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Abstract

The kinetics of leaching of a saprolitic ore from Indonesia by citric acid solution under atmospheric pressure was
investigated. An examination of the effects of leaching temperature, citric acid concentration, pulp density and ore
particle size on the dissolution rate of nickel found that they all had significant influence on the rate. The highest nickel
recovery (95.6 percent) was achieved under the leaching conditions of ore particle size of 212-355 microns, citric acid
concentration of 1 M, leaching time of 15 days, pulp density of 20 weight/volume percent, leaching temperature of
40°C and shaker speed of 200 rpm. The shrinking core model was found to be appropriate for describing the leaching
kinetics of this ore in citric acid solutions at atmospheric pressure. The experimental data were well interpreted by this
model with rate of reaction controlled by diffusion through the solid product layer. Using the Arrhenius expression, the
apparent activation energy for nickel dissolution was evaluated as 12.38 kJ/mol. Finally, on the basis of the shrinking
core model, a proposed empirical kinetic model for the leaching of nickel from this Indonesian saprolitic ore was

Introduction

Indonesia has some of the world’s largest nickel
laterite reserves and was the largest producer of nickel
— in the form of nickel lateritic ores — in the world in
2013 (Merchant Research and Consulting Ltd, 2014).
However, only high-grade saprolites are processed
in Indonesia using pyrometallurgical methods to
produce ferronickel and nickel matte. Lower-grade
saprolites and limonites are removed, becoming waste
or overburden in mining site areas. Hydrometallur-
gical methods, involving either chemical leaching
or bioleaching, are now seen as the most important
technologies for treating nickel laterites in the future
because of their advantage of not only extracting nickel
and iron but also other valuable elements. In addition,
hydrometallurgical methods consume less energy and
have lower capital and operational costs. Although they
are recognized to be more suited to limonites, some
researchers have studied their use in the extraction of
nickel and other metals from saprolites (Guo et al.,
2009; Lu et al., 2013). Hydrometallurgical processes
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expressed as a mathematical model, which was verified as consistent with the observed experimental results.
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for the extraction of metals, especially nickel, promise to be
meaningful alternatives to pyrometallurgical processes to pri-
marily treat low-grade saprolites for which pyrometallurgical
processing is not favorable.

Various hydrometallurgical methods for the leaching of sap-
rolitic ores from Indonesia at atmospheric pressure have been
reported. Sufriadin etal. (2011) reported that chemical leaching
using sulfuric acid (25 weight percent) at 90°C under atmo-
spheric conditions to recover nickel and other metals from the
saprolitic nickel ores of Sorowako (Sulawesi Island) achieved
nickel recovery of about 58 percent after three hours. Fan and
Gerson (2013) dissolved saprolitic ores from Raja Ampat, West
Papua, in sulfuric acid (98 weight percent) in conditions of 25
percent pulp density, 100°C and atmospheric pressure for 11
hours and reported nickel extraction of greater than 80 percent.
For environmental reasons, Mubarok et al. (2011) investigated
the use of organic acids including citric, lactic, acetic and oxalic
acids for the leaching of nickel from an Indonesian saprolite
and found that citric acid gave the best nickel recovery. Many
other researchers had confirmed that citric acid performs most
effectively in the leaching of nickel laterites compared with
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Table 1 — Chemical analysis of raw materials by X-ray diffraction (mass percentage).

Constituents Sio, Fe Ni Co Mg

Content (weight percent) 36.30 21.64 1.76 0.06 8.44 0.43 1.07 2.04

Table 2 — Atomic percentages (determined by EDS) of the raw material particles shown in Fig. 2.

o Fe Mg Ni Si Al Mineral type
1 58.14 9.78 16.49 3.25 7.09 0.00 Serpentine
2 55.09 13.70 14.42 4.02 770 0.79 Serpentine
3 47.64 32.02 5.43 1.20 5.87 0.00 Goethite
4 4732 33.05 4.17 2.93 4.64 1.16 Goethite

other organic acids (Tzeferis and Agatzini-Leonardou, 1994;
Tang and Valix, 2006; McDonald and Whittington, 2008).
Tzeferis and Agatzini-Leonardou (1994) compared the abili-
ties of citric, lactic, oxalic, acetic, formic and salicylic acids
to solubilize nickel and iron from two types of Greek laterites
comprising low-grade hematitic laterite and garnieritic ores.
Tang and Valix (2006) studied the effect of acid activity, type
of organic acid (citric, lactic and malic acids), and pulp density
on nickel and cobalt dissolution and the leaching selectivity
of New Caledonian limonitic and nontronitic ores. McDonald
and Whittington (2008) reviewed studies of atmospheric acid
leaching of nickel laterites by both chemical leaching, using
inorganic and organic acids, and bioleaching. Although citric
acid needs more leaching time compared with inorganic acids,
it offers not only high nickel recovery and high selectivity of
leaching (Mubarok et al., 2011) but also an environmentally
safe process and low acid consumption. In addition, citric acid
can be produced from fungal metabolism using several types
of carbon sources as fungal nutrients. The use of citric acid
for nickel extraction from Indonesian laterites can therefore be
considered a potentially suitable alternative technology that will

Figure 2 — SEM images of selected raw saprolitic nickel-
containing grains. EDS analysis (Table 2) suggests the
nickel is probably associated with serpentine and goethite.
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Figure 1 — X-ray diffraction pattern of the raw saprolitic ore.
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entail low capital and operational costs owing to the country’s
abundance of biodiversity and carbon sources.

Previous work had only observed the effects of different
organic acids on nickel recovery and leaching selectivity. The
effects ofleaching parameters such as particle size, pulp density,
acid concentration and leaching temperature on nickel leach-
ing behavior and kinetics, especially for saprolite processing,
had not been studied. The present study therefore investigates
the effects of various leaching parameters on the leaching of a
saprolite from Sulawesi Island,Indonesia, by citric acid solution
at atmospheric pressure. Kinetic measurements were modeled
and used to identify the rate-determining step of the leaching
process and to calculate the kinetic parameters.

Materials and methods

Materials. Saprolitic ore was collected from a mining site
on Sulawesi Island. The sample was mineralogically and chemi-
cally characterized. X-ray fluorescence (XRF) and inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
were used to determine the chemical composition. The sample
was found to have high magnesium, silica and nickel contents
(Table 1). The mineral phases of the sample were determined
using X-ray diffraction (XRD) with Cu Ko radiation between
5° and 80° 20. Serpentine (Mg;Si,05(OH),) and goethite
(FeOOH) were the predominant minerals (Fig. 1). Scanning
electron microscopy combined with energy-dispersive X-ray
spectroscopy (SEM/EDS) was also used to determine the nickel
content of the different minerals. Typical SEM/EDS results
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Figure 3 — Effect of leachingtemperature on nickel recovery
(1 M citric acid, 5 w/v percent pulp density, < 75 microns
particle size, 200 rpm shaker speed).

(Fig. 2 and Table 2) confirm the presence of nickel-containing
serpentine and goethite.

Chemical leaching procedures. Chemical leaching ex-
periments were performed using a 300-mL flask placed in a
mechanical shaker with 200-rpm shaker speed at atmospheric
pressure. Analytically pure citric acid was used as the leach-
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Figure 4 — Effect of leaching temperature on metal dissolutions: (a) 30°C (b) 40°C and (c) 60°C (1 M citric acid, 5 w/v
percent pulp density, < 75 microns particle size, 200 rpm shaker speed).

August 2015 * Vol. 32 No. 3

178

MINERALS & METALLURGICAL PROCESSING



100
90

Nickel recovery (%)

0 3 6 L 12 15
Leaching time (days)

Figure 5 — Effect of citric acid concentration on nickel
recovery (40°C, 5 w/v percent pulp density, < 75 microns
particle size, 200 rpm shaker speed).

ing agent. Solution samples were periodically withdrawn for
pH measurement and chemical analyses for nickel and other
elements by ICP-OES using standard procedures.

The kinetic analysis was performed based on experimental
data for the dissolution of nickel. Kinetic experiments were
carried out under the following reaction conditions: leaching
temperatures of 30°C,40°C and 60°C; citric acid concentrations
of 0.1, 0.5 and 1 M; shaking speed of 200 rpm; pulp densi-
ties of 5, 10, 20 and 30 weight/volume (w/v) percent; and ore
particle sizes of <75, 75-150, 212-355 and 355-850 microns.

Results and discussion

Effect of leaching temperature on nickel extraction.
Leaching temperature is a significant parameter influencing
nickel extraction. The leaching tests were carried out with 1 M
citric acid, 5 w/v percent pulp density, ore particle size of <75
microns and 200-rpm shaker speed at three different leaching
temperatures (30°C, 40°C and 60°C). The results, shown in
Fig. 3, indicate that temperature has an appreciable effect on
nickel extraction. The maximum nickel recovery rate increased
from 62.6 percent at 30°C to 72.5 percent at 40°C after 15
days of leaching. However, nickel recovery was not strongly
influenced on further raising the temperature: nickel recovery
rose slightly from 72.5 percent at40°C to 76.7 percent at 60°C.
Moreover, the leaching selectivity of nickel over other metals
at 60°C was lower than at 40°C (Fig. 4). In addition, Fig. 4(c)
shows that chromium (Cr) starts leaching at 60°C. Because
the presence of Cr in the filtrate is detrimental to downstream
nickel recovery processes, 40°C was selected as the optimum
leaching temperature in this study, and this value was used in
subsequent experiments.

These experiments also showed that a longer leaching time
leads to higher nickel recovery, up to an optimum value. Nickel
dissolution increased rapidly during the first seven days but
slowed down between Day 7 and 15. The leaching process
was essentially complete after 15 days, when no further nickel
dissolution occurred.

Effect of citric acid concentration on nickel extraction.
Citric acid concentration is also a significant parameter influ-
encing nickel extraction. The effects of citric acid on the nickel
recovery were studied for concentrations of 0.1, 0.5 and 1 M at
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pulp densities (1 M citric acid, 40°C, < 75 microns particle
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Figure 7 — Effect of pulp density on nickel recovery (1 M
citric acid, 40°C, < 75 microns particle size, 200 rpm shaker
speed).
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Table 3 — Correlation coefficients (R2) of the kinetic models for various experimental parameters.
Shrinking core model Shrinking particle model
Experimental Fluid film Chemical Product layer Fluid film Chemical
parameters diffusion control reaction control diffusion control diffusion control reaction control
- 30°C 0.8264 0.8780 0.9712 0.8529 0.8780
]
(]
%
e 40°C 0.7402 0.8102 0.9328 0.7754 0.8102
g
g
£ 60°C 0.7701 0.8504 0.9575 0.8109 0.8504
2
8 ™ 0.7402 0.8102 0.9328 0.7754 0.8102
(2]
- 6
'E E 0.5 M 0.8578 0.9082 0.9866 0.8841 0.9082
o -
£ 5
o3
8 0.1 M 0.8236 0.8525 0.9476 0.8383 0.8525
8
5% 0.7402 0.8743 0.9328 0.7754 0.8743
k1]
% 10% 0.7661 0.8566 0.9772 0.8121 0.8566
Z
(2]
§ 20% 0.7813 0.8102 0.9790 0.8292 0.8102
o
&
30% 0.6898 0.7656 0.9032 0.7275 0.7656
<75 0.7813 0.8743 0.9772 0.8292 0.8743
ag- microns
E 75-150 0.7597 0.9066 0.9845 0.8369 0.9066
g microns
-]
% 212-355 0.7443 0.9016 0.9749 0.8244 0.9016
g microns
(]
o 355-850 0.7495 0.8263 0.9536 0.7883 0.8263
microns

40°C, 200-rpm shaker speed and atmospheric pressure using
ore particle size of < 75 microns and pulp density of 5 w/v
percent. Figure 5 shows that nickel dissolution and leaching
rate are strongly dependent on the citric acid concentration.
The citric acid concentration could be increased to a certain
limit. At low acid concentration of 0.1 M, there was an acid
deficiency and only 49.0 percent of the nickel was extracted
after 15 days. Nickel extraction increased to 69.6 percent and
72.5 percent when the citric acid concentration was increased
to 0.5 M and 1 M, respectively. This effect is attributed to an
increase in hydronium ion (H*) activity with increasing acid
concentration, which leads to the further dissolution of nickel-
containing material.

Effect of pulp density on nickel extraction. The influ-
ences of pulp densities at 5, 10, 20 and 30 w/v percent on
nickel recovery were also examined, with the other parameters
kept constant at citric acid concentration of 1 M, ore particle

August 2015 * Vol. 32 No. 3

size of <75 microns, temperature of 40°C and shaker speed
of 200 rpm. Figure 6 shows that the nickel concentration in
the filtrate increased sharply with increasing pulp density.
However, when nickel recoveries were calculated (Fig. 7),
it was found that after 15 days nickel recovery rose only
slightly from 72.5 percent at pulp density of 5 w/v percent
to 75.3 and 78.5 percent at pulp densities of 10 and 20 w/v
percent, respectively, and then decreased to 73.2 percent at
pulp density of 30 w/v percent. From these results, it was
recognized that a moderate pulp density of 20 w/v percent
was adequate in the current study. This value was used in all
subsequent leaching tests.

Effect of ore particle size on nickel extraction. The effect
of ore particle size on nickel recovery was studied for four dif-
ferentsizeranges: <75,75-150,212-355 and 355-850 microns.
All experiments were conducted at40°C, 200-rpm shaker speed
and atmospheric pressure using citric acid concentration of 1 M
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and pulp density of 20 percent. Figure 8 shows that increasing
particle size led to increased nickel recovery up to 212-355
microns. This particle size range yielded the maximum nickel
recovery (95.6 percent), followed by the particle size ranges
of 75-150, <75 and 355-850 microns, which produced 92.2,
78.5 and 76.2 percent nickel recovery, respectively, after 15
days of leaching. The optimum particle size range was selected
as 212-355 microns.

Kinetic analysis of nickel extraction. The leaching of
saprolite is a solid-liquid reaction. In such a reaction system,
soluble reactants diffuse across the interface and/or through
a porous solid layer and then the chemical reactions occur.
The leaching rate is generally controlled by the (1) diffusion
through the fluid film, (2) diffusion through the solid product
layer on the particle surface and/or (3) chemical reaction at the
surface of the unreacted core/particle. The rate of the process is
controlled by the slowest of these sequential steps (Levenspiel,
1999). The reaction model between solid and liquid may be
given as follows:

)

Depending on the parameter conditions and type and nature
of the solid materials and leaching reagent, different reaction
mechanisms and kinetics have been suggested (Gharabaghi et
al., 2010). To analyze the kinetics of nickel dissolution, this
study used two types of solid-liquid kinetic models proposed
by Levenspiel (1999): the shrinking-core model (SCM) and
the shrinking-particle model (SPM). In the SCM, the three
possible rate-determining steps detailed above are applied in
the kinetic analysis. In the SPM, there are only two possible
rate-determining steps: diffusion through the fluid film and
chemical reaction at the surface of the unreacted particles
(Levenspiel, 1999).

The SCM equations for the three rate-determining steps
can be written as follows (Levenspiel, 1999):

Aiquia) t Bsotiay = Products

Fluid film diffusion control:

x =ket= kexp(—%)t ()
Diffusion through solid product layer control:
1-3(1—x) +2(1 — ) = kgt =kexp(- )¢~ @
Chemical reaction control:

1-1(1 —x)§= k.t= kexp(—%)t 4)

The following are the mathematical model equations for
the SPM (Levenspiel, 1999):

Fluid film diffusion control:

1-(1-x)s = kpt = kexp (—22) ¢ ®)

Chemical reaction control:

1—-(1- x)i =kt=k exp(—%) t (©)

where x is the fraction reacted, k is the overall reaction rate
constant in min-!, 4 is the frequency factor in min'!, £ is the
apparent activation energy in Jmol'!, R is the universal gas
constant (8.314 JK-!mol'!), T is the reaction temperature in
K, #is the leaching time in days, and k; k, and k, are the rate
constants (Levenspiel, 1999). '

Thekinetics of nickel extraction was studied using these two
models based on the experimental data. The left-hand sides of
Egs. (2)-(6) were plotted with respect to leaching time and the
dependencies of these models on the kinetic data were evalu-
ated using the correlation coefficient (R?) values. The slopes
of these plots give the apparent rate constants (k., k; and k).

The R2 values are presented in Table 3. This detailed kinetic
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Figure 9 — X-ray diffraction pattern of solid residue after leaching for 15 days under the
best conditions (1 M citric acid, 212-355 microns particle size, 40°C, 20 w/v percent pulp

density, 200 rpm shaker speed).
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evaluation shows that the SCM with diffusion through the solid
product layer gave the highest R2 value for all experimental
data considered. It is therefore concluded that the SCM is the
most appropriate kinetic model for this system and that diffu-
sion through the solid product layer is the step that controls the
rate of leaching under the experimental conditions.

Nickel in this saprolite is mostly incorporated in serpen-
tine, according to the XRD (Fig. 1) and SEM/EDS analyses
(Fig. 2 and Table 2). After 15 days of leaching, XRD of the
solid residue (Fig. 9) showed decreased intensities of the
serpentine peaks while the peaks of other minerals increased.
It can therefore be assumed that most of the dissolved nickel
originated from serpentine. Metal ion dissolution from ser-

#

20KV 2014/09/04 12%65:39 S

Figure 10 — SEM images of selected solid residue nickel-
containing grains after 15 days of leaching under the best
conditions ( 1 M citric acid, 212-355 microns particle size,
40°C, 20 w/v percent pulp density, 200 rpm shaker speed).
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SL'ITK.‘I'HII]L'
Mg:Ni):51:0.(0H),
Fluid ((MgaNi):51; L)
Solid product Nit
¥ layer/reacted layer s
N (Si02) W

Fluid
) (b)

Figure 11 — Schematic of the nickel leaching process from
serpentine based on the SCM: (a) initial state and (b) state
attime t.

pentine can be described as follows:

(MgNi);Si,04(OH), + 6 H* = 3Mg2* +
N2 42810,y +5H,0 (D)

H* is provided by the dissociation of citric acid. Two
mechanisms are proposed for metal dissolution by citric acid:
(1) acid attack and displacement of metal ions by hydrogen
ions and (2) chelation of metals to form soluble metal-ligand
complexes (McDonald and Whittington, 2008). Citric acid
contains three carboxyl groups. When this acid is fully dis-
sociated, the possible complexes of the nickel cation with a
citrate anion are expressed as (Behera et al., 2011):

CeHO, o (C;H0,)73 + 3H"  (pKay = 6.39)

2(CgH50,)73 + 3Ni2* > Niy(CHs05), ®)

(nickel citrate complex)

Silica (SiO,) from the reaction in Eq. (7) will become the
product layer in the solid residue. It can be seen from SEM/
EDS analyses of the solid residue (Fig. 10 and Table 4) that
silica in serpentine remains in the solid residue. These data are
interpreted as indicating that there is not only pore diffusion
but also chemical reaction occurring at the solid surface, as in
the SCM. A schematic of nickel dissolution from serpentine
according to the SCM is illustrated in Fig. 11, where serpentine
is represented as the nonporous solids. The chemical reaction
between the leaching agent, that s, citric acid, and nickel occurs
at the serpentine surface, dissolving nickel and magnesium.
Silica remains in the reacted layer, as presented in Eq. (7), and
the reacted layer becomes porous. The next step is the penetra-
tion and diffusion of citric acid through the reacted layer to
the surface of the unreacted core, and chemical reaction will
occur atthe surface of the unreacted core. Finally, the dissolved
product diffuses through the solid reacted layer back to the
exterior surface of the solid and into the main bulk of the fluid.

The apparent activation energy was calculated based on the
Arrhenius equation:

ka = Aexp(—72) (9a)

Inkg =InA— =2 ©b)
Arrhenius plots of In k, (the apparent rate constant for con-
trol by diffusion through the solid product layer for the SCM)
against 1000/T for the experimental data are shown in Fig. 12
and Table 5. The apparent activation energy determined for
nickel extraction from this Indonesian saprolite using citric
acid at atmospheric pressure was 12.38 kJ/mol. This low ac-
tivation energy is appropriate for a process that is controlled
by the diffusion through a solid product layer and provides
further confirmation of the importance of diffusion through a
product layer as the kinetic-limiting step (Veglio et al., 2001).

Table 4 — Atomic percentages (determined by EDS) of the solid residue particles shown in Fig. 10.

(o] Fe Mg Ni Si Al Mineral type
1 59.37 9.37 11.26 0.93 8.38 1.79 Serpentine
2 63.66 5.00 11.96 1 8.92 0.00 Serpentine
3 52.48 24.24 7.85 2.20 747 0.80 Goethite
4 48.27 19.47 7.02 2.77 5.73 0.63 Goethite
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Figure 12 — (a) Plot of diffusion through the solid product
layer for the SCM with leaching time at various tempera-
tures (b) Arrhenius plot for nickel leaching (1 M citric acid,
5 w/v percent pulp density, < 75 microns particle size, 200
rom shaker speed).

Previously reported low values (<24 kJ/mol) for the activation
energy of diffusion-controlled reactions are: 4-12 kJ/mol (Hou
et al., 2010; Habashi, 1969), 8-20 kJ/mol (Liu et al., 2012)
and 12-24 kJ/mol (Romankiw and Bruyn, 1964). In contrast,
a leaching process controlled by a surface chemical reaction
has higher activation energies: 40-80 kJ/mol (Habashi, 1969;
Sohn and Wadsworth, 1979; Luo et al., 2010).

The current work also found that the kinetic behavior of citric
acid leaching differs from that of sulfuric acid leaching under
atmospheric conditions. Luo et al. (2010) analyzed the kinet-
ics of saprolite leaching by sulfuric acid and reported that the
chemical reaction is the rate-determining step. However, in the
current work using citric acid, it is found that diffusion through
the solid product layer is rate limiting. A diffusion-controlled
process is usually slightly dependent on temperature while a
chemically controlled process is very sensitive to temperature
(Habashi, 1969; Sohn and Wadsworth, 1979). These experi-
ments show that citric acid leaching can produce high nickel
recoveries at lower temperature and atmospheric conditions.
The optimum nickel recovery achieved in this study was 95.6
percent at 40°C. Previous work on the sulfuric acid leaching
of saprolitic ore under atmospheric pressure only produced
maximum nickel recoveries of 84.8 (Luo et al., 2010) and 58
percent (Sufriadin et al., 2011), respectively, at 90°C leaching
temperature. .

Similar plots of 1 —3(1—x)3+ 2(1 —x) as a function of
leaching time were obtained for different citric acid concentra-
tions [C¢HgO,], solid-liquid ratios (or pulp densities) (S/L),
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Figure 13 — (a) Plot of diffusion through the solid product
layer for the SCM with leaching time at various citric acid
concentrations (b) Plot of In k, versus In [CgHgO5] (40°C,
5 w/v percent pulp density, < 75 microns particle size, 200
rpom shaker speed).

Table 5 — Reaction rate constants at various tem-

peratures.

T (°C) T (K) 1000/T ky In ky

(1/K)
30 303 3.3003 0.0080 -4.828
40 313 3.1949 0.0100 -4.605
60 333 3.0030 0.0126 -4.374
Activation energy 12.38 kJ/mol

and ore particle sizes (r)) (Figs. 13a, 14a and 15a). These
control factors were used to formulate the kinetic model. The
relationship between the apparent rate constant of diffusion
through the solid product (k) and these factors is given by:

ka = kolCoHg051%(S/L)" (ro) e " (10)

Hence, the total kinetic model from Egs. (4) and (10) is
obtained as:
2
1-3(1=-x3+2(1-x)=kyt=
—Eq
RT t

ko[CsHg07]%(S/L)" (ro) e

where k; is the Arrhenius constant, which can be calculated
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Figure 14 — (a) Plot of diffusion through the solid product
layer for the SCM with leaching time at various pulp densi-
ties (b) Plot of In k, versus In (S/L) (40°C, 1 M citric acid, <
75 microns particle size, 200 rpm shaker speed).

from the intercept of the straight line in Fig. 12.

The apparent rate constant (k,) values were determined
from the slopes of the straight lines. Plots of In (k) against
In [CcHgO5], In (S/L) and In () (Figs. 13b, 14b and 15b,
respectively) were established to calculate the empirical
orders of dependency with respect to citric acid concentra-
tion, pulp density and ore particle size as 0.48, 0.27 and 0.32,
respectively. The Arrhenius equation obtained from Fig. 10 is:

1488
In k,= 01100 === Thys,

ko [CeHg07]%*8 (S/L)%27 (1ry)*%2 = exp(0.1100) = 1.1163

Substituting [C,HgO,] =1M, S/L=0.05 w/v percent and r, =
15 microns gives k,=7.32x 10~ min™!. Therefore, the empiri-
cal kinetic model for nickel extraction from this Indonesian
saprolite by citric acid leaching under atmospheric pressure is:

2
kat=1-3(1-x)34+2(1-x)=
-12,380

7.32 x 1074 [CaHg 051248 (S /L) "7 (1) %32e™ RT ¢
To validate this empirical kinetic model, the values of
z
1-3(1-x)3+2(1—x) at selected leaching conditions of
temperature, citric acid concentration, pulp density and par-
ticle size were calculated from the empirical mathematical

2
model. The plots of [1 —3(1 —x)3 + 2(1 — X)]equation against

2
[1 - 3(1 - x); + 2(1 - x)]expﬂn'merrmf for some eXperimental
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Figure 15 — (a) Plot of diffusion through the solid product
layer for the SCM with leaching time at various ore particle
sizes (b) Plot of In k, versus In (ry) (40°C, 20 w/v percent
pulp density, 1 M citric acid, 200 rpm shaker speed).

data in Fig. 16 show good correlation between the empirical
kinetic equation and the experimental data. It is concluded
that the proposed empirical kinetic model from the present
study can be used to calculate the nickel dissolution rate of
this saprolitic ore using citric acid under atmospheric pressure
and the current leaching conditions.

Conclusions

The optimum recovery of nickel (95.6 percent) from an
Indonesian saprolite from Sulawesi Island was achieved under
leaching conditions of ore particle size of 212-355 microns,
citric acid concentration of 1 M, leaching time of 15 days, pulp
density of 20 w/v percent, temperature of 40°C and shaker
speed of 200 rpm. The experimental data were well interpreted
by a shrinking-core model under diffusion control through the
product layer. Using the Arrhenius expression, the apparent
activation energy for the dissolution of nickel was calculated as
12.38 kJ/mol. The low activation energy is consistent with that
for a process controlled by diffusion through a solid product
layer. The reaction orders with respect to citric acid concen-
tration, pulp density and ore particle size were determined to
be 0.48, 0.27 and 0.32, respectively. The proposed empirical
model of the leaching kinetics of this saprolite ore using citric
acid under atmospheric pressure can be expressed as:

2
kat=1-3(1-x)3+42(1-x)=
-12,380

7.32 x 1074 [CHg 05148 (S /L) "7 (1) %32e™ RT ¢

MINERALS & METALLURGICAL PROCESSING



0.12

(a) Leaching temperature

[1-3(1-x)>3+2(1-x)] experimental

0.00 0.02 0.04 0.06 0.08 0.10 0.12

[1-3(1-x)¥3+2(1-x)] equation

0.12
(c) Pulp density
0.10 *
= *
S 008
E
g O
2 006 A
* L 4
= AN
;,% 0.04 - T0%
o 10%
oo | M "
& 5%
0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12

[1-3(1-x)*+2(1-x)] equation

0.08

(b) Citric acid concentration

[1-3{1-x)*3+2(1-x)] experimental

1] 001 002 003 004 005 006 007 008

[1-3{1-x)*3+2(1-x)] equation

0.30
(d) Particle size

0.25
=
=
o 020
E
@
a
bl
015
%
~
~
K 3
& 010
_’f‘ « 212-355 um
7
= pos W 75-150 um

4 <75um

0.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30

[1-3(1-%)2+2(1-x)] equation

Figure 16 — Validation of the empirical kinetic model for various leaching parameters: (a) leaching temperature (b) citric

acid concentration (c) pulp density and (d) particle size.

This mathematical model was verified to be consistent with
the observed experimental results.
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