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Abstract

Hydrometallurgy leaching is a common method for recycling valuable and heavy metals from their primary/or
secondary resources. Herein, Gibbsite ore material contains REEs and valuable metal ions (e.g., Zn and Ni).
The integrated Gibbsite perspective treatments for recovering the precious metals from the obtained optimal
financial and technological was studied. The leaching processes were performed in a batch system. The effects
of different leaching agents (sulfuric acid and ammonium sulfate) for extracting valuable elements from the
working ore were compared and evaluated in detail. The optimum leaching conditions achieved by acidic
leaching are 200 g/L H,SO4 acid within 4 h agitation time, 400 rpm agitation speed at 353 K, and a liquid/solid
(L/S) ratio of 4/1. Under these conditions, the leaching efficiency of REEs, Zn, and Ni was about 91.88 %,
89.21 %, and 85.25 %, respectively. Different mathematical models represented that the leaching kinetics were
investigated. The apparent activation energy was evaluated. Several new models were also simulated, and their
validation of the leaching process was applied. The leaching procedure was used to simulate a number of novel
models and apply their validations. A suggested floatotherm integrating the Vant-Hoff parametric model
demonstrated endothermic and spontaneous behavior with increased randomness at the solid/solution contact
during the acidic digestion of the Gibbsite ore materials.
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l. Introduction
Talet Seleim area is situated in southwestern Sinai, Egypt, between 33°20' and 33°25' E longitudes
and 29°00' to 29°05' N latitudes Figure (1). It is covered mainly by the early Carboniferous Um Bogma
Formation. The presence of a variety of metal values, such as U, Zn, REEs, Mn, Al, Co, Ni, and Cu,
distinguishes this study rock sample [1-3]. The main minerals associated with gibbsite horizons in Abu Zeneima
area are gibbsite, gypsum, halite, calcite, allanite, quartz, dolomite, and Mn oxides as well as berryite, goethite,
and Cu minerals [4].
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Figure (1): Geologic map of southwestern
Sinai area (including Talet Seleim).

There is an increasing demand for the recovery of nickel (Ni), zinc (Zn), and REEs economic elements
in the industry from mining tailings or tailings. Nickel is a valuable base metal with a wide range of applications
[5]. Nickel can be found in batteries, corrosion-resistant alloys, stainless steel, electroplating, fuel cells, medical
applications, nuclear power plants, and other applications [6-9].

Nickel can be found in sulfide ores, laterite ores, secondary resources, and non-land resources such as
sea nodules [10,11]. Lateritic ores and sulfides are the main important sources of nickel [10,12-15]. Brazil has
the third largest reserve and, according to the U.S. Geological Survey [9,15], the sixth largest nickel producer in
the world. Pentlandite [(Ni, Fe)sSg] and nickel-bearing pyrrhotite are the two major Ni minerals in sulfide ores.

There are various techniques that can be used in the extraction of nickel from various ore minerals [16].
Nickel can be extracted from laterite ores [17] using both pyrometallurgical and hydrometallurgical processes.
But the choice mainly depends on the mineralogical composition and the energy costs for processing the ore
[9,18].

Ni extraction from laterite ores can be performed with acid leaching, which is one of the
hydrometallurgical methods which includes high-pressure acid leaching (HPAL), heap leaching (HL), and
atmospheric acid leaching (AL) [19-22] [23,24]. HPAL is one of the most commonly used processes for
leaching low-grade laterite ores on an industrial scale [9]. Many hydrometallurgical studies have been made to
develop new methods of exploiting laterite resources, including ammonia, hydrochloric acid, sulfuric acid, and
biotechnologies [25,26,7]. The sulfuric acid pressure leach (PAL) process has been preferred to extract nickel
and cobalt from laterites. The atmospheric hydrometallurgical hydrochloric acid-based leaching process for
treating nickel-bearing laterites of various types has been described [27]. Therefore, developing a more
economical and environmentally friendly process is of the utmost interest and importance in scientific research
in laterite metallurgy.

Zinc is one of the most commonly consumed metals, ranking fourth after aluminum, iron, and copper
[28]. Nowadays, Zn is mainly produced by hydrometallurgical processes, including roasting, leaching, cleaning,
and electrowinning [29]. The main purpose of roasting is to convert ZnS into ZnO and ZnSO4, which is
beneficial for the subsequent leaching process [30]. However, roasting also has various disadvantages, such as
high energy consumption and environmental pollution. Compared with the traditional technological ways, acid
leaching with oxygen pressure is more attractive due to high metal yield and shortening of leaching time
[31,32]. Therefore, in some scientific studies, a hydrometallurgical process based on the pressurized oxidative
acid leaching of zinc sulfide concentrates has been applied for the direct production of zinc sulfate solution [33].

Lanthanides are a group of 15 chemically similar metals from La to Lu that, together with yttrium (Y)
and scandium (Sc), form the group of rare earth elements (REES). Their unique properties make them a material
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of choice for various applications, and their requirements have been increasing in recent years [34,35]. Indeed,
REEs are essential for designing new technologies such as wind turbines, hybrid cars, and mobile phone
speakers [36]. Rare earth elements (REES) have been used in green technology applications, such as neodymium
(Nd), praseodymium (Pr), and dysprosium (Dy) for permanent magnets in wind turbines and lanthanum (La)
and cerium (Ce) for batteries in electric vehicles due to their unique physicochemical properties [36].

Nowadays, the increasing use of wind energy and electric vehicles leads to high demand for REEs.
Hydrometallurgy is preferable to pyrometallurgy for metal recycling in spent NiMH batteries due to its high
yield, low energy requirements, and low greenhouse gas (GHG) emissions [37,38]. However, leaching valuable
metals from spent NiMH batteries requires concentrated mineral acids and is also time-consuming [38,10].
Using spent acid to leach metals from e-waste would be environmentally friendly through waste recycling,
knowing that significant amounts of phosphoric acid (H3PQa), sulfuric acid (H2SQa), hydrochloric acid (HCI),
nitric acid (HNO3), and hydrofluoric acid (HF) are used in cleaning processes in semiconductor production [39].
Meanwhile, the separation and purification of REEs from mixed leach solutions is a challenging topic that has
been studied by liquid-liquid extraction [40], ion exchange [41], and ionic liquid [42,43]. Direct precipitation to
recover REEs from the leach solution is an alternative by choosing an appropriate precipitating reagent and pH
[44].

The main objective of the present study is to (1) leaching of REEs, Ni, and Zn from the study ore
material by using sulfuric acid, (2) optimization of the leaching factors like leaching agent concentration,
solid/liquid ratio, leaching time, and temperature, (3) study the influence of pH value on the leaching process,
(4) Then performing kinetics, reaction mechanism, a kinetic model, activation energy and thermodynamic
studies for the leaching process.

1. Experimental Procedure
2.1. Materials
All chemicals and reagents used in all different parts of this work are of analytical grade. The provided
ore sample was collected from Gibbsite Ore materials of a Talet Seleim area. It was crushed by a laboratory
jaw-crusher followed by grinding to 200 um particle size. The ore was then quartered to have a representative
sample for the chemical analyses.

2.2. Analytical methods

The control analysis of REEs was spectrophotometrically determined using the chromogenic reagent,
Arsenazo-Il1 [47], while for the determination of Zn and Ni, an atomic absorption spectrometer (Unicam 969,
England) was used [45,46]. Major oxides SiO,, TiO,, Al,Os and P,Os were analyzed spectrophotometrically
using a UV-Visible double-beam spectrophotometer (Shimadzu model (UV-11601) from Japan) [47]. The
spectrophotometer ranges from 190 to 1100 nm, with a resolution of 2 nm and a wavelength accuracy of 0.5 nm.
The Sherwood 410 flame photometer was used to photometrically determine the Na and K content, while total
Fe was reported as Fe;O3, MgO, and CaO were determined volumetrically by titration methods [47]. To ensure
reproducibility, the experiments/analysis were performed in triplicates where the feasible and average value is
presented with more or less one standard deviation in the Tables and Figures. The trace elements V, Sr, Y, Zr,
and Pb were also analyzed utilizing the X-ray fluorescence technique (XRF) using a Philips Unique 11 unit fitted
with an automatic sample changer PW 1510 (30 position), connected to a computer system using X-40 program
for spectrometry. The detection limit of the measured elements by means of XRF technique was estimated to be
5 ppm.

In the meantime, the purity of the final obtained products of all study metal values has qualitatively
been analyzed using the (ESEM-EDS) analysis. ESEM retains all the performance benefits of a traditional
scanning electron microscope (SEM) but removes the high-vacuum constraint of the sample environment;
Samples could be examined in their natural state without any pre-treatment.

2. 3. The leaching procedures

A series of experiments were conducted by adding a known amount of the ground ore sample (5g) to a
specified volume of various leaching agents in a specified beaker. The ore slurry was stirred at the required
temperature using a magnetic stirrer hotplate for the desired reaction time at a specified solid/liquid ratio. At the
end of each leaching experiment, the resulting slurry was filtered and washed with lightly distilled water. The
metal values of the filtrate by acid digestion were analyzed for REEs, Zn, and Ni ions to calculate their percent
dissolution efficiency. The dissolution efficiency was examined according to the following Eq. (1):

leaching efficiency (%) = g x 100 (1)
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where K is the metal concentration in leach liquor and Z is the original metal concentration in the ore.
2.4. Data analysis and processing

MATLAB R2022a and Origin 16 software provide a very powerful tool for analysis, including
plotting, simple math, statistical measures and methods, fitting FFT, peak and baseline analysis, smoothing and
filtering, as well as functions for data manipulation, arrangement, and finally generation. Origin also provides
graphs (including function graphs), a layout page, an Excel workbook, a matrix, and notes windows.

I1l.  Results and discussion

3.1. Characterization of the working ore sample

The chemical composition of the working ore sample given in Table (1) reveals the predominance of
Fe,03, Al;,O3, and silica, with a content of 17.16%, 19.45%, and 35.42%, respectively. On the other hand, X-ray
fluorescence (XRF) analyses of some trace elements Table (1) shows that U attains 606 mg/kg besides
interesting values of copper, zinc, nickel, vanadium, cadmium, and total rare earth elements with the
concentration of 1500 mg/kg, 5000 mg/kg, 1761 mg/kg, 1006 mg/kg, 200 mg/kg, and 2250 mg/kg, respectively
[48].

Table (1): Chemical composition of Talet Seleim ore sample.

Major oxides SiO, Fe,0; Al,O4 CaO MgO TiO, K0 Na,O P,Os L.O.I Total

Wt., % 35.42 17.16 19.45 1.85 321 0.8 1.85 0.58 0.2 18.98 995
Trace elements U Cu Cd XREEs Ni Zn Zr \% Sr Pb Y

mg/kg 606 1500 200 2250 1761 5000 163 1006 132 188 348

3. 2. Factors affecting dissolution efficiency of REES, Zn, and Ni
The selection of the leaching agent for the dissolution of valuable elements was studied in detail using
different leaching agents, followed by studying factors affecting the dissolution process.

3.2.1. Effect of acid type

The effect of different acids on the leaching efficiency of the different elements (REEs, Zn, and Ni)
from the Gibbsite ore sample was studied using 150 g/L of different acids H,SO., HCI, and HNOs, with the
experimental parameters set individually as follows: leaching time of 120 min, stirring speed of 200 rpm, liquid
to solid ratio of 4:1, a particle size of 200 um and temperature of 353K. Since the results in Figure (2a) show
that H.SO4 acid has the maximum leaching efficiency, leaching systems can currently be selected based on the
ease of the subsequent separation step. For this purpose, sulfuric acid leaching of the ore has some merits in
terms of low process costs and efficient leaching of the metals [49-51].

3.2.2. Effect of sulfuric acid concentration

The effect of sulfuric acid concentration on the leaching efficiency of various elements was carried out
under the following conditions: leaching time of 120 min, stirring speed of 200 rpm, a liquid-to-solid ratio of
4:1, a particle size of 200 um, temperature of 353K and sulfuric acid concentration of 50, 100, 150, 200 and 250
g/L. As shown in Figure (2b), the leaching efficiencies of REEs, Zn, and Ni increased significantly but in a
different manner. It can thus be mentioned that the 200 g/L sulfuric acid concentration is the optimum leaching
concentration for REEs, and 150 g/L sulfuric acid concentration is the optimum leaching concentration for Zn
and Ni. The leaching efficiency increased linearly with increasing the sulfuric acid concentration until it reached
the optimum value. It is important to mention herein that a further increase in the acid concentration (i.e., 250
g/L) has an adverse effect on the leaching efficiencies of REEs, Zn, and Ni [52].

3.2.3. Effect of time

The effect of leaching time upon REEs, Zn, and Ni leaching efficiency from ore working sample was
studied in the range from 30 to 240 min, while the other leaching conditions were fixed at 200 g/L sulfuric acid
concentration, stirring speed of 200 rpm, liquid to solid ratio of 4:1, a particle size of 200 um at a temperature of
353K. Results obtained are shown in Figure (2c), showing that as the time of leaching increased from 30 min to
240 min, the leaching efficiency increased. The leaching efficiency reached a plateau when the time increased to
240 min. From this, it can be concluded that 240 min leaching time is the optimum condition for the metal
dissolution experiments.

3.2.4. Effect of liquid to solid ratio
The influence of liquid-to-solid ratio was studied by leaching mineral ore at various liquid-solid ratios
and other conditions, including a sulfuric acid concentration of 200 g/L, leaching temperature of 353K, stirring
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speed of 200 rpm, a particle size of 200 um and leaching time of 240 min. Figure (2d) shows that the three
metal ions have the same attitude when increasing the liquid/solid ratio from 1 to 5. The leaching efficiency was
increased by the increasing liquid-solid ratio. The mass transfer driving force move metals from the solid to the
liquid phase; therefore, it was increased by an increase in the liquid/solid ratio. An ideal environment for
increasing the leaching efficiency of REEs, Zn, and Ni in the solution was a liquid-solid ratio of 4:1.

3.2.5. Effect of temperature

In order to study the influence of leaching temperature on the leaching efficiency of REEs, Zn, and Ni,
a series of experiments were conducted under the following conditions: sulfuric acid concentration acid of 200 g
/L, liquid to solid ratio of 4:1, 200 rpm stirring leaching time of 240 min, a particle size of 200 um and leaching
temperature ranging from 298 to 393K. The obtained data, which are shown in Figure (2e), indicated the
importance of leaching temperature upon the study metal value leaching efficiencies from this ore material.
Furthermore, the leaching rate of the three metals of REEs, Zn, and Ni was increased in a similar trend with
increasing temperature from 298K to 373K, where the leaching efficiency of the three metal ions increased
significantly from 43.21% to 91.88 %, 30.55 % to 89.21 % and 25.94 % to 85.25% and after which the leaching
efficiency decreased with additional increases in temperature at 393K. This means that the metals leaching from
the ore is an endothermic reaction [53,54].

3.2.6. Effect of stirring speed

Several tests were carried out at various mechanical stirring speeds ranging from 200 rpm to 600 rpm at
373K temperature, liquid/solid ratio of 4:1 mL/g, and sulfuric acid concentration of 200 g/L, particle size of
200 um to explore the influence of mechanical stirring speed on metal leaching efficiency. Experimental results
in Figure (2f) illustrate the significant impact that stirring speed has an appositive effect on the leaching
efficiency of three different metals. The leaching efficiency of the three metal ions rose when the stirring speed
was increased from 200 rpm to 400 rpm. This is brought on by a rise in the rate at which metal ions diffuse
through the leaching solution. For stirring speeds above 400 rpm, a decrease was seen. This decline was
attributable to the vigorous agitation that made the particles stick to the inner wall of the leaching vessel. The
leaching efficiency was decreased by this phenomenon [55-57].

3.2.7. Effect of pH

The pH has a significant effect on the leaching process. Leaching experiments were carried out with pH
values ranging from 0.4 to 6.0 at 373 K temperature, liquid/solid ratio of 4:1 mL/g, sulfuric acid concentration
of 200 g/L, a particle size of 200 um, and mechanical stirring speeds of 400 rpm. The findings are shown in
Figure (3), where the highest leaching rate for REEs was 90.2% at pH 1.0. leaching by H2SO4 at pH 1.0 makes
the extraction of REEs easier. The study elements leaching decreased with increasing pH value above pH 1.0.
This demonstrates the dependence of leaching on the acid concentration.
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Figure (2): Effect of acid type (a), acid concentration (b), agitation time (c), temperature (d), solid/liquid ratio
(e), and stirring speed (f) on leaching efficiency of REEs, Zn, and Ni from Gibbsite ore material of Talet Seleim.
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Figure (3): Effect of pH value upon leaching efficiencies of REEs, from Talet Seleim ore study sample.
From the above-studied leaching factors of the working gibbsite ore of Talet Seleim Southwestern Sinai, Egypt,
it can be concluded that the optimum leaching conditions for dissolving about 91.88% REESs, 89.21% Zn, and
85.25 % Ni would be summarized in Table (2).

Table (2): optimum leaching conditions applied upon gibbsite ore material for REES, Zinc, and Nickel leaching

process.
Studied factors Optimum conditions
Grain size 200 pum
H,SO,4 concentration 200 g/L
Leaching time 240 min
Leaching temperature 353K
liquid /solid ratio 4/1 ml/g
Stirring speed 400 rpm

3.3. Results of ammonium sulfate solution leaching
3.3.1. Effect of ammonium sulfate concentration

The effect of ammonium sulfate concentration on the leaching efficiency of various elements was
carried out under the following conditions: leaching time of 120 min, stirring speed of 400 rpm, a liquid-to-
solid ratio of 4:1, a particle size of 200 um, temperature of 393 K, and concentration of ammonium sulfate of
100, 150, 200, 250 and 300 g/L. As shown in Figure (4a), the leaching efficiency of REES, Zn, and Ni increased
significantly in the same manner. The leaching efficiency increased linearly with increasing the ammonium
sulfate concentration. Thus, it can be concluded that 250 g/L can indeed be considered an optimum value. From
this value, increasing the ammonium sulfate concentration caused a lower leaching efficiency [52].

3.3.2. Effect of time

A series of experiments were conducted under the following conditions: ammonium sulfate
concentration of 250 g/L, stirring speed of 400 rpm, a liquid-to-solid ratio of 4:1, a particle size of 200 um, the
temperature of 393K, and dissolution time in each test was determined to be 30, 60, 120, 180, 240 min,
respectively. Figure (4b) illustrates that the leaching efficiency was increased with increasing leaching time
from 30 min to 180 min. The leaching efficiency was decreased up to 180 min. From this, it can be concluded
that 180 min time is the optimum condition for the metal dissolution experiments.

3.3.3. Effect of temperature

In order to study the influence of leaching temperature on the leaching of REES, Zn, and Ni, a series of
experiments were conducted under the following conditions: ammonium sulfate concentration of 250 g/L,
particle size of 200 um, a liquid-to-solid ratio of 4:1, 400 rpm stirring leaching temperature ranging from 298 to
413K and leaching time of 180 min. The results shown in Figure (4c) demonstrate that when the temperature
increases, the leaching of all metals is enhanced in a similar trend. The results show that the extent of leaching
efficiency of the three metal ions increased significantly from 40.12 to 90.21 %, 35.55 % to 88.98 % and 45.01
% to 85.69 % for REEs, Zn, and Ni, respectively, with increasing temperature from 298K to 413K. Although
the leaching efficiency decreased with additional increases up to 393 K. Therefore, the leaching temperature was
determined as 393K. In addition, this means that the metals leaching from the ore is an endothermic reaction
[53,54].
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3.3.4. Effect of liquid to solid ratio

The influence of liquid-solid ratio was studied by leaching mineral ore at various liquid-solid ratios and
other conditions, including ammonium sulfate concentration of 250 g/L, particle size of 200 um leaching
temperature of 393K, stirring speed of 400 rpm and leaching time of 180 min ., it was found that the leaching
efficiency of three metal values at L/S ratio of 5/1 has attained 90.21 % of REEs, 88.98 % of Zn, and 85.69 %
Ni. So the L/S ratio of 5/1 is considered a suitable S/L ratio. The obtained results are displayed in Figure (4e).
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Figure (4): Effects of ammonium sulfate conc. (a), contact time (b), temperature (c), solid/liquid ratio (d) from
Gibbsite ore material of Talet Seleim.

Thus, from ammonium sulfate leaching factors of the working ore sample of Talet Seleim, it may be
deduced that the optimum leaching conditions for dissolving approximately 90.21 % of REEs, 88.98 % of Zn,
and 85.69 % Ni are as follows: 200 um particle size, 250 g/L of 4:1 ammonium sulfate concentration, 180 min
leaching time, 5/1 L/S (liquid / solid ratio) and stirring speed 400 rpm at 393 K.

3.4. Environmentally friendly and cost-efficient

The dissolution of valuable elements in the working ore requires a temperature higher than 393 K and a
concentration higher than 250 g/L; lots of ammonium gas is unavoidably released, which will deteriorate the
leaching environment. Hence, a gas recovery system should be designed. In addition, excess NH4* introduced
through the upper concentration of ammonium sulfate must be removed or recycled to meet the discharge
standard of mother leach liquor. All these requirements and devices will increase the cost. In comparison with
the ammonium sulfate dissolution, the sulfuric acid dissolution consumes less leaching agent to maintain the pH
value of the leaching solution system at around 1.0 and takes a lower temperature than ammonium sulfate.
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3.5. Kinetics analysis of the leaching process
The kinetic analysis for the dissolution process was evaluated for the preferred leaching agents and
discussed with different mathematical models.

3.5.1. Effect of leaching time at various temperatures

The effect of the reaction temperature on the rate of leaching of REEs, Ni, and Zn in the range of
298K-393K under experimental conditions of 200 um particle size, 200 g/L with a 4/1 liquid/solid ratio, was
studied. Results indicated that the leaching efficiency rate of metals increases as time and temperature increase.
In order to know the kinetic model equation for the dissolution of metals, the experimental data given in Figure
5(a, b, ¢) were correlated to various kinetic models for solid-liquid reactions.

3.5.2. Kinetic studies and activation energy
The dissolution of three metal ions in the gibbsite ore material from Talet Seleim, Southwestern Sinai,
Egypt, was applied by sulfuric acid leaching agent solution, a liquid-to-solid heterogeneous reaction. The
following reaction Eq. (2) is used to illustrate the leaching reaction's stoichiometric equation symbolically:
H(fluid) + nD(solid) - products (2)
where H, D, and n refer to the fluid reactant, the solid undergoing leaching, and the stoichiometric coefficient,
respectively.
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Figure (5): Effect of leaching time and temperature upon leaching efficiencies of REEs, Zn, and Ni

from Talet Seleim ore study sample.

The kinetics of heterogeneous processes involving non-porous materials are commonly described using

the shrinking core model (SCM). The shrinking-core model assumes that the dissolution process is controlled
either by diffusion of the reactant to the surface through the diffusion layer (a liquid film), or by diffusion
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through the product layer, or by a chemical reaction at the surface. The kinetics for the chemical reaction stage
and the diffusion-controlled reaction can be expressed according to the following equations [58-60]:

[1-A-6)Y3] =kt 3)
[1 —3(1-G)i +2(1 - G)] =kt (4

where G is the leached fraction of three metal ions, kc, and kq are the rate constant of the dissolution process, and
it is the leaching time in minutes.

According to Egs. (3) and (4), when the leaching rate is controlled by the chemical reaction, the plot of
[1- (1-G)¥] vs. time is a straight line with a slope of K. Similar to that, the graph of [1 -3 (1 - G)¥*+2(1 —
G)] vs. time is a straight line with a slope of K.

The shrinking core models with chemical reaction and diffusion via product layer as the rate-
controlling processes, Eqgs. (3) and (4) were assessed for the kinetic analysis in this work. 1 - (1 - G) Y3 and [1 -3
(1 - G)?#+2(1 — G)] were plotted with regard to the leaching time as shown in Figures (6-7), and then the
dependency of these two models on the kinetic data was evaluated using the correlation coefficient (R?) and
apparent rate constant in Tables (3) and (4).

The rate constants (K¢ and Kg) are the slopes of plotting the left sides of Egs. (3) and (4) with time. The
correlation coefficients (R?) for both chemical reaction and diffusion as the rate-controlling steps were less than
0.94. It shows that neither of the kinetic models could adequately describe how three metals in the ore were
leached.

In order to examine the rate-controlling step of the solid-liquid interaction, a new form of the shrinking
core model based on both interface transfer and diffusion across the product layer was developed [59]. Eq. (5)
represents the integral rate expression of this model

a1 -6) -1+ 1 -6)" =Kt (5)

where K is the rate constant

In Figure 8( a, b, c), the relationship between the left side 1/3In (1 - G) -1+(1 - G)™® and time is plotted, and the
correlation coefficients R? are provided in Table (5). All the correlation coefficients are over 0.95. It is indicated
that the model Eq. (5) can be used to describe the leaching process of REES, Zn, and Ni in sulfuric acid solution
appropriately.

For the purpose of calculating the apparent rate constants and explaining the impact of temperature
with the use of Eq. (5), the values of G were fitted to shrinking sphere/core models. The logarithmic form of the
Arrhenius law is used to calculate the apparent activation energy and the pre-exponential (frequency) factor (A).
Using the apparent rate constants obtained by the application of Eq. (6), a plot of InK versus 1/ T (Arrhenius
plot) was shown in Figure 9( a, b, c), and the activation energy was determined as shown in Table (6). The
behavior for the dissolution process of Gibbsite ore materials in Talet Seleim bornite ore is close to malachite
and calcareous bornite dissolution [61] controlled by the mixing control model, where the rate-controlling step
of the reaction depends on both interface transfer and diffusion across the product layer.

Ink = InA — (E,/RT) 6)

Where k, A, Ea, R, and T are the rate constant in min2, the pre-exponential factor, the apparent activation
energy in kJ/mol, universal gas constant (8.314462 J/(mol.K), and the leaching temperature in K, respectively.
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Figure (6): Plot of 1- (1 - G) ¥® versus time at different temperatures for REEs, Zn, and Ni during leaching
with sulfuric acid.
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Figure (7): Plotof 1 —3(1 —G)3 + 2(1 — @) versus time at different temperatures for REEs, Zn, and Ni

during leaching with sulfuric acid.

Table (3): Correlation coefficients for both chemical reaction control ash layer diffusion control model for

REEs, zinc and nickel for both chemical reaction control ash layer diffusion control.

Type of Determination Coefficient (R?) at different temperature
Elements reaction
equation
298K 313K 323K 333K 353K 373K

REEs (3) 0.8569 0.8779 0.8195 0.7898 0.7457 0.7666

4) 0.97258 0.98931  0.96384  0.94633  0.89546 0.9059

Zn 3) 0.86883 0.94241 0.8952  0.90599  0.86044  0.84935

4) 0.98038 0.97809  0.97255  0.99595 0.96454  0.96287

Ni (3) 0.97035 0.95877  0.93547 0.92 0.8963  0.81405

(4) 0.98563 0.99681 0.99939  0.98987 0.96947  0.95645
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Table (4): Apparent rate constant (min) based on coefficients of REES, zinc, and nickel for both chemical
reaction control ash layer diffusion control.

Temperature, K

Elements  Eg.no 298K 313K 323K 333K 353K 373K

REEs 3) 6.6578x10* 9.7548x10* 1.12x10°3 1.27x10°  1.68x10°  1.9x103
4) 3.61243%10* 7.19371x10*  9.56303x10* 0.00119 0.00185 0.0022

Zn 3) 5.90841x10* 9.84758x10* 0.00106 0.00135 0.00153 0.00189

4 2.92523x10* 7.00273x10*  8.30453x10* 0.00123 0.00152 0.00213

Ni ©)) 8.99653x10* 0.00105 0.00112 0.00124 0.00142 0.0016
(4) 5.54443x10* 7.41974x10* 8.63717x10* 0.00105 0.00133 0.00172
0.40
0.5+ = REEs 0354 m 208K
. gzgi ol | © 33K 7n
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Figure (8): Plot of 1/3In (1 - G) - 1 + (1 - G)™3versus time at different temperatures for REES, Ni, and Zn
during leaching with sulfuric acid.
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Table (5): Correlation coefficients and apparent rate constant for both interfacial models for REEs, zinc, and
nickel of the fitted models on the experimental data.

Temperature, K

Elements 208K 313K 323K 333K 353K 373K
K 008231x10°  2.23720x10%  350019x10*  5.03151x10 0.00125 0.00184
REEs  p 0.9762 0.9895 0.97986 0.98509 0.96128 0.97743
K 7.06282x10°  2.124x107  2.76642x107  4.88344x10°  7.16523x10° __ 0.00146
Zn
R? 0.97313 0.94017 0.9379 0.99201 0.98148 0.99153
K 151752x10°  2.24354x10%  2.81008x107  3.84449x10°  5.78172x10%  9.89706x10"
Ni
R? 0.95806 0.97573 0.98142 0.9573 0.9163 0.97105

3.6. Thermodynamics characteristic of the dissolution proces

To know the feasibility and spontaneity of the leaching process as well as to understand the
thermodynamic behavior of the leaching process, three metal ions are leached from an ore sample using sulfuric
acid [60,62,63]. Thermodynamic parameters are evaluated by Egs. (7) and (8):

AG® = —RT Ink, ()
o o
Inkg =85/ = 8/pp ®)

where the Gibbs free energy change (G°), entropy change (S°), and enthalpy change (H°) are the
thermodynamic parameters. T stands for the absolute temperature in Kelvin (K), R for the gas constant (mol. K),
and The equilibrium constant, denoted by kg, can be computed using Eq. (9).

ka = (CL)/(Cs) ©)

where C_ represents the concentration of metal ions in a liquid solution at equilibrium in mg/L. Cs is the
concentration of metal ions in a solid at equilibrium in mg/L.

According to Eq. (8), Plotting of In kq versus 1/T give a straight line with a slope of -AH°/R and the
intercept of AS°/R as shown in Figure (10). The thermodynamic parameters were evaluated and summarized in
Table (7). The positive values of enthalpy change ( AH?) for the three metal ions ascertained the endothermic
nature of the acidic leaching in the working ore sample. Also, the positive values of entropy change (AS°) for
the metal ions, revealed that an increase in randomness during the leaching of metals ion. The leaching
processes of REES, Ni, and Zn were expected to be spontaneous at higher temperature and was ascertained by
negative values of the Gibbs free energy change (AG®) as obtained in this study. The increase in the Gibbs free
energy change AG® value with increasing temperature implies that the reaction is favorable under conditions of
higher temperatures.
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Figure (9): Plots of Ink versus reciprocal temperature of leaching REES, Zn, and Ni during the leaching process.

Table (6): Data from Arrhenius equation for experimental data of REES, Zn, and Ni leaching from a
mineralized sample at different temperatures through the mixed interfacial model.

Metals slope Intercept A R? Ea

REEs -4511.8317 5.95063 383.9952 0.98936 37.51137
Ni -2754.89398 0.40522 1.499632 0.99483 22.9019
Zn -4239.2500 4.89939 134.2079 0.97216 35.2451
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Figure (10): Plot of Inkg versus 1/T for determination of the thermodynamic parameters of REEs, Zn, and Ni
leaching in ore sample by sulfuric acid.

Table (7): Thermodynamic parameters for REEs, Zn, and Ni leaching from ore sample at different

temperatures.
AG? (kd/mol) and T.AS°® (kJ/mol) at different T (K) AS? o
(kd/mol- |, AH
(kJ/ mol)
Temp. (K) 298 313 323 333 353 373 K)
AG® (kJ/mol)
REEs -0.5 -1.4 -2.4 -3.01 -5.97 -7.49 0.12 33.27
Zn 0.719547 | -1.1389 | -1.76807 | -2.88002 -4.12761 | -6.55073 0.092 27.995
Ni -2.40 -1.7 -1.86 -4.16 0.066 19.46968
-0.43 -1.14
T.AS° (kJ/mol)
REEs 32.73 34.38 34.48 36.57 38.77 40.97
Zn 27.47 28.85 29.77 30.697 32.54 34.39
Ni 19.688 20.6789 | 21.3395 | 22.000212 | 23.32155 | 24.64288

3.7. Results of metal values recovery

For recovering REEs, Zinc, and Nickel, a sulfate leach liquor was probably prepared by applying the
optimum leaching conditions shown in Table (2) upon 1kg of the provided working ore material. This resulted
in 0.5, 1.12, and 0.375 g/L within leaching efficiencies for REEs, Zn, and Ni, respectively.
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3.7.1. Zinc recovery

At low pH levels, Zn should be selectively recovered as its sulfide, or ZnS (Ks, 2.5x 10%?), from the
leach liquor solution [64-66]. As opposed to metal hydroxide, zinc sulfide can be precipitated more effectively
with a high metal ion recovery in a shorter retention period and at lower pH levels [64]. Using dropwise addition
of 2% NaS solution at ambient temperature, Zn was almost fully precipitated at pH 2 according to Eq. (10).

ZnS0, + Na,S - ZnS | +Na, SO, (10)

After solid-liquid separation by filtration, the gray ZnS precipitate was washed multiple times with
distilled water to remove any contaminants. EDAX analysis was used to confirm the produced ZnS, as shown in
Figure (11a).

3.7.2. Selective recovery of REEs

The leach liquor free from Zn was then subjected to selective precipitation to obtain REEs oxalates
(REE¢(C,0,4)3). This results from the fact that REEs form stable insoluble oxalates and can be used for their
separation from solution [67]. So, oxalic acid (C,0O4H) with a concentration of 10% was used for attaining
almost complete precipitation of REEs at pH 1.1. The precipitation reaction of REEs-oxalate cake is shown by
the following Eq.(11):

2REE3* + 3H,C,0, - REE((C,0,); + 6H* (11)

The REEs-oxalate cake was then dried in a drying oven at 120 °C, followed by ignition in a muffle
furnace at 850 °C for 120 min to get their oxides. The latter was subjected to EDAX semi-quantitative analysis
to identify its individual REEs distribution, as demonstrated in Figure (11b).

3.7.3. Selective recovery of Ni

The solution of the ore sample was then adjusted from pH 8 to pH 12 using 20% NaOH according to
the following Eq. (12) [68]. The precipitate was ignited at 850 °C for 120 min. The latter was then subjected to
EDAX semi-quantitative analysis using SEM, as demonstrated in Figure (11c).

2NaOHag) + NiSO4(ag) — NaSOugq) + Ni(OH)z 4 (12)

A flow sheet for the proposed scheme for leaching process of Gibsite ore sample from talet Seleim,
Southwestern, Sinai, Egypt is shown in Figure (12).

*Corresponding Author: Walaa A. Kassab 24 | Page



Modeling and simulation studies for leaching of some valuable metals from Southwestern Sinai, Egypt

In
Element Wt,%
Zn 95
Cu 5
Total 100
Cu
7.30 1530 19.30 23.30 27.30 3130 3530 3930
=1

Element Wt2o Element Wt%o

Mg 1.33 Pr 3.09
Al 1.69 ~Nd 10. 43

Si 4_.69 Sm 3.76

3.35

3.55
S3 1517

100

3.00 7.00 9.00 11i.00 13.00 i1s.00 17.00 19.00
M
Element W, %%
Ni 96.59
Fe 3.41
Total 100
ISl
Fe ﬂ
2.70 6.70 8.70 10.70 12.70 14.70 16.70

Figure (11): ESEM—EDX analysis of the produced (a), Zn concentrate, (b), REES concentrate and (c), Ni
concentrate..
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Figure (12): A flow sheet for the proposed scheme for leaching process of Gibbsite ore sample from Talet
Seleim, Southwestern, Sinai, Egypt.

3.8. Graphical nonlinear regression modeling and simulation

There are several novel models were simulated and their validation to the leaching process were
applied. Recent developments in multimedia have increased the amount of three-dimensional (3D) data that is
available. Therefore, creating useful methods for their representation and processing is necessary for effective
data management. Nonlinear models are increasingly preferred, not only for accuracy requirements but also for
extending the use of the mode [69]. MATLAB software was adopted for a non-linear regression procedure and
graphical simulation. As a result, we propose anew modeling approach that allows for quantitative non-linear
representation and comparison of extended entities reciprocal spatial location in 3D space.

3.8.1 General model: General two parallel endothermic fractional n-order reactions
The general two parallel endothermic fractional n-order reactions are expressed in Eq. (13)

f(t,T) = ge-(@{(1-n1)}+((n1+1)*t*(Arl*exp(-E1*1000/(8.314*T)))){(1-(1-n1)) }+((ge-a){(1-n2)}
+((n2+1)*t*(Ar2*exp(-E2*1000/(8.314*T))))){(1-(1-n2))} (13)

where Arl, Ar2, E1, and E2 are the Arrhenius constants and activation energy for the two parallel endothermic
fractional n-order reactions, respectively. The sign of the reaction rate constants for the two reactions serves to
identify the reversible or parallel processes. When both reactions exhibit the same signal, they are said to be
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parallel; nevertheless, the presence of an opposing signal denotes the reversibility of the reactions. While nickel
is reversible, zinc and REEs are parallel.

The MATLAB application was used to graph the experimental findings in 3D curves. The activation
energies and correlation coefficients for the obtained results in Figure (13) demonstrate that the acidic
dissolution reactions of three metals matched well with the proposed general two parallel endothermic
fractional n-order reaction model and high values of correlation coefficients R2. All MATLAB with
Coefficients (with 95% confidence bounds all obtained analyzed data. The results demonstrate that a single
irreversible reaction with convergent activation energy was required for the leaching of zinc. On the other hand,
the rare-earth and Ni dissolution processes were carried out utilizing two separate reactions, one of which had a
larger activation energy than the other. The three metal ions in the ore require an activation energy of 10-65
kJ/mol to begin their acidic digestion. REEs, Ni, and Zn react in the following order: 0.3286, 0.6439, and
0.4229, respectively. On the other hand, a different connection for the general two parallel endothermic
fractional n order reactions was employed to describe the dissolution processes discovered from the group 2
experimental data (by variation of both time to temperature and the other factor fixed) model generally:
Arrhenius-based two-parallel fractional reactions are included in the general shrinking core model.

3.8.2. General Shrinking Core Model including two parallel fractional reactions with Arrhenius

The general Shrinking Core Model includes two parallel fractional reactions with Arrhenius as expressed in Eq.
(14):

(X, T) = ((L/ke)*XF+(L/kp) *(1-3*(1-X5).M(2/3)} +2*(1-X1))+(1/ke) *(1-(1-X5).AM{(1/3) ) *(exp(Ari*exp(-
E1*1000/(8.314*T)))+exp(Ara*exp(-E2*1000/(8.314*T) (14)

Coefficients (with 95% confidence bounds)

The resistances that can coexist in a particle undergoing reaction include chemical reaction on the
surface of the unreacted core, acidic diffusion through the product layer encircling the particle, and acidic
diffusion in the layer surrounding the particle. By combining these resistances, the decreasing core model used
in this study was roughly resolved. The generalized shrinking core model for the dissolution process in  Eq.
(14) [69,70]. Where the symbols Ky, kp, and ke refer to the resistances to the external mass transfer, product
layer diffusion, and chemical reaction, respectively, and X is the fractional conversion.
As illustrated in Figure(14), the experimental data were graphed using the MATLAB
program. Using the generalized shrinking core model Eq. (14) to examine the dissolution process for REEs, Ni,
and Zn in 3D curves at various temperatures and times. According to the data, the activation energies for the
dissolving processes for REEs, Ni, and Zn utilizing one flux were between 10 and 65 kJ/mole. For the
investigated model, the computed correlation coefficients are nearer to one. The collected data features in 3D
are shown in Figure (14), demonstrating that the dissolution process was controlled by film diffusion, which has
the lowest value for Zn and Ni dissolution processes using sulfuric acid (kC > kD > kf), but solid diffusion
control for REEs (kc > kp < kg). In the leaching process for the three metals, all reactions are endothermic since
both values of E (E1 and E2) are negative.

3.8.3. Dissolution Kinetics according to Generalized Langmuir including liquid Solid ratio LSr and stirring

speed
3.8.3.1. Generalized Langmuir including liquid Solid ratio LSr

Langmuir equation: q = q,,kC™ /(1 + KC)™ (15)
The dissolution Kinetics is also simulated according to Generalized Langmuir, including liquid Solid ratio LSr
and stirring speed, as shown in Eq.(16).
General model: Generalized Langmuir including liquid Solid ratio LSr
f(LST,C) = @, * k * LSI™ % C"/(1 + k = LSt/ * C¢)9 (16)

Coefficients (with 95% confidence bounds)

The Generalized Langmuir, including the liquid-solid ratio, mL/g, is shown in Figure (15).
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General model:General Shrinking Core Model including two parallel fractional i with Arrhenius

F(XET) = ((1/kfXF (1kD)*(1-3%(1-XF). @3 +2+(1. X0 (1) (1-(1X0). 1)) (exp(Ar1*exp(-E1*1000/(8.314°T) ) +exp(Ar2*exp(-E2*1000/(8.314*T))))
Coefficients (with 95% confidence bounds):

Ar1=10.0002031; Ar2 =0.09649;E1= - 21.05; E2= - 8.902; kC = 0.9988; > kD = 0.02902 (Solid diffusion controlled) ;< kf=0.998;
Goodness of fit: SSE: 205.1 R?: 0.9931 Adj RZ: 0.9921 RMSE: .000793
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General model: General Shrinking Core Model including two parallel fractional reactions with Arrhenius
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Coefficients (with 95% confidence bounds):

Ar1=0.6991; Ar2=8.221;E1= - 64.95; E2= - 5.892 kC =0.9999; > kD = 0.9998 ; > kf=0.01874;(Film diffusion controlled)
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Figure (14): Generalized Shrinking Core Model including two parallel fractional reactions with Arrhenius.
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Figure (15): Generalized Langmuir including liquid solid ratio, ml/g
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3.8.3.2. Generalized Langmuir, including stirring speed

The relation between the uptake of metals versus stirring speed during the leaching process. Are shown
in Figure (16) by the generalizing Langmuir Eq. (17), including stirring speed;

f(rpm, C) = q,, * k * rpm™ * C™/(1 + k xrpm/ * C¢)9 (17)

where rpm is stirring speed and e, f, g, k, m, and n exponentials are the parameters constants powers.
Using the systematic approach presented in Eq. (17) using the results of the uptakes at different stirring speeds
and different initial concentrations, experimental data have been graphed using the MATLAB program in 3D
(surfaces) and presented in Figure (16). By applying the nonlinear equation of the general Langmuir isotherm
model Eq. (15) can express several relations in the 3D by using the MATLAB program. Practically, in general,
the leaching processes for all three metal ions have a better association with experimental profiles: gm, R2, and
Adj R2 values, and fast statistical terms confirm this analysis. All the MATLAB models are with 95%
confidence bounds. Figure (16) clearly demonstrates that the order of function-power: the higher order of
exponentials magnitude, the more reaction dependence on the stirring speed, initial concentration, and (rpm x
C). The values of power constant parameters provide information for describing these sorption systems. The m
constant (rpm m) indicates that the rpm is the most effective factor in the leaching process. While the n
constant (C™), indicates that the C, is the second effective factor. Finally, the product of (f x g) for rpm and (e
x g) in rpm X C¢)9 part can be compared with the m and n values to show the degree of their effect. The
results indicate that their effect together is limited: M > f >n >e >g.

Gibbs Free energy change (AG, in kl.mol 1) is related to K (the Langmuir constant) by the equation:
AG=8.314x298*10og(k)/1000; R is the gas constant (8.314J-K- :mol-1), and T is the absolute temperature. The
negative free energy AG values are: -52.9897, -77.3149, and -33.5997kJ mol- ! k ! for REEs, Ni, and Zn,
respectively, at 298 K. AG values are similar trend and consistent with experimental observations for the AG
values from thermodynamics. The liquid-solid ratio (LSr) was used to validate the simulated generalized
Langmuir to it. The values of thermodynamic parameters are consistent with experimental observations for the
AG values from thermodynamics and are the same in the other model.

3.8.4. Thermodynamic Characteristics

The non-linear Floatotherm (anisotherm) was suggested as a result of the temperature variation for all
three metals during the acidic leaching process [69,70]. A suggested Floatotherm (an isotherm) Van’t Hoff
equation Eq. (18) was derived as follows [69,70].

F(C,T) = gqm*(exp(-AH*1000/(RT)+AS/R))*C"/(1+(exp(-AH /(RT)+AS/R))*C™)9  (18)

n and m practically tend to be equal. The proposed model was visualized in 3D using MATLAB as shown
in Figure (17) Kq (ml/g), AH (KJ/mol), AS (J/mol.K), T (Kelvin), and R (KJ/K.mol) stand for the distribution
coefficient, enthalpy, entropy, temperature in Kelvin, and molar gas constant, respectively. The possibility and
spontaneous character of the breakdown processes are confirmed by the negative value of the free energy of
digestion (AG). As a result, it was discovered that the adsorption process was endothermic and spontaneous.
When the sulfuric acid attacked the ore particles, the A S values showed a positive value, indicating an increase
in randomness at the solid/solution interface. DH, DS, DG, and are used instead of AH, AS, and AG to avoid
MATLAB coding confusing. The positive value of AH confirming the endothermic nature of the dissolution
process for the three metals.
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Figure (16): Parameters of generalized Langmuir including stirring speed rpm for REES, Zn and Ni.
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Figure (17): General model Double floatotherm including Vant Hoff for REEs, Zn, and Ni.
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IV. Conclusions

In this study, the kinetics of REES, Ni and Zn leaching from gibbsite ore in a sulfuric acid solution was
investigated. The study research showed that the leaching efficiency of three metal ions increased with the
sulfuric acid concentration, solid-liquid ratio, and reaction temperature. Under the most favorable conditions of
acid concentration = 200 g/L, liquid-to-solid phase ratio = 4/1, time = 240 min, particle size = 200um,
temperature = 353K, and the effect of stirring speed is 400 rpm. The leaching efficiency dissolved about 91.88
% REEs, 89.21% Zn, and 85.25 % Ni. In case of ammonium sulfate leaching the results of REESs, Zn and Ni
were 90.21 %, 88.98 %, and 85.69 % Ni, respectively at 200 pm particle size, 250 g/L of 4:1 ammonium sulfate
concentration, 180 min leaching time, 5/1 L/S (liquid / solid ratio) and stirring speed 400 rpm at 393 K. The
leaching with sulfuric acid is better than the ammonium sulfate leaching process. The dissolution kinetics of
three metal ions in this study is controlled by both the interface transfer and diffusion across the product layer of
ore. This model equation is given as 1/3In(1 - G) - 1 + (1 - G)™3 = Kjt. The activation energy was evaluated to
be 37.51, 22.90, and 35.25 kJ/mol for REEs, Ni, and Zn, respectively. Also, thermodynamic studies showed
that the leaching process is endothermic. The positive values of AH® and AS° of metal ions ascertained the
endothermic nature of the acidic dissolution and the increase in the randomness during the dissolution process in
the gibbsite ore. The increase in AG® value with increasing temperature suggests that the dissolution reaction is
more favorable at a higher temperature. In order to recover the metal ions of interest, it can be stated that H.SO4
acid leaching is more favored for preparing the pregnant leach liquid (REEs, Zn, and Ni). Finally, a flow sheet
was created using the collected data.

Future perspective:

In the future, we are interested in further improvements in the dissolution method for metals and the
selectivity of the REEs, zinc and nickel dissolution process to develop optimum conditions for 100% recovery
of each metal, in addition to recovery of metals with the different techniques.
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