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Abstract: The leaching of Co, Ni, and Cu isotherms, kinetic modeling approaches, and thermodynamics features have been
studied mathematically through the sulfuric acid chemical leaching process by solving the nonlinear equations using the
MATLAB code. The chemical characterization of the ore sample was recorded as Al,O3(27%) > SiO, (13.5%) > Fe,0;
(12.3%) > MnO (8.4%) > CaO (6.5%) > MgO (4.7%), in addition to, Co, Ni, and Cu were assaying 1000, 730 and 1900
ppm, respectively. The effects of some parameters such as grain size, solid/liquid ratio, sulfuric acid concentration, contact
time, and absolute temperature were investigated. The physical phenomena of the leaching process were determined by the
shrinking core model which indicated that the particle size and the responding nucleus of metal ions decreased
simultaneously; also, the dissolution rate of the reaction was identified as solid diffusion or mixed between chemical and
solid for Cu ions and film diffusion reaction for both Co and Ni ions. The activation energy in the leaching process was
evaluated to be 31.20, 15.02, and 13.31 kJ/mol for Co, Ni, and Cu respectively which denoted that the sulfuric acid
leaching process was controlled by interfacial chemical reaction. Finally, temperature has a significant impact on the
leaching process according to thermodynamic studies. The applied thermodynamic model called the floatotherm model
including the Van’t Hoff equation described the leaching process for Co, Ni, and Cu as a spontaneous reaction with an
endothermic nature.

Keywords: Leaching process; Shrinking core model; Nonlinear kinetics; Conservation ratio; Gibbs free energy, AH and

AS; Floatotherm model including Van’t Hoff equation.

1 Introduction

Thermodynamics and kinetics are two essential concepts in
many branches of science and engineering, and they play
critical roles in many areas such as chemical engineering,
metallurgy, biotechnology, food processing, and petroleum
engineering. Kinetics may be viewed as a tool for analyzing
the rate of chemical reaction and understanding how
various processes are influenced whereas thermodynamics
is commonly used to forecast and suggest chemical reaction
paths, energy, products, and equilibrium conditions.
Leaching is a solid-liquid reaction considered as the first
and major step of numerous hydrometallurgical processes.
Consequently, it is critical to understand processes and
mathematical models for leaching kinetics. The most often
used way for assessing leaching kinetics is to use the
models found by Levenspiel in 1999 for fluid-particle
processes. Modeling of aqueous electrolyte solutions
obtained from the Leaching process is of immense
importance to the development, analysis, design, and
control of hydrometallurgical processes [1].

In the leaching process there are various phenomena exist
in different scales, to understanding each phenomenon
requires a proper choice of scale. The most common model

That can be applied in the leaching process is known as the
Progressive conversion model which the solid high porosity
enables the liquid phase to penetrate the particles easily.
Consequently, the reaction occurs across the volume of the
solid particles and the concentration of the non-leached
metal compounds is still uniform through the unchanged
porous matrix. The second one is the shrinking core model,
which depends on the main assumption that the reaction
starts from the particle surface and continues until the
reaction reaches the particle center. The concept of
shrinking the core in the leaching process may happen in
three probabilities (Fig. 1); i) Solid phase (a dense solid
layer obtained as a product of the reaction covering the
non-leached core and the liquid agent needs to diffuse
through it) is also known as underflow, ii) Liquid phase
mainly solute-rich (the surface of the non-leached core has
no solid product and the particle is leached and its size
becomes smaller than initial: leached) is also
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Fig.1: Schematic of leaching steps [2].

known as an overflow stream, iii) Solid-Liquid phase in
between the previous phases [2]. When the solute
concentrations in the underflow and overflow streams
leaving a stage are equal, a solid-liquid stream has reached
equilibrium. In hydrometallurgy, the leaching process is the
initial stage in the recovery of metals from natural rock
samples or secondary sources.

Cobalt is a ferromagnetic metal that is frequently employed
in a variety of industrial industries. The most important ores
that contain Co are sulphides and arsenides. The principal
cobalt sulphide minerals are carrollite (CuS.Co, S3) and
linnaeite (CosS4), while the chief arsenides are smaltite
(CoAsy), cobaltite (CoAsS) and skutterudite (CoAsz). Co
has been used to create alloys that are incredibly effective
on the other hand because cobalt is a component of vitamin
B12 which stimulates the synthesis of red blood cells living
things only need very little amounts of metal much higher
doses have deadly effects may result in nausea vomiting
loss of appetite ringing in the ears nerve damage respiratory
illnesses an abnormally large thyroid gland goiter and/or
damage to the heart kidneys and/or kidneys. Cobalt and
nickel frequently coexist in nature. Cobalt exists in
compounds in the minerals of copper and nickel.

Nickel displays ferromagnetic  characteristics  at
temperatures that are close to room temperature the
majority of the nickel found on Earth is assumed to be in
the planet's core the bulk of nickel is taken from one of two
types of ore deposits laterites where the primary ore
minerals are nickeliferous limonite and garnierite
respectively and magmatic sulfide deposits where
pentlandite Ni FeySg is the predominant ore material. Today
nickel is used in several industrial fields like as the steel
industry because it was adapted as a material for
electroplating because it does not readily oxidize or rust to
produce rechargeable nickel-cadmium (Ni-Cd) batteries and
the aerospace industry. It is a major consumer of nickel-
based superalloys used to make turbine blades, discs, and
other essential components of jet engines. Additionally,
land-based combustion turbines, such as those used in
electric power generation facilities, utilize nickel-base
superalloys. Copper is considered one of the most important
metals used in industry due to its electrical, thermal,
optical, and catalytic properties [3]. In addition to, copper is
quite biologically active, this is due to its tendency to form
strong complexes in water or soil with organic ligands
containing nitrogen or sulfur. It also forms complexes with
some large macromolecules (proteins, nucleotides, etc.).

It is found mainly in nature in the form of sulfide and oxide
minerals such as malachite [Cu, (OH), COs], azurite
[Cu3(OH),(CO3),], tenorite (CuO), chrysocolla, bornite,
brochantite, enargite, chalcopyrite, chalcocite, or covellite
3-5]. On the other hand, Copper is an essential trace
mineral for humans, it is found in all body tissues: the
liver, brain, heart, kidneys, and skeletal muscle. Red blood
cells are produced by copper, which also supports neuron
and immune system cells. It contributes to the creation of
energy and aids in the body's ability to absorb iron and
produce collagen. Although a deficiency is uncommon, it
can cause cardiovascular disease and other issues. One of
the significant factors in the leaching application process in
the industrial scale that will be useful in a scale-up process
is the information about the process mechanism,
mathematical model, and constants’ value related to that
leaching process [6- 8].

The effectiveness of metal dissolving in the leaching agent
seems to be influenced by the presence of different valence
oxides. There are two frequent oxides of cobalt found are
CoO and Co304, Cobalt (111) is the major form in which
cobalt exists however it hardly dissolves in Sulfuric acid
[3,4,9] and requires a reducing agent to convert it to a
divalent state. In the case of Ni, the occurring oxides are
NiO and Ni,Os; and sulfuric acid can dissolve NiO [5].
Oxides of the studied sample react with sulfuric acid in the
leaching process, generating sulfates including, CuSO,,
CoS0Qy, and NiSO, (Eq. 1-3) [9,10].

CuO + H2804 — CuSOq +HQO (1)
CoO + H,S0O, — CoSO,4 +H,O (2)
NIO + H2804 — NISO4 +H20 (3)

Co, Ni, and Cu are now utilized as crucial components in
the technical domains. Therefore, this study is aimed at
modeling and simulating the leaching process of the metal
ions as Co, Ni, and Cu using different concentrations of
sulfuric acid. Meanwhile, find the reaction type and its rate
including the evaluation of activation energy. The
thermodynamic parameters were evaluated to determine
more information about the occurred chemical reaction as
heat transformation and spontaneity.

2 Experimental
2.1 Materials and Methods

The major oxides were measured by using the rapid silicate
analysis method of Shapiro and Brannock (1962) to
characterize the chemical composition of the studied
sample [11]. The leaching process occurred by using the
sulfuric acid method, and then estimation of Co, Ni, and Cu
were achieved by atomic absorption spectrometer (model-
969, Unicam) [12].
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Table 1. Chemical major oxides of the studied sample
(Wt.%).

Si0O | AlLO Fe,O Ca Mg Na, K, Mn Zn LOI

2 3 3 (0] (0] o (0] o [¢]

135 27 14.7 6.53 4.66 1.04 15 8.4 34 23.1
5 1

3 Results

The studied technological sample of the gibbsite-bearing
shale was properly collected from the Um El Moghirat
locality of Abu Zeneima, Egypt. The chemical composition
is shown in table (1). Besides that, it assays 1000, 730, and
1900 ppm for Co, Ni, and Cu, respectively [12].

The study in which observational data was modeled by a
function that was a nonlinear combination of the model
parameters based on one or more independent variables
used, and the data fitted using a successive approximations
approach with many trials using the MATLAB software.
Nonlinear models are currently the preferable choice not
just for accuracy needs, but also for broadening the model's
application. The emphasis on accuracy during model
simulation results in the effective implementation of the
system criteria [13].

3.1 Solid/ Liquid ratio —Grain Size effect

The relation of the conversion ratio “X=[(Cqo-C¢)/Cq]: Cq is
initial concentration and C. is equilibrium concentration”
for Co, Ni, and Cu against the solid-liquid ratio factor and
the grain size factor plotted in 3D by using the MATLAB
program as shown in Fig. 2. The leachability increased by
increasing of the solid/ liquid ratio to record their maximum
values at 1/3 for Cu and Ni, whereas at 1/4 for Co. On the
other hand, the effect of particle size factor has a significant
role in the leaching process where the smaller the particle
grain size used; the highest leachability obtained. Lower
particle sizes (—80 mesh: Ni, —175 mesh: Cu and Co) led to
improved liberation, according to the obtained data, which
obeys the theoretical assumption that the higher the surface-
to-volume ratio, which results in a faster leaching rate, the
smaller the particle size, was supported by the leaching
efficiencies. The general model of this relation is expressed
by a nonlinear exponential equation as shown in Eq. (4).
There are two analogy pseudo-first-order (PSO1*) reactions
were occurred, which exhibit an increase of both grain size
and solid/liquid factors that play as leaching antagonism
effect.

f(GS,SL) = 1-Aexp(gGS+sSL) 4)

where, A is a function of owverall conversion, g and s
represented as the contribution of grain size and solid/liquid
ratio respectively, (Table 2).

Table 2. Parameters affecting leaching grain size and solid
/liquid function.

A G S R®
Co | 0.01732 | 0.02996 | 0.0002162| 0.9992
Ni | 3.07E-11] 0.08444 | 0.3998 | 0.9999
Cu | 0.02156 | 1.211e-06 2.33 0.9870
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Fig. 2. 3D graphs including combined effects of factors on the
leaching process: (a) solid/liquid ratio and (b) grain size vs.
conversion ratio “X=[(Co-Ce)/Co]”

3.2 Time-Temperature effect

The effect of temperature is a vital factor that affects upon
the leaching behavior of the reaction rate of metal ions (Co,
Ni, and Cu) from its ore. The increasing temperature during
the leaching process enhances the oxidizing power of the
reaction, [where the used H,SO, is considered an oxidizing
agent] as well as the formation of sulfide components is
oxidized to a predominant sulfate complex in a soluble
form. The most renowned equation that may be used to
stand for the time and temperature connection of the
chemical reaction rate is the Arrhenius equation. It focuses
on the mechanical behavior of the metal in conjunction with
its surrounding components as a homogenous material.
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Because it is difficult to define the observed departure from
linearity in multistep reactions of idealized chemical
networks, modeling of the experimental data from leaching
processes is regarded as the most significant way of
predicting the mechanisms of the diverse systems [14]. May
be an occurrence of a transitional state established as a
soluble state by sulfating of some elements of the ore
sample (i.e., ferrous oxide) at a relatively low temperature
is due to the rapid decomposition of ferric sulfate
generating SO, gases in the early stage that is beneficial for
the sulfation of cobalt, nickel, and copper [15].

Svante Arrhenius suggested the following equation (Eq. 5)
based on collision theory in a gaseous state in the end of
the 19™ century to explain the relationship between a basis
rate coefficient and temperature in a chemical reaction.

k = Ae E4/RT (5

where k is the coefficient of the chemical reaction rate, A is
the frequency factor (pre-exponential factor), R is the ideal
gas law constant, and T is the absolute temperature. The
energy acquired to initiate a chemical reaction is known as
activation energy Ea. Independent of the reaction model;
the pre-exponential component may be evaluated. After
determining the activation energy and pre-exponential
factor, the reaction model may be rebuilt in tabular form, to
which an explicit version of the reaction model can be
fitted. It should be noted that the activation energy of the
reaction is considered the only factor dependent on
conversion that is adequate to correctly forecast the
substance's behavior. Both Ar and Ea constants were
calculated by solving the nonlinear form of the Arrhenius
equation (Eq. 6) using MATLAB program for the expected
pseudo 1% order reaction (Table. 3) the simulation result
presented in Fig. (3) for Co and Cu, but in the case of Ni
leaching achieved directly an efficiency reached > 99%.

ft,T) =
Ea*1000/(8.314*T))))) (6)

Xm-(Xm*exp(t*(-Ar*exp(-

where, Ar, Ea, and Xm are Arrhenius constant, activation
energy, and maximum conversion fraction that equals
max[(Co-Ce)/Cqo] respectively. The extension of the
leaching time to 8 h was greatly beneficial to Cu and to a
lesser extent for Ni as their leaching became complete. In a
trial to improve the leaching efficiency of Co, a second
series of leaching experiments was performed at 8 and 12 h
to be compared with a similar experiment at 4h. indicated
the improvement of the leaching efficiency of Co to 90.6%
at 8 hrs.

Table 3. Parameters affecting leaching time and absolute
temperature include Arrhenius, activation energy, and
maximum conversion fraction.

Co Commmrnion Rate

Al Tompeintum N

Fig. 3: 3D graphs including combined effects of factors on
the leaching process: (a) time and (b) absolute temperature
vS. conversion ratio “X=[(Cy-C.)/C¢]”.

3.3 Acid Concentration effect

The three-dimensional relation between the remained
fraction “Xr = 1-X” from conversion ratio “X” for metal
(Co, Ni, and Cu) ions and the used acid concentration (AC:
100, 200, and 400 ¢/L) during different absolute
temperatures (T: 300, 320, 340, and 360 Kelvin) was
demonstrated in Fig (4). Acid concentration (sulfuric acid)
plays a critical role in the leaching process. The influence
of sulfuric acid concentration upon the quantity of cobalt,
nickel and copper leached from the ore sample was studied
by varying its concentration from 100 to 400 g/L at room
temperature (25°C) and constant solid/ liquid ratio (1/2)
with -250um as grain size for four hours exhibiting 8.4 and
31.5% leaching efficiency for Co and Ni at 400 g/L and the
maximum leaching efficiency of Cu (30.7%) was achieved
at 200g/L. On the other hand, the effect of time factor upon
the leaching process varying from 4 to 12 hours studied.
The suggested simulation model obeys to an Analogy
Pseudo 1% order reaction including Arrhenius. The
parameters affecting leaching process by different sulfuric
acid concentrations at different absolute temperatures were
demonstrated in Table (4) by applying Eq (7) that including
Arrhenius. Increase in Ni dissolution can be interpreted as
due to increased acid strength.

The almost stable leaching efficiency of Cu by acid

increase from 200 to 400 g/l might be due to their

Ar Ea Xm R’ presence in more than one mode of occurrence. The case
Co 1.935E+04 | 31.2 0.3427 | 0.99757 of Co might be due to its oxidation state in the ore where
Cu 19.32 1331 | 1 0.9838
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it is most probably present in its weakly soluble trivalent
state (Co*") and would require a reducing agent as Fe*
that is already present in the sample constituents to be
amenable for leaching. By increasing the acid
concentration, Cu leaching efficiency attained up to 93 %
suggesting possible dissolution of crednerite at these
conditions. The leaching efficiency of Co has significantly
increased (69%) to more than double its value at 400 g
acid/L.

f(AC,T)=1-(a*exp(AC*(Ar*exp(-Ea*1000/(8.314*T)))))
U]

where a is another function of overall conversion, Ea is an
activation energy of the reaction, and Xr is equals 1-X.

It is worthy of note that various leaching percent of Co, Ni
and Cu indicate that there are oxides with different
valances. The most of Ni ions seem to exist in the form of
Ni,".

Table 4. Parameters affecting leaching acid concentration
and absolute temperature.

Ar Ea a R’
Co | 86.62 31.2 0.03577 | 0.9926
Ni 86.62 15.63 | 0.2487 0.9985
Cu | 0.1513 | 13.31 | 0.1776 0.9975

3.4 Shrinking core model kinetics

Yagi and Kunii established the Shrinking Core Model for
gas-solid combustion systems, but it has also been
effectively applied to non-combustion systems combining
liquids and solids [16-19]. A concept of the shrinking core
model is based upon states that both the particle size and
the responding core diminish at the same time. It is based
on several assumptions as the metal ion particles are mostly
spherical with a uniform radius, reversible isotherm, the
effective diffusivity remains constant, and pseudo-steady
state approximation is finally valid [1]. The basic reaction
of the leaching process can consider as follows (Eq.8):

ALiquid *+ bBsolis — CCproduct (8)

Here, A is the leaching agent in the liquid, B is the reactive
chemical component in the solid, C is the product(s) and b
and c are the stoichiometric coefficients. The rate of
leaching reaction per unit surface of the metal ion core
“R¢” according to the previous assumptions can stated to
the leaching rate of the metal ions (Co, Ni, and Cu) of

interest is expressed as Eq (9)
M dN
Rc - g dt ©)
where, M is the molar mass of the metal ions, N is the
metal ions particles amount (in moles), and S, is the surface

area of the unreacted metal ion particles.
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Fig. 4: 3D graphs including combined effects of factors on the
leaching process: (a) acid concentration and (b) temperature vs.
remained fraction from conversion ratio “X,=1-X”

Eq (9) can be detailed with particle density and radius
parameters as follows Eq (10):

M d Amnrép
(4nr?) dt( 3M

Rc = ) (10)

where, p is the particle density of the metal ions and ry is the

radius of the unreacted metal ion particle at any time (t>0).

The leaching model of metal ions in mathematical form can
be written as shown below Eq (11):
E

1-(1-X)13 = koexp(R—;))t (11)
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Where R is the universal gas constant in KJ.mol?, E, is the
activation energy in kd/mol., k, is the pre-exponential term
varies for each leaching system, and T is the temperature in
Kelvin. The suggested model's performance was evaluated
and fitted from the experimental data presented by Hazek et
al, [12] using MATLAB-2021a code Eq (12). Generally,
the shrinking core models are confined to three types of
reactions: chemical reaction control, diffusion-reaction
control, and film diffusion control (Fig. 5).

FOXF, T)=((L/ke)* Xf+(1/kp)* (1-3*(1-Xf).A{(2/3) }+2*(1-
X))+ (1/ke)*(1-(1-XA)M(1/3)}))* (exp(Ar*exp(-
E*1000/(8.314*T)))) (12)

To examine the impact of an absolute temperature on the
leaching rate, only film diffusion reaction is commonly
considered for Co and Ni ions at elevated temperatures
where ke > kp > kg and k¢ < kp > kr respectively, as shown
in Table (5). On the other hand, the exhibited reaction of
Cu ions is exactly the contrary, which k¢ > kp < kg that
showing the achieved reaction of the leaching process
controlled may be by solid diffusion or mixed reaction
between the chemical and solid diffusion reactions were at

the same value of the reaction rate.
Table 5. Parameters of the suggested reaction type in the
leaching process.

Ar Ea | ke ko ke R?
Co | 1.935E | 31.2 | 0.9816| 0.7805 | 0.3389 | 0.9999
+04
Ni | 52.02 | 15.63 2.939E| 3.312E | 0.1144 | 0.9865
+05 | +05
Cu| 19.32 | 13.31] 0.2899| 0.2741 | 0.4727 | 0.9999

3.5 Thermodynamic Model

The experimental data reflect the chemistry principles of
the leaching process, but a thermodynamic model may
easily describe a whole system through a precise expression
known as Gibbs free energy “ AG”. The spontaneity of the
leaching chemical reaction was determined by observing
the change of AG and its value if AG < 0 or AG > 0
indicating to a spontaneous or nonspontaneous reaction
[20]. The modeling revealed that when temperature rises,
the change in Gibbs free energy reaches greater negative
values for the predominance of the reactions, making them
more likely to occur spontaneously. The positive values of
enthalpy “AH” represented that the leaching process
occurred in an endothermic nature so thermodynamic
results expressed that temperature has a great influence on
sulfuric acid leaching. The expected mechanism of leaching

reaction reactions and the calculated values of AS, AG, and
AH have been presented in Table (5). Enthalpy and entropy
were calculated from Eq (13), then substituted their values
into Eq (14) to evaluate the Gibbs free energy and
determine the spontaneity of the leaching reaction (Fig. 6).

<3

sme,

Adectete Tt N . 0 (Ca)

Fig. 5: 3D graph showing Shrinking Core Model including
pseudo 1% order reaction with Arrhenius.

f(T,Xr) = gm*(exp(-
DH*1000/(8.314*T)+DS/8.314))*Xr n/(1+(exp(-
DH*1000/(8.314*T) +DS/8.314))*Xr m)"g
(13).

AG=AH-T*AS/1000 (14)
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Table 6: Thermodynamics parameters for the metals leaching process.
Metal Reaction Om AH AS AG (kJ/mol.) m n g R?

Mechanism (mmol/g) (kd/mol) | (I/mol.K) [ 298K | 308K | 323K | 348K | 363K | 373K

Co Co + HyS0, — 01118 16.03 3521 17.114 -17.343 | 09497 | 1.018 1761 0.9806
CoSO, + Hy 17.079 17.167 | 17.255 | 17.308

Ni Ni+ H;SO, — 0.5424 17.39 2.842 -18.265 -1845 | 07857 | 05075 1762 0.9871
NiSO, + H, 18.237 18.308 | 18.379 | 18.422

Cu Cu+ H,50, — 0.1315 13.9 2.994 -14.822 15017 | 09556 | 05102 1558 0.9944
CuSO, + H, 14.792 14.867 | 14.942 | 14.987
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Fig. 6: 3D graph showing General an isotherm model:
Floatotherm including Van't Hoff.

5Conclusion

The three most significant metals that have a substantial
impact on various commercial and industrial fields are
cobalt, nickel, and copper. Leaching is the first stage of
hydrometallurgical technology where the ore is treated with
chemicals such as acid and alkaline solutions to transfer the
metal into the soluble phase.

Due to high efficiency and reasonable price of Sulfuric acid
was a rational choice. The parameters: sample grain size,
acid concentration, solid/liquid, time, and temperature,
affected the leaching process of cobalt, nickel, and copper
from the studied ore sample were determined to study the
nonlinear kinetic models and thermodynamic profile using
MATLAB-2021 program. The type of reaction was shown
from the 3D relation between the remained fraction of
conversation ratio against absolute temperature and sulfuric
acid concentration as analogy pseudo 1% order reaction
including Arrhenius. Furthermore, the shrinking core model
predicted that the leaching rate of the occurred reaction was
identified as solid diffusion or mixed between chemical and
solid diffusion reaction for Cu ions and film diffusion
reaction for both Co and Ni ions. Based on the study of the
thermodynamic model of the leaching process, the
thermodynamic quantities i.e., AH, AG and AS were
computed and discussed for the system the leaching
viability of metal ions: Co, Ni, and Cu in the H,SO,

took place spontaneously with an endothermic nature.
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