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�e aim of this study was kinetic investigations of aluminum extraction from Ethiopian kaolinite with hydrochloric acid. �e
e�ects of extraction parameters, namely, solid-to-liquid ratio (0.05, 0.075, 0.100, and 0.125 g·mL− 1), acid concentrations (2, 3, 4,
and 5M), reaction temperature (50, 60, 70, and 80°C), and time (20, 40, 60, 80, 100, 120, 140, 160, and 180min), on yield of
aluminum were investigated. �e results revealed that the extraction yield of aluminum increased with increase of acid con-
centration, reaction temperature, and time and declined with increase of solid-to-liquid ratio. �e kinetic analysis of aluminum
extraction was evaluated using pseudohomogeneous, nucleation growth (Avrami), and shrinking core models.�e results showed
that kinetics of aluminum extraction were controlled by surface chemical reaction.�e experimental results were well �tted by the
shrinking core model of surface chemical reaction with �rst-order rate. �e activation energy and the preexponential factor were
25.40 kJ·mol− 1 and 0.949 cm·min− 1, respectively. �e leached solution samples were crystallized using evaporation and con-
centrated hydrochloric acid pouring. �e volume ratios of concentrated hydrochloric acid to the samples were from 0.30 to 0.90
(v/v). �e crystallization e�ciency of aluminum chloride hexahydrate crystals increased with volume of hydrochloric acid and
crystallization time. �e crystallization yield of aluminum chloride hexahydrate crystals reached 90%. �is study’s results clearly
revealed that Ethiopian kaolinite could be a promising raw material to produce aluminum chloride hexahydrate, which could be
used for water treatment application.

1. Introduction

Due to increase of aluminum demand in the global market
and limited availability of bauxite in most countries, several
studies have been conducted to produce aluminum from
nonbauxite ores such as high-silica bauxite [1], boehmite-
kaolinite bauxite [2], coal ¡y ash [3], coal gangue [4], red
mud [5], coal mining waste [6], aluminum dross [7], and
kaolinite [8–11]. �e extraction of aluminum from high-
silica bauxite, boehmite-kaolinite bauxite, coal ¡y ash, coal
gangue, coal mining waste, and dross from waste in foundry
industries may introduce impurities in the �nal product of
aluminum, since these materials have high iron content. �e
availability of the raw materials is also limited in most
countries. To overcome the problem of impurities and
availability of the raw materials, kaolinite could be used as

suitable and alternative raw material for aluminum ex-
traction in various applications [8, 9, 12].

Kaolinite mineral is mainly made up of tetrahedral
silicon oxide (SiO4) and octahedral aluminum oxide (AlO6)
sheets, which form elemental clusters [13]. �e mineral
structure is built up among the elemental clusters through
the hydrogen bond provided by hydroxyl ions of the oc-
tahedral sheets [14]. During kaolinite calcination, the hy-
droxyl structure could be removed and crystalline kaolinite
could be changed to amorphous metakaolinite through
dehydroxylation reaction [15–17]. �e amorphous meta-
kaolinite is highly reactive with mineral acids which indicate
that kaolinite has to be calcined and transformed into
metakaolinite for aluminum extraction [2, 8, 9, 12, 18].

�e extraction of aluminum from calcined kaolinite has
been carried out by mineral acids such as nitric acid,
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hydrochloric acid, and sulfuric acid. *e rate of aluminum
extraction from metakaolinite using hydrochloric acid is the
fastest over other mineral acids [8, 19–21]. Aluminum ex-
traction using hydrochloric acid dissolution is advantageous
over other acids’ dissolution due to its selective precipitation
and separation of aluminum chloride hexahydrate from
leached solutions and removes silicon oxide at the first stage
of the filtration process (silicon oxide is passive to react with
hydrochloric acid), which simplifies the separation process
and prevents the formation of harmful wastes [8, 10, 22].*e
reaction between hydrochloric acid and metakaolinite is
given in equation (1) and equation (2) [8, 21].*e aluminum
extraction process is affected by calcination and extraction
parameters such as calcination temperature, solid-to-liquid
ratio, acid concentration, reaction temperature, and time
[8, 10, 12, 23]. Furthermore, the extracted aluminum can be
obtained in the form of aluminum chloride hexahydrate
crystals, AlCl3·6H2O [9, 12]. *e AlCl3·6H2O crystals can be
obtained using direct crystallization [24], evaporation [6],
direct crystallization [24], and pouring with concentrated
hydrochloric acid [25]. *e impurities present in the leached
solution can be separated using crystallization [4, 6].

1
6
Al2O3(s) + HCl(l)⟶

1
3
AlCl3(l) +

1
2
H2O(l), (1)

Al2Si2O7(s) + 6HCl(l)⟶ 2AlCl3(l) + 2SiO2(s)
+ 3H2O(l).

(2)

*e reactions between solid and fluid are heterogeneous,
which can be described by shrinking core, pseudohomo-
geneous, and Avrami models [23, 26, 27].*e shrinking core
model assumes that the reaction rate may be controlled by a
surface chemical reaction, diffusion through a fluid film, or
diffusion through the product layer [28]. *e pseudoho-
mogeneous model is used for explaining the reaction process
between flowing liquid and immobile solid [27]. *e Avrami
model is derived from systems in which the crystallization
phenomenon occurs. *e Avrami model may be used for
explaining the rate equations in the noncatalytic solid-liquid
reaction systems [29].

*e kinetics of extraction of aluminum from several
origins of kaolinite can be described using various models
such as shrinking core, pseudohomogeneous, and nucle-
ation growthmodels.*e kinetics of extraction of aluminum
from various origins of kaolinites such as Brazil, Turkey,
Indonesia, USA, and China have been investigated; and
extraction rates have been controlled by the first-order
chemical reaction of unreacted core model [8, 9], the
product layer diffusion [30], the product layer diffusion for
one-stage extraction process and surface chemical reaction
for two-stage extraction process [31], the second order
chemical reaction [11], and chemical reaction of nucleation
growth with Avrami model [23], respectively. *e reasons
for the difference in the kinetics model and rate controlling
steps of aluminum extraction from various origins of kao-
linite might be the variation of geographical location
sources, calcination, and extraction process parameters. *e
mentioned literature results have shown the kinetics of

aluminum extraction from various origins of kaolinite and
the effect of process parameters on yield of aluminum to be
investigated for different industrial applications.

In Ethiopia, kaolinite is one of the most available local
minerals, and it can be used as raw material for various
industrial applications. For instance, numerous investiga-
tions have been conducted on Ethiopian kaolinite for var-
ious applications such as synthesis of zeolite [32], adsorbent
preparation [33], and ceramic membrane synthesis [34].
However, to the authors’ knowledge, the kinetics of alu-
minum extraction from Ethiopian kaolinite using hydro-
chloric acid have not been investigated. *is study is helpful
in Ethiopia for production of aluminum chloride from lo-
cally available kaolinite, which could be used for water
treatment application. Hence, this work aimed to investigate
the kinetic analysis of aluminum extraction from Ethiopian
kaolinite with hydrochloric acid, and the effects of extraction
parameters, namely (the solid-to-liquid ratio, concentration
of acid, reaction temperature, and time), were determined.
*e kinetic analysis of aluminum extraction was evaluated
using pseudohomogeneous, nucleation growth (Avrami),
and shrinking core models.*e extracted aluminum content
and the impurities present in the leached solution were
determined using ultraviolent-visible spectrophotometer
(UV-vis) and inductively coupled plasma-optical emission
spectrometer (ICP-OES). Furthermore, the kaolinite, met-
akaolinite, residue after leaching, and extracted aluminum
samples were characterized by X-ray fluorescence (XRF),
X-ray diffractometer (XRD), Fourier transformer infrared
spectrometer (FTIR), and scanning electron microscope
(SEM).

2. Materials and Methods

2.1. Kaolinite Treatment and Extraction of Aluminum.
*e raw kaolinite was collected from Shakiso, Ethiopia. *e
raw kaolinite was soaked in ultrapure water to remove
impurities and debris. *e kaolinite was suspended with
water. *e suspension was separated from the insoluble
solids residue. *e suspension was left for settling under the
action of gravity and separated from supernatant liquid. *e
wet kaolinite was dried overnight at 105°C. *e dried
samples were milled by mortar and pestle and then sieved
by sieve analyzer (Elettronica Veneta S.p.A., CE IC-205/EV,
Italy) to the particle size of 106 μm. *ey were then
calcined using muffle furnace (MF 106, Turkey) at 700°C for
180min to form metakaolinite for aluminum extraction
experiments [35].

Hydrochloric acid (37% w/w) was used for the extraction
of aluminum. *e aluminum was extracted using hydro-
chloric acid solution at the designed extraction parameters.
*e extraction parameters were solid-to-liquid ratio (0.05,
0.075, 0.100, and 0.125 g·mL− 1), acid concentrations (2, 3, 4,
and 5M), reaction temperature (50, 60, 70, and 80°C), and
time (20, 40, 60, 80, 100, 120, 140, 160, and 180min) at fixed
stirring rate (1200 rpm).*e leaching process was conducted
using glass reactor (250mL) with condenser and digital
hotplate magnetic stirrer (MS-H280-Pro, DLAB Scientific
Corporation Limited, China) with water bath at the designed
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extraction conditions. *e volume of the acid was 150mL in
each experimental work and the mass of calcined kaolinite
samples was varied from 7.50 to 18.75 g based on the ex-
perimental design. *e extracted aluminum solutions in the
slurry were separated using centrifuge (Funke Gerber
Supervario-N 3680-2613, Germany) at 1200 rpm for 25min.
*e extracted solution was evaporated and crystallized to
separate the aluminum. *e crystallized samples were dried
in an oven and stored in plastic bags for further analysis. *e
process flow sheet of aluminum extraction from kaolinite is
shown in Figure 1.

2.2. Determination of the Extracted Aluminum Content and
Other Impurities. *e content of aluminum in the extracted
solutions was determined using ultraviolent-visible spec-
trometer (JASCO V-770, Japan). *e standard aluminum
solutions were prepared with some modification of the
procedures described in literature [36–38]. *e standard
aluminum chloride hexahydrate (Blulux analytical reagent,
99%) was used to prepare standard solution and make
calibration curve. *e reagents of eriochrome cyanine red
(ECR) dye (C23H15Na3O9S), hydrochloric acid, and sodium
acetate solutions were prepared with concentrations of
0.2mM, 0.2M, and 0.2mM, respectively. *en, 30mL of
aluminum chloride hexahydrate (ACHs), 1.5mL of ECR,
1mL of hydrochloric acid, and 5mL of sodium acetate were
mixed together at room temperature, which could make
aluminum-eriochrome cyanine red (Al-ECR) complex. *e
maximum absorbance wavelength of the aluminum-erio-
chrome cyanine red (Al-ECR) complex was determined by
scanning it against the blank solution from 190 to 800 nm.
Moreover, the calibration curve was prepared using standard
solution concentrations of 2, 4, 6, 8, 10, 12, and 14mg·L− 1 of
aluminum at fixed wavelength of 200 nm.*e absorbance of
extracted aluminum in the solution wasmeasured at 200 nm,
and the aluminum content in the solution was determined
using the calibration curve. In addition, the compositions of
other impurities contents in the leached solution were

determined using inductively coupled plasma-optical
emission spectrometer (OTPQ/1634 ULTIMA 2, HORIBA
Scientific, France).

2.3. Kinetic Analysis of Aluminum Extraction. *e kinetics
of extraction of aluminum from calcined kaolinite were
evaluated using various kinetics models such as pseu-
dohomogeneous, nucleation growth, and shrinking
core models. *e kinetics of the pseudohomogeneous
model are used for describing the reaction process be-
tween the flowing fluid and immobile solid. *e rate
equations for the pseudohomogeneous model are given in
(3) and (4) [28].

Pseudohomogeneous first-order reaction is

− ln 1 − XB( 􏼁 � kt. (3)

Pseudohomogeneous second-order reaction is
XB

1 − XB( 􏼁
� kt, (4)

where XB is the conversion of solid; k is the rate constant of
chemical reaction; and t is the reaction time.

*e Avrami model may be used for explaining the rate
equations in the noncatalytic solid-liquid reaction systems
[29]. *e logarithms form of the Avrami model is shown in
the following equation:

ln − ln 1 − XB( 􏼁( � ln k + n ln t, (5)

where XB is the conversion of solid; k is the rate constant of
chemical reaction; n is the nucleation model parameter; and
t is the reaction time.

*e shrinking core model assumes that the rate may be
controlled by a surface chemical reaction, diffusion through
a fluid film (external diffusion of extracted solute), or dif-
fusion through the product layer (internal diffusion of acid
concentration used for extraction agent). *e rate equations

Hydrochloric acid Water and excess
hydrochloric acid

Metakaolinite

Calcination
@700°C for 180

min

Kaolinite

Residue

Moisture

Hydrochloric acid

Liquor
collection

Drying
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hexahydrate crystals with

purity of 98.34%

Extraction of aluminum
@ 0.100 g mL–1, 5 M, 80°C
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Centrifuge
separation

Evaporation under
vacuum

@70°C and 50 rpm

Crystallization and
filtration @ 25°C

Figure 1: *e process flow sheet of aluminum extraction from kaolinite.
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for the three limited cases are given in equations (6)–(12)
[39]:

*e fluid-solid reaction kinetics are of the following
form:

A(l) + bB(s)⟶ product(l). (6)

Case 1. Chemical reaction controls the overall process:

1 − 1 − XB( 􏼁
1/3

� kct, (7)

where

kc �
bkCA

ρBr
. (8)

Case 2. Diffusion through liquid film (stokes regime for
small particles) controls:

1 − 1 − XB( 􏼁
2/3

� kft, (9)

where

kf �
2bDeCA

ρBr
2 . (10)

Case 3. Diffusion through the product layer control:

1 − 3 1 − XB( 􏼁
2/3

+ 2 1 − XB( 􏼁 � k dt, (11)

where

k d �
6bDeCA

ρBr
2 , (12)

whereXB is conversion of solid particles B; k is the first-order
rate constant for surface reaction; kc is the rate constant of
surface chemical reaction; kf is the rate constant of diffusion
through the liquid film; kd is the rate constant of diffusion
through the product layer; ρB is molar density of particle B; r
is radius of particle; De is effective diffusion coefficient of
liquid reactant in the product layer; CA is bulk concentration
of reactant liquid A; b is stoichiometric coefficient of solid
particle B; and t is reaction time.

To determine the surface chemical reaction of the first-
order rate constants (k values) at the reaction temperatures
of 50, 60, 70, and 80oC, equation (8) was rearranged into
equation (13). Further, the apparent activation energy and
the preexponential factor of the kinetics of extraction of
aluminum from calcined kaolinite were determined using
Arrhenius relation as in equation (14) [28].

k �
kcρBr

bCA

, (13)

k � ko exp −
Ea

RT
􏼒 􏼓, (14)

where b is the stoichiometry coefficient of A2O3, b� 1/6; CA
is the concentration of HCl, 5 M; ρB is the molar density of
A2O3, ρB � 9.35 mole·L− 1; r is the radius of solid particles,

r� 0.0053 cm; kc is the rate constant of chemical reaction
controlled (min− 1) at 50, 60, 70, and 80°C; k is the surface
chemical reaction first-order rate constant (cm·min− 1); ko is
the preexponential factor (cm·min− 1); Ea is the activation
energy (kJ mol− 1); T is absolute temperature (K); and R is the
gas constant (R� 8.314×10− 3 kJ·mol− 1·K− 1)

2.4.CrystallizationofLeachedSolution. *e crystallization of
leached solutions was conducted using some modification of
the method described in the literature [4, 6, 25]. *e leached
solutions were evaporated using vacuum rotary evaporator
(ML-E14-2050, Maalab Scientific Equipment Private Lim-
ited, India) at 70°C and 50 rpm until the crystals of alu-
minum chloride hexahydrate were observed. *e
concentrated solutions with semicrystallized aluminum
chloride hexahydrate were allowed to cool at room tem-
perature and transferred into the crystallizer. To increase
crystallization efficiency, concentrated hydrochloric acid
(37%) was used. *e volume ratios of concentrated
hydrochloric acid to the samples were from 0.30 to 0.90 (v/
v). *e crystallization time was considered from 8 to 56 h.
*e crystals were decanted at the bottom of the crystallizer
and the liquor was suspended over the crystal layer. *e
liquor was filtered, and the crystals were separated and dried
in the oven with ceramic trays at 80°C for 6 h. *e samples
were stored in closed plastic bags for analysis.

2.5.CharacterizationofKaolinite,Metakaolinite,Residue,and
Extracted Aluminum. *e samples’ chemical compositions
were determined using X-ray fluorescence (XRF) (BTX-
528, USA). *e samples were scanned by XRF at 1.54 nm
wavelength of kαCu anode and X-ray tube voltage of
30 kV. *e kaolinite, calcined kaolinite (metakaolinite),
residue after leaching (hereafter called residue), and
extracted aluminum samples’ crystalline structures were
characterized using X-ray diffraction (SHIMDZU XRD-
7000, Japan) at cooling temperature of − 45°C, 1.54 nm
wavelength of kαCu anode, X-ray tube voltage of 40 kV,
specimens step scan rate of 3min− 1, and 2θ angles from 5
to 60°. *e XRD reflection peaks were analyzed by
XPowder software (version 2010). *e functional group
bands of the kaolinite, metakaolinite, residue, and
extracted aluminum samples were characterized using
Fourier transformer infrared spectrometer with attenua-
tion total reflection and detector of DTGS KBr (iS50 ABX
smart iTX, USA). *e middle infrared reflection wave-
number absorption bands were from 4000 to 400 cm− 1

with 32 numbers of scans and resolution of 16 cm− 1.
Moreover, the morphologies of the samples were also
analyzed using scanning electron microscope (JMC-
6000Plus benchtop SEM, JEOL Ltd, Japan). *e images of
the samples were taken at 10 kV and 20m.

3. Results and Discussion

3.1. Effect of Extraction Parameters on the Yield of Aluminum.
Figures 2(a)–2(c) depict the effects of solid-to-liquid ratio,
acid concentration, and reaction temperature on the yield of
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aluminum, respectively. *e fraction of extracted aluminum
increased as the acid concentration and reaction tempera-
ture were increased, and the solid-to-liquid ratio was re-
duced. Figure 2(a) shows that the fraction of the extracted
aluminum increased as the solid-to-liquid ratio was reduced.
*e fraction of the maximum extracted aluminum increased
from 87 to 95% as the solid-to-liquid ratio was reduced from
0.125 to 0.005 g·ml− 1 at 5M, 80°C, and 180min. Even though
the yield of aluminum was highest at the lowest solid-to-
liquid ratio, the recovery of the acid solution required more
energy and time, which could increase the production cost.
*e yield of 93% was obtained at the solid-to-liquid ratio of
0.100 g·ml− 1, which could be the appropriate solid-to-liquid
ratio to reduce excess acid recovery cost with maximum

extraction yield of aluminum. Figure 2(b) reveals that the
fraction of yield of aluminum was increased with the acid
concentration. As the acid concentration was increased from
2 to 5M, the fraction of the maximum extracted aluminum
increased from 62 to 93% at 80°C, 0.100 g·mL− 1, and
180min. Moreover, Figure 2(c) displays the effect of reaction
temperature on the extraction yield of aluminum. *e ex-
traction yield of aluminum increased with the reaction
temperature. *e extraction yield of aluminum increased
from 54 to 92% as the reaction temperature was increased
from 50 to 80°C at 5M, 0.100 g·mL− 1, and 180min. *e
extraction yield of aluminum increased with increase of acid
concentration and reaction temperature and decrease of
solid-to-liquid ratio [8, 9, 23].
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Figure 2: Effects of (a) solid-to-liquid ratio from 0.050 to 0.125 g·mL− 1 at 5M and 80°C, (b) acid concentration from 2 to 5M at 0.100 g·mL− 1

and 80°C, and (c) reaction temperature from 50 to 80°C at 0.100 g·mL− 1 and 5M on the extraction yield of aluminum.
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3.2. Kinetics Analysis of Aluminum Extraction from Kaolinite

3.2.1. Kinetics Analysis of Aluminum Extraction at Various
Solid-to-Liquid Ratios. Table 1 describes the regression
correlation coefficients and rate constants of the kinetics of
the extraction of aluminum at various solid-to-liquid ratios
from 0.050 to 0.125 g·mL− 1.*e regression coefficients of the
shrinking core model of chemical reaction with first-order
kinetics were the largest compared to the others. *e re-
gression coefficients (R2) were from 0.983 to 0.994 for the
first-order chemical reaction kinetics of shrinking core
model. *e results confirmed that the rate of extraction of
aluminum was controlled by surface chemical reaction. *e
kinetics were well described by the first-order chemical
reaction shrinking core model.

3.2.2. Kinetics Analysis of Aluminum Extraction at Various
Acid Concentrations. *e regression correlation coefficients
and rate constants of the kinetics of aluminum extraction at
acid concentrations from 2 to 5M are shown in Table 2. *e
regression coefficients of the surface chemical reaction with
first-order kinetics model were the largest compared to the
others. *e regression coefficients (R2) were from 0.983 to
0.993 for the first-order chemical reaction kinetics of
shrinking core model. *e results revealed that the rate of
extraction of aluminum was controlled by surface chemical
reaction. *e kinetics were well described by first shrinking
core model of first-order reaction.

3.2.3. Kinetics Analysis of Extraction of Aluminum at Various
Reaction Temperatures. Table 3 describes the regression
correlation coefficients and rate constants of the kinetics of
extraction of aluminum from 50 to 80°C. *e regression
coefficients of the surface chemical reaction with first-order
kinetics model were the largest over the diffusion through
product layer, diffusion through fluid film, pseudohomo-
geneous first-order and second-order reactions, and Avrami
model kinetics regression coefficients. *e regression coef-
ficient (R2) of the first-order chemical reaction kinetics of
shrinking core model at various reaction temperatures was
0.993, which was close to unity.*e results indicated that the
rate of extraction of aluminum was controlled by surface
chemical reaction. *e kinetics were well described by
surface chemical reaction with first-order rate. *e apparent
activation energy of the kinetics of extraction of aluminum
from calcined kaolinite was determined using Arrhenius
relation. *e natural logarithm of the Arrhenius relation
provides a linear equation.

3.2.4. Shrinking Core Model of Surface Chemical Reaction
with First-Order Reaction Kinetics. Figures 3(a)–3(d) show
the plots of shrinking core model of surface chemical re-
action rate controlled step with first-order reaction rate at
various solid-to-liquid ratio, acid concentrations, reaction
temperatures, and the activation energy, respectively.
Figure 3(a) depicts the regression plots of the surface

Table 1: *e regression correlation coefficients and rate constants for aluminum extraction at various solid-to-liquid ratios from 0.050 to
0.125 g·mL− 1.

Model Rate equation

*e regression correlation coefficients and rate constants (ki1) for extraction
of aluminum at various solid-to-liquid ratios from 0.050 to 0.125 g·mL− 1

0.050 0.075 0.100 0.125
R2 ki R2 ki R2 ki R2 ki

Shrinking core
1 − (1 − XB)1/3 � kct 0.993 3.09×10− 3 0.994 2.94×10− 3 0.984 2.81× 10− 3 0.983 2.36×10− 3

1 − (1 − XB)2/3 � kft 0.954 3.71× 10− 3 0.969 3.65×10− 3 0.974 3.52×10− 3 0.982 3.28×10− 3

1 − 3(1 − XB)2/3 + 2(1 − XB) � k dt 0.978 4.16×10− 3 0.976 4.03×10− 3 0.967 3.99×10− 3 0.965 3.50×10− 3

Pseudohomogeneous − ln(1 − XB) � kt 0.975 1.57×10− 2 0.971 1.46×10− 2 0.964 1.37×10− 2 0.955 1.12×10− 2

XB/(1 − XB) � kt 0.936 3.76×10− 2 0.901 5.87×10− 2 0.893 8.55×10− 2 0.873 1.09×10− 1

Avrami ln(− ln(1 − XB) � ln k + n ln t 0.974 3.26×10− 2 0.962 3.37×10− 2 0.961 3.49×10− 2 0.960 3.58×10− 2

Model parameter (n) 0.773 0.814 0.832 0.841
1For surface chemical reaction controlled, ki � kc; for diffusion through liquid controlled, ki � kf; and, for diffusion though product layer controlled , ki � kd.

Table 2: *e regression correlation coefficients and rate constants for extraction of aluminum at various acid concentrations from 2 to 5M.

Model Rate equation

*e regression correlation coefficients and rate constants (ki) for extraction of
aluminum at various acid concentrations from 2 to 5M

2M 3M 4M 5M
R2 ki R2 ki R2 ki R2 ki

Shrinking core
1 − (1 − XB)1/3 � kct 0.991 1.22×10− 3 0.993 1.72×10− 3 0.983 2.64×10− 3 0.992 2.87×10− 3

1 − (1 − XB)2/3 � kft 0.984 2.05×10− 3 0.983 2.64×10− 3 0.972 3.36×10− 3 0.974 3.61× 10− 3

1 − 3(1 − XB)2/3 + 2(1 − XB) � k dt 0.970 1.12×10− 3 0.971 1.81× 10− 3 0.972 3.37×10− 3 0.974 3.58×10− 3

Pseudohomogeneous − ln(1 − XB) � kt 0.974 4.36×10− 3 0.972 6.24×10− 3 0.964 1.13×10− 2 0.963 1.33×10− 2

XB/(1 − XB) � kt 0.981 8.75×10− 3 0.973 1.60×10− 2 0.863 5.38×10− 2 0.824 6.92×10− 2

Avrami ln(− ln(1 − XB) � ln k + n ln t 0.973 3.17×10− 2 0.952 3.27×10− 2 0.953 3.40×10− 2 0.950 3.44×10− 2

Model parameter (n) 0.623 0.704 0.803 0.812
2LOI: loss on ignition from TGA analysis.
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Table 3: *e regression correlation coefficients and rate constants for extraction of aluminum at various reaction temperatures from 50 to
80°C.

Model Rate equation

*e regression correlation coefficients and rate constants (ki) at various
reaction temperatures from 50 to 80°C

50°C 60°C 70°C 80°C
R2 ki R2 ki R2 ki R2 ki

Shrinking core
1 − (1 − XB)1/3 � kct 0.991 1.23×10− 3 0.984 1.74×10− 3 0.993 2.02×10− 3 0.994 2.86×10− 3

1 − (1 − XB)2/3 � kft 0.971 1.77×10− 3 0.964 2.61× 10− 3 0.972 2.95×10− 3 0.963 3.64×10− 3

1 − 3(1 − XB)2/3 + 2(1 − XB) � k dt 0.972 9.86×10− 4 0.974 1.82×10− 3 0.971 2.27×10− 3 0.964 3.74×10− 3

Pseudohomogeneous − ln(1 − XB) � kt 0.963 4.27×10− 3 0.961 6.79×10− 3 0.954 7.94×10− 3 0.953 1.39×10− 2

XB/(1 − XB) � kt 0.973 7.47×10− 3 0.971 1.58×10− 2 0.943 2.30×10− 2 0.843 7.23×10− 2

Avrami ln(− ln(1 − XB) � ln k + n ln t 0.972 2.90×10− 2 0.970 2.99×10− 2 0.963 3.21× 10− 2 0.942 3.27×10− 2

Model parameter (n) 0.634 0.723 0.742 0.820

R2 = 0.984

R2 = 0.983

R2 = 0.994

R2 = 0.993

0.125 g mL-1

0.100 g mL-1
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Figure 3: *e regression plots of first-order reaction kinetics of shrinking core model at various (a) solid-to-liquid ratios from 0.05 to
0.125 g·mL− 1, (b) acid concentrations from 2 to 5M, and (c) reaction temperatures from 50 to 80°C; (d) the Arrhenius plot of the first-order
chemical reaction.
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chemical reaction with first-order rate for solid-to-liquid
ratios from 0.050 to 0.125 g·mL− 1. As the solid-to-liquid ratio
was increased, the reaction rate constant decreased. *e rate
constants were 3.09×10− 3, 2.94×10− 3, 2.81× 10− 3, and
2.36×10− 3min− 1 at 0.050, 0.075, 0.100, and 0.125 g·mL− 1,
respectively. In the lowest solid-to-liquid ratio, the calcined
kaolinite obtained enough acid solution for extraction of
aluminum and the reaction rate was relatively the fastest.
*is result confirmed that the rate of the reaction was rel-
atively the fastest at the lowest solid-to-liquid ratio.

For the extraction of aluminum at various acid con-
centrations from 2 to 5M, the regression plots of the
shrinking core model of the surface chemical reaction rate
controlled step with the first-order reaction rate are depicted
in Figure 3(b). *e reaction rate constant was increased with
acid concentration. *e rate constants were 1.22×10− 3,
1.72×10− 3, 2.64×10− 3, and 2.87×10− 3min− 1 at 2, 3, 4, and
5M, respectively.*e highest conversion was obtained at the
highest acid concentration which revealed that the highest
acid concentration reacted rapidly with metakaolinite and
kaolinite for extraction of aluminum.

Figure 3(c) represents the regression plots of the shrinking
coremodel of surface chemical reaction rate controlled step of
the first-order reaction rate at various temperatures for ex-
traction of aluminum. *e rate constants (kc values, Table 3)
were 1.23×10− 3, 1.74×10− 3, 2.01× 10− 3, and
2.86×10− 3min− 1 at 50, 60, 70, and 80°C, respectively. *us,
the surface chemical reactions of the first-order reaction rate
constants (k values from equation (13)) were 7.32×10− 5,
1.04×10− 4, 1.20×10− 4, and 1.70×10− 4 cm·min− 1 at 50, 60, 70,
and 80°C, respectively, as depicted in Table 4.

Figure 3(d) illustrates the plots of the natural logarithm
of the rate constants, ln (k), versus the inverse of the reaction
temperature, 1/T. *e ln (k) versus 1/T values were plotted,
and a straight line was obtained. *e apparent activation
energy was determined from the slope of the straight line of
ln (k) versus 1/T plot. *e linearized Arrhenius relation
regression correlation coefficient (R2) was 0.98, which
confirmed that the dependency of the shrinking core model
kinetics first-order reaction rate constant on reaction tem-
perature was governed by the Arrhenius relation. *e ap-
parent activation energy and the preexponential factor of the
kinetics of extraction of aluminum from calcined kaolinite
were 25.40 kJ·mol− 1 and 0.949 cm·min− 1, respectively. *us,
the kinetics of extraction of aluminum final rate equation are
written in equation (15). *e reactions with high activation
energies are very sensitive for temperature; and reactions
with low activation energies are relatively less sensitive for
temperature [28]. In this work, the activation energy was
relatively lower, which revealed that the reaction of calcined
kaolinite and hydrochloric acid was less sensitive for reac-
tion temperature. Moreover, Figure 4 demonstrates the
kinetics model of aluminum extraction from kaolinite

controlled by surface chemical reaction and photos of ka-
olinite and extracted aluminum chloride hexahydrate.

1 − 1 − XB( 􏼁
1/3

� 3.19CA exp
− 25.4

RT
􏼒 􏼓t, (15)

where XB is conversion of A2O3; CA is concentration of HCl
(M); t is reaction time (min); T is absolute temperature (K);
and R is the gas constant (R� 8.314×10− 3 kJ·mol− 1·K− 1).

3.3. Characteristics of the Kaolinite, Metakaolinite, and
Residue

3.3.1. Chemical Compositions. *e main chemical compo-
sitions of Ethiopian kaolinite were silicon oxide (55.76%),
aluminum oxide (32.02%), and loss of ignition (11.17%) [35].
Table 5 depicts the chemical compositions of metakaolinite
and residue after acid leaching. *e main chemical com-
positions of Ethiopian metakaolinite were silicon oxide
(62.84%) and aluminum oxide (36.09%) as illustrated in (a)
in Table 5. Furthermore, chemical composition of the res-
idue from acid leaching was mainly silicon oxide (85.54%) as
shown in (b) in Table 5.*e results of this study showed that
the Ethiopian kaolinite could be the potential source for
aluminum extraction.

3.3.2. XRD, FTIR, and SEM Analysis of Kaolinite, Meta-
kaolinite, and Residue. *e XRD peaks of kaolinite, calcined
kaolinite (metakaolinite), and residue after leaching are
shown in Figure 5. *e XRD peaks of kaolinite are depicted
in Figure 5(a). *e high intensity peaks of kaolinite were
detected as 9.13, 12.0, 18.14, 20.6, 24.6, 28.2, 35.7, 38.7, 45.6,
and 55.1 with theMiller indices of (004), (001), (004

−

), (200),
(1

−

1
−

0), (021), (1
−

3
−

1), (003), (123), and (240), respectively,
at the 2θ angles. *e crystal structure of kaolinite was
monoclinic, which has the unit cell axes of a� 5.14 Å,
b� 8.92 Å, and c� 14.53 Å with the angles of α� 90°,
β� 100.2°, and c � 90°. *e quartz high intensity peaks were
also observed at the 2θ angles of 21.1 and 26.7 with Miller
indices of (100) and (101), respectively. Figure 5(b) shows the
XRD peaks of metakaolinite, which was formed at 700°C.
*e XRD reflections of metakaolinite had amorphous
structure with the presence of the quartz peaks. *e crys-
talline peaks of kaolinite vanished during calcination, which
revealed that crystalline kaolinite was transformed into
amorphous metakaolinite via dehydroxylation reaction.
Figure 5(c) displays the XRD results of the residue after
leaching. *e quartz peaks were detected in the residue XRD
results which confirmed that silicon oxide was not dissolved
with hydrochloric acid during leaching. *e results were in
agreement with previous results [14, 15].

Figure 6 describes the FTIR curves of kaolinite and
calcined kaolinite. Figure 6(a) illustrates the FTIR curve of

Table 4: *e first-order reaction rate constant of surface chemical reaction at various reaction temperatures from 50 to 80°C.

Reaction temperature (°C) 50 60 70 80
First-order reaction rate constant (cm min− 1) 7.32×10− 5 1.04×10− 4 1.20×10− 4 1.70×10− 4
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kaolinite.*e characteristic band was detected at 3650 due to
stretching of hydroxides of water molecules in kaolinite. *e
band at 1040 cm− 1 was due to the stretching vibrations of Si-
O-Si, and the band at 790 cm− 1 was the characteristic of
quartz which was attributed to O-Si-O bending vibrations.
*e Al-OH group transitional vibration was detected at
909 cm− 1, and the bending of Si-O-AlVI octahedral

coordinating vibration band was obtained at 522 cm− 1.
Figure 6(b) shows the FTIR curve of calcined kaolinite at
700°C. *e hydroxide bands disappeared at the calcination
temperature of 700°C which confirmed that kaolinite was
transformed into metakaolinite. Furthermore, the Al-OH
group transitional vibration at 908 cm− 1 and the bending of
Si-O-AlVI octahedral coordinating vibration at 522 cm− 1 also

Kaolinite
C

on
ce

nt
ra

tio
n 

of
 li

qu
id

Unreacted core

1- (1-XB)1/3=3.19CAexp (-25.4/RT)t

Ash

Liquid film

Surface of a
particle

r r0

Radial position

Aluminum
chloride

hexahydrate

rc rc

HCl concentration
in bulk liquid

For irreversible
reaction, CAc=0

CA1=CAs=CAc

Figure 4: *e kinetic model of aluminum extraction from kaolinite controlled by surface chemical reaction and the photos of kaolinite and
extracted aluminum chloride hexahydrate crystals from leaching at 0.10 g·mL− 1, 5M, 80°C, and 180min.

Table 5: Chemical compositions of Ethiopian metakaolinite at 700°C for 180min and residue.

Oxides SiO2 Al2O3 TiO2 K2O Na2O MgO Fe2O3 LOI2

(a) Metakaolinite Composition (%) 62.84 36.09 0.38 0.27 0.18 0.19 0.04 0.01
(b) Residue Composition (%) 85.54 3.44 0.52 0.02 0.01 0.02 0.01 10.43
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Figure 5: XRD peaks of (a) kaolinite, (b) metakaolinite at 700°C for
180min, and (c) residue after leaching at 0.10 g·mL− 1, 5M, 80°C,
and 180min.
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Figure 6: FTIR curves of (a) kaolinite, (b) metakaolinite at 700°C
for 180min, and (c) residue after leaching at 0.10 g·mL− 1, 5M, 80°C,
and 180min.
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vanished. However, the bands at 1040 and 790 cm− 1 were
observed, which were attributed to O-Si-O bending vibra-
tions due to survival of quartz at 700°C. Figure 6(c) illustrates
the FTIR curve of residue after leaching. *e bands at 1040
and 790 cm− 1 were observed, which were attributed to O-Si-
O bending vibrations due to survival of quartz during
leaching process. *ese results were in agreement with
previous literature [16, 17].

Figure 7 shows the morphology of (a) kaolinite, (b)
calcined kaolinite, and (c) residue at 10 kV and 20 μm. *e
SEM images’ results indicated that kaolinite, calcined kao-
linite, and the residue surface morphologies had heteroge-
neous sizes. Surface morphology change was observed for
calcined kaolinite. *is indicated that the calcination tem-
perature could modify the surface morphology of the initial
kaolinite. Moreover, the SEM result of the residue from
leaching showed some change in shape and porosity due to
acid leaching. *is revealed that the residue was in the form
of micro-porous silica [40].

3.4. Characteristics of the Extracted Aluminum

3.4.1. Chemical Compositions of the Leached Solution.
*e chemical composition of the leached solution is shown
in (a) in Table 6. *e leached solution was mainly aluminum

chloride. In the leached solution, potassium, sodium,
magnesium, and iron ions were detected as impurities. *e
compositions of impurities present in the leached solution
were reduced and separated from final product via crys-
tallization and filtration processes. (b) in Table 6 depicts the
chemical composition of aluminum chloride hexahydrate
crystals. *e result revealed that the purity of aluminum
chloride hexahydrate crystals was 98.34%. In the literature,
aluminum chloride hexahydrate with purity of 96.8% has
been obtained from coal gangue [4].

3.4.2. Crystallization Results. *e effect of volume ratio of
concentrated hydrochloric acid and time on crystallization
and recovery of extracted aluminum chloride hexahydrate
crystals at 25°C is shown in Figure 8. During crystallization
of leached solution, selective crystallization of aluminum
chloride hexahydrate crystals occurred and other impurities
remained in the solution. *e crystallization efficiency and
recovery of aluminum chloride hexahydrate crystals in-
creased with volume of hydrochloric acid and crystallization
time. *e crystallization yield of aluminum chloride hexa-
hydrate crystals reached 90%. *e results revealed that this
study required less volume of hydrochloric acid with better
crystallization efficiency of aluminum chloride hexahydrate
crystals as compared with the literature [4, 6, 25].

(a) (b)

(c)

Figure 7: SEM results at 10 kV and 20 μm for (a) kaolinite, (b) metakaolinite, and (c) residue after leaching at 0.10 g·mL− 1, 5M, 80°C, and
180min.
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3.4.3. XRD, FTIR, and SEMAnalysis of Extracted Aluminum.
*e XRD result of extracted aluminum is illustrated in
Figure 9(a). *e crystal structure of extracted aluminum was
trigonal, which has the unit cell axes of a� b� c� 7.85 Å with
the angles of α� β� c � 97°. *e crystal structure’s Miller
indices were (110), (012), (300), (321), (113), (122), (220),
(232), (312), (042), (134), (120), and (004) at 2θ angles of
15.2, 17.3, 24.1, 26.3, 27.2, 27.8, 30.4, 35.1, 39.4, 41.5, 44.2,
52.1, and 54.5, respectively. *e crystalline structure results
revealed that the extracted aluminum was in the form of
aluminum chloride hexahydrate [41].

*e FTIR curves of the extracted aluminum functional
groups bands are illustrated in Figure 9(b). *e extracted
aluminum functional groups bands were identical with
the characteristics of aluminum chloride hexahydrate,
which indicated that the extracted aluminum was in the
form of aluminum chloride hexahydrate. *e functional
groups bands were detected at the wavenumbers of 3022,
2409, 1633, 826, and 523 cm− 1 which were due to
stretching vibration of -OH groups, bending vibration of
-OH groups of water molecules, asymmetric stretching
vibration of Al-O-Al, bending vibration of Al-OH-Al,
and bending vibration of Al-OH in Al (H2O)63+, re-
spectively [42].

*e SEM result of the extracted aluminum chloride
hexahydrate crystals at 10 kV and 20 μm is shown in
Figure 9(c). *e morphology of crystals was irregular shape
particles with some pseudohexagonal form and agglomer-
ates of diverse sizes, which was also correlated with the
literature [22]. In another study, the morphology of alu-
minum chloride hexahydrate crystals has been smooth
surface and irregular particles shape [43].

3.5. Comparison of ;is Study with the Literature. Table 7
depicts the comparison of this study with the literature
kinetics and activation energy of aluminum extraction from
kaolinite using acid leaching. *e kinetics of the extraction
of aluminum from kaolinite of various origins showed
different rate controlling step, kinetics model, and activation
energy. *e rate controlling steps and the kinetics model of
the extraction of aluminum from Brazilian [8], Turkish [9],
and Indonesian [44] kaolinites have been well fitted by
shrinking core model of surface chemical reaction with first-
order rate. On the other hand, kinetics model and the rate
controlling steps of aluminum extraction from American
[21] and Chinese [23] kaolinites have been well fitted by
surface chemical reaction with nucleation growth model

Table 6: Chemical compositions of the leached solution and aluminum chloride hexahydrate crystals.

(a) Chemical compositions of the leached solution
Component A1 Na K Fe Mg
Concentration (g·L− 1) 25.4 0.14 0.24 0.02 0.15
(b) Chemical composition of aluminum chloride hexahydrate (ACH) crystals
Component A1Cl3·6H2O NaCl KCl FeCl3 MgCl2
Composition (%) 98.34 0.50 0.74 0.01 0.41
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Figure 8: Effect of the volume ratio of concentrated hydrochloric acid to the samples from 0.30 to 0.90 (v/v) and time from 8 to 56 h on
aluminum chloride hexahydrate crystallization at 25°C.
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Figure 9: Extracted aluminum. (a) XRD peaks, (b) FTIR curve, and (c) SEM image of extracted aluminum chloride hexahydrate crystals
extracted at 0.10 g·mL− 1, 5M, 80°C, and 180min.

Table 7: Comparison of this study with the literature kinetics and activation energy of aluminum extraction from kaolinite using acid
leaching.

Origin of
kaolinite Extraction parameters Maximum yield

of Al (%)
Rate controlling step and

kinetics model
Activation energy

(kJ·mol− 1) References

Brazilian 0.88M, 70–95°C, 10–180min, and
0.05 g·mL− 1 98 Chemical reaction with first

order and shrinking core model 90.6 [8]

Turkish 3–5M, 45–96°C, 10–190min, and
0.05 g·mL− 1 95.4 Chemical reaction with first

order and shrinking core model 79.0 [9]

American 5.6M, 60–95°C, 15–120min, and
0.166 g·mL− 1 90 Chemical reaction and Avrami

model 25.0 [21]

Chinese 1.6–8M, 120–200°C, 10–100min,
and 0.067–0.2 g·mL− 1 98.7 Chemical reaction and Avrami

model 16.3 [23]

Indonesian 4M, 30–90°C, 10–60min, and
0.02 g·mL− 1 91.3 Chemical reaction with first

order and shrinking core model 19.2 [44]

Nigerian 0.5–3M, 45–85°C, 20–100min,
and 0.062–0.250 g·mL− 1 70 Diffusion through liquid film

and shrinking core model 35.3 [45]

Ethiopian 2–5M, 50–80°C, 20–180min, and
0.05–0.125 g·mL− 1 93% Chemical reaction with first

order and shrinking core model 25.4 *is study
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(Avrami model). In Nigerian kaolinite, the rate has been
controlled by diffusion through liquid film [45]. *e acti-
vation energies of aluminum extraction from Brazilian,
Turkish, Indonesian, Nigerian, American, and Chinese ka-
olinites have been 90.6, 79.0, 35.3, 25.0, 19.2, and
16.3 kJ·mol− 1, respectively. *is study’s kinetics model and
rate controlling step were well fitted with shrinking core
model of surface chemical reaction with first-order rate,
which was in agreement with literature [8, 9, 44].*is study’s
activation energy (25.4 kJ·mol− 1) was less than the activation
energies of aluminum extractions from Brazilian, Turkish,
and Nigerian kaolinites. However, this study’s activation
energy was higher than the activation energies of Indonesian
and Chinese kaolinites. *e reasons for the differences in the
kinetics model, rate controlling step, and activation energy
of aluminum extraction from various origins of kaolinites
might be the variation of geographical location sources,
calcination, and extraction process parameters.

4. Conclusion

*e yield of aluminum extraction increased with increase of
acid concentration, reaction temperature, and time and
decreased as the solid-to-liquid ratio increased. *e opti-
mum aluminum extraction yield of 93% was obtained at the
optimum extraction parameters of 5M hydrochloric acid
solution, 0.10 g·mL− 1 solid-to-liquid ratio, and 80°C. *e
kinetics of aluminum extraction from kaolinite using
hydrochloric acid were controlled by surface chemical re-
action.*e experimental results of this study were well fitted
with the shrinking core model with first-order surface
chemical reaction. *e first-order reaction rate constants
were 7.32×10− 5, 1.04×10− 4, 1.20×10− 4, and
1.70×10− 4 cm·min− 1 at 50, 60, 70, and 80°C, respectively.
*e apparent activation energy and the preexponential
factor were 25.40 kJ·mol− 1 and 0.949 cm·min− 1, corre-
spondingly. *e crystallization efficiency and recovery of
aluminum chloride hexahydrate crystals increased with
volume of hydrochloric acid and crystallization time. *e
crystallization yield of aluminum chloride hexahydrate
crystals reached 90%. *is study clearly indicated that
Ethiopian kaolinite could be a promising raw material to
produce aluminum chloride hexahydrate, which could be
used for water treatment application.
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