical metal [1,2] and
therefore its recovery from the ore is highly desirable.

Pyrometallurgical and hydrometallurgical routes
have been used to produce nickel from laterite nickel ore,
but only the latter is able to recover nickel in its metallic
form, and thus can be used for the above-mentioned
modern applications, and with cobalt as a separate
product. High pressure sulphuric acid leaching (HPAL),
including its variant such as enhanced pressure acid

leaching (EPAL) process, is currently the only operating
commercial hydrometallurgical technology to produce
nickel and cobalt from laterite nickel ores because the
last Caron process operation in Yabulu, Australia, has
remained inactive since the early 2016. This technology,
however, is at best marginal in terms of process
economics due to its high unit of capital cost that makes
even a successful operation, such as the Coral Bay HPAL
operation, struggle to generate high rate of return on
investment [3,4]. Therefore, the development of new
processing technologies for laterite nickel ores remains a
major research interest.

Many new technologies are being developed to
overcome the technical and economic challenges of
HPAL such as atmospheric hydrochloric acid leaching
(Neomet) process [5], atmospheric nitric acid leaching
(Direct Nickel) process [6], high pressure nitric acid
leaching process [7] and starved acid leaching
technology (SALT) process [4,8], which had been
demonstrated at a pilot scale. Reportedly, a small stand-
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alone heap leaching plant was operated in Yuanjiang,
China, in the period of 2014 to 2007 to annually produce
1x10* t of nickel but no public information is available
on this operation [9]. In addition, the use of
microorganism to enhance the dissolution of nickel and
cobalt from laterite nickel ore, i.e., biohydrometallurgical
route, has been investigated. In particular, the use of
chemilithotrophic bacteria such as Acidithiobacillus
thiooxidans and Acidithiobacillus ferroxidans has shown
that high nickel and cobalt extractions can be achieved
via this route [10—12]. The use of a range of fungal
strains such as Aspergillus niger and Penicillium
Sfuniculosum has also been investigated [13—15]. The
dissolution of the metals is enabled by the fungi ability to
excrete organic acid such as citric acid, but its ability to
also excrete oxalic acid simultaneously may reduce the
leaching efficiency due to low solubility of cobalt and
nickel oxalates [8].

The direct chemical leaching of laterite nickel ores
with organic acid, instead of using metabolites to
generate the acids including citric, oxalic, pyruvic,
tartaric, malonic, benzoic, lactic, fumaric, acetic,
protocatechuic, gluconic, malic, propionic, adipic,
succinic, glumatic, salicylic and formic acids has been
reported by a number of investigators [14,16—21]. It is
generally agreed that among the mentioned acids, citric
acid is the most effective leaching agent for nickel but its
leaching efficiency is still far from sufficient. It is,
however, reported that as high as 89.6% and 82.9% of
nickel and cobalt recoveries, respectively, can be
achieved via a sequential organic leaching method using
citric acid in the first step and oxalic acid in the second
step under atmospheric conditions in relatively short
leaching duration [20].

The present authors noted that the use of ascorbic
acid, which is readily available at low cost, to leach
nickel and cobalt from laterite nickel ore has not been
explored and hence, the present study is aimed to do so.
The organic acid will be combined with sulphuric acid
solutions to leach the ore to investigate the synergistic
effect between the two acids as recommended by
KURSUNOGLU [22]. The use of citric, maleic and
stearic acids was also investigated for comparison.

2 Experimental

2.1 Sample preparation

The lateritic nickel ore was provided by Caldag
Nickel in Turkey. The supplied ore was crushed with a
jaw crusher and reduced to less than 212 um using a
laboratory ball mill. The ground samples were dry sieved
using standard sieve plates and separated into different
size fractions via vibration. The obtained fractions were
weighed and stored for further studies. All leaching

experiments were carried out using only —53 pum particle
size fraction.

2.2 Material characterization

Firstly, the particle size distribution of the =53 pm
sample was measured using Master Sizer 2000 (Malvern).
The chemical composition of the sample was analyzed
using X-ray fluorescence (XRF) spectrometer (Philips
PW-2404), while its mineralogical composition was
examined using X-ray diffractometry (XRD) (Bruker DX
Advance). The XRD pattern was confirmed using
Fourier transform infrared spectroscopy (FT-IR, Thermo
Scientific ~ Nicolet 6700 FT-IR  spectrometer).
Comprehensive mineralogical description of the used ore
was given in the previous studies [20,23—27].

2.3 Experimental procedure

The experimental set-up is shown in Fig. 1. The
leaching tests were performed in a 500 mL Erlenmeyer
flask covered with aluminium foil to prevent evaporation.
The flask was immersed in a temperature-controlled
water-bath equipped with ultrasonic vibrator to enhance
the leaching kinetics. For each experiment, 25 g of the
sample was transferred into the flask before adding
250 mL of sulphuric acid at a pre-determined
concentration. The required amount of organic acid was
added into the flask and then heated to a desired
temperature. During sampling at the selected time
intervals, the apparatus was switched off, 5 mL of the
slurry was then quickly withdrawn and centrifuged at
7500 r/min. The supernatant was diluted and analyzed
using atomic adsorption spectroscopy (AAS, Thermo
3300).

Fig. 1 Experimental set-up
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The organic acids used in the experiments namely
ascorbic, citric, maleic and stearic acids were prepared
from analytical grade reagents (=100% purity) provided
by Sigma Aldrich. The used sulphuric acid solutions
were also prepared from an analytical grade reagent
(95%—97% purity). In all leaching experiments, the
solid-to-liquid ratio was maintained at 1/10. Most of the
leaching tests were duplicated to confirm the
reproducibility of the test results.

3 Results and discussion

3.1 Materials characterization

The particle size distribution of the sample is shown
in Fig. 2. The results showed that 90% of the sample is
less than 46 um. The chemical composition of the
sample is given in Table 1.
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Fig. 2 Particle size distribution of =53 pm sample

Table 1 Chemical composition of used laterite nickel ore (mass
fraction, %)

MgO A1203 SIOZ SO3 Kzo CaO T102

4.59 2.54 4511 0.10 0.30 341 0.09
Cr203 MnO FeZO3 C0203 NiO LOI*
0.86 0.37 31.69 0.09 1.45 9.39

*Loss on ignition

The XRD analysis (Fig. 3) revealed the presence of
quartz, kaolinite and calcite as the major phases. Minor
mineral peaks were attributed to goethite, hematite,
albite, lizardite, serpentine and asbolane, which are the
nickel- and cobalt-rich phases.

FT-IR spectrum of the sample is shown Fig. 4. The
absorption at 617 cm ' is the characteristic of goethite
resulting from FeOg hexagon; those at 793 and
1018 cm' are related to quartz because of Si and O
bonds; and those at 1642, 2990 and 3424 ¢cm ! are due to
the bonds between H and O. These results are in good
agreement with the pattern of laterite nickel ore from
Adatepe, Turkey, given by GIRGIN et al [28]. It is

therefore verified that quartz and goethite are the two
major phases as observed from the absorption peaks in
the obtained IR pattern.
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Fig. 3 XRD pattern of =53 um sample
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Fig. 4 FT-IR spectrum of —53 um sample

3.2 Effect of sulphuric acid concentration and

temperature

A series of leaching tests were carried out at various
sulphuric acid concentrations (0.5, 1.0 and 1.5 mol/L)
and temperatures (60 and 80 °C) as a function of time
using the —53 pm sample and a 1/10 solid-to-liquid ratio.
Figures 5 and 6 show the effect of sulphuric acid
concentration and temperature on the nickel, cobalt and
iron dissolutions from the ore sample at 60 and 80 °C,
respectively. The leaching rate of the metals increased
with increasing concentration of sulphuric acid and
leaching time at both temperatures. The dissolution rates
of nickel, cobalt and iron were increased from 39.8%
to 89.7%, 48.9% to 87.8% and 16.5% to 58.3%,
respectively, when the acid concentration increased from
0.5, 1.0 to 1.5 mol/L at 60 °C. Similarly, the dissolution
rates of nickel, cobalt and iron were increased from
58.4% to 98.2%, 73% to 99.2% and 29.7% to 73%,
respectively, when the acid concentration increased from
0.5, 1.0 to 1.5 mol/L at 80 °C.
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Fig. 5 Dissolution rates of metals only with sulphuric acid at
different concentrations and 60 °C

It is interesting to note that the dissolution of metals
at 60 °C was relatively significant throughout the
leaching duration, but at 80 °C, it was only significant
within the first 6 h of leaching and then increased only
slightly after leaching for 6 h. This may be due to the
diminished amount of acid at the time and hence the
leaching rate was reduced. This is supported by the fact
that the amount of metals dissolved within the 24 h of
leaching at 60 °C was generally lower than that dissolved
within the first 6 h at 80 °C and therefore, there was a
still sufficient driving force for significant dissolution to
occur for the whole duration of leaching at 60 °C. The
most probable leaching reactions with sulphuric acid are
given in Table 2.
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Fig. 6 Dissolution rates of metals with only sulphuric acid at
different concentrations and 80 °C

Table 2 Most probable reactions for atmospheric leaching of
metal oxides with sulphuric acid

. Equation
Reaction formula

No.
NiO+H,S0,—NiSO,+H,0 (1)
CoO+H,S0,—C0S0,+H,0 2)
COO'2C0203’6H20+H2$O4—>COSO4+7H20+2C0203 (3)
2FeO(OH)+3H,S0,—Fes(SO,)s+4H,0 @)
F8203+3HzSO4—>Fez(SO4)3+3HQO (5)

3.3 Synergistic effect of various organic acids on
metals dissolution
The synergistic effect of organic acid on the
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dissolution of nickel, cobalt and iron is shown in Fig. 7.
The following conditions were used in this study:
0.5 mol/L sulphuric acid, 4 g/L organic acid and 80 °C. It
is clearly seen that the addition of organic acid provides
positive impact on the dissolution of the metals. Similar
synergistic effect on the combination of organic acids
namely acetic, oxalic and lactic acids with sulphuric acid
was reported by TZEFERIS [17]. The results showed
that the addition of ascorbic acid as synergist gave the
highest dissolution rate for the three metals, followed by
citric, maleic, and stearic acids. Using ascorbic acid as
synergist, cobalt leaching rate reached 99% within the
first 6 h, which may be attributed to the reductive role of
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Fig. 7 Dissolution rates of metals with combination of 4 g/L of

various organic acids and sulphuric acid concentration of
0.5 mol/L at 80 °C

the acid in the leaching process instead of chelation [29].
The low dissolution of iron, which was only 44.7% in the
first 6 h, is desirable but this may also be the reason for
the low recovery of nickel, which is 61.2%, as a
significant amount of nickel may be trapped within
iron-bearing minerals and cannot be leached.

3.4 Synergistic effect of ascorbic acid on metals
dissolution
In this study, the concentrations of sulphuric acid
and ascorbic acid were varied to determine the optimal
conditions to achieve the highest dissolution rate for
nickel and cobalt. Figure 8 shows that the increase of
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Fig. 8 Dissolution rates of nickel, cobalt and iron at decreased
concentrations of ascorbic acid (3 and 2 g/L), sulphuric acid
concentration of 0.75 mol/L and temperature of 80 °C
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sulphuric acid concentration from 0.5 to 0.75 mol/L and
the decrease of ascorbic acid concentration from 4 to
either 3 or 2 g/L have a slightly negative impact on the
metals dissolution rate. Interestingly, as shown in Fig. 9,
when the sulphuric acid concentration is increased to
1 mol/L, the nickel dissolution rate is increased
significantly, and as high as 98.1% dissolution rate can
be achieved within the first 4 h using 4 g/L ascorbic acid.
In addition, complete cobalt extraction under such
conditions can be achieved in only 2 h of leaching, while
the iron dissolution rate reached a plateau at about 70%.
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Fig. 9 Dissolution rates of nickel, cobalt and iron at increased
sulphuric acid concentration (1 mol/L) with various ascorbic
acid concentrations at 80 °C

The results show a clear sign of synergistic effect of
the two acids. The increase in nickel dissolution may be
due to the reductive role of ascorbic acid to enhance the
dissolution of goethite [30], which is more difficult to be
leached than hematite or ferrihydrate [31], with sulphuric
acid to liberate the nickel. This is apparent by the fact
that the increase in ascorbic acid concentration does not
provide effect dissolution.
Nevertheless, further characterization study is still

significant on nickel

required to confirm this.
4 Conclusions

1) The present study showed that the addition of
ascorbic, citric, maleic and stearic acids to sulphuric acid
leaching of laterite nickel ores provides synergistic effect
on the dissolution rates of the nickel and cobalt from
laterite nickel ore.

2) Ascorbic acid is the most effective synergist for
dissolving nickel and cobalt from the ore followed by
citric, maleic and stearic acids in descending order. The
superior synergistic effect of ascorbic acid compared to
the other three acids is probably due to its ability to the
dissolution of goethite.

3) It is shown that for an effective dissolution, the
presence of sulphuric acid is necessary as the present
study showed that only at sulphuric acid concentration of
1 mol/L, high nickel extraction (98.1%) can be achieved
with 4 g/L of ascorbic acid.

4) The leaching performance is relatively insensitive
to the change of ascorbic acid concentration from 2 to
4 g/ which is highly desirable from operational
perspective.

5) Using ascorbic acid as synergist for sulphuric
acid leaching of laterite nickel ore is promising because
unlike using oxalic acid, which has been known to
enhance the dissolution of goethite, the dissolved nickel
will not be precipitated afterwards and remain stable in
the aqueous phase.
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