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Abstract

The depletion of bauxite reserves has prompted the research of various types of soil as alternative sources of aluminum, such as the peat clay
used in this study. The complexity of the minerals requires a more efficient leaching methods, while microwave-based leaching offers a potential
approach through rapid and uniform heating. This study examines the effect of microwave power, HCl concentration, operating temperature,
and particle size on the leaching efficiency of aluminum from peat clay soil. The leaching process was modeled using two approaches, namely
the shrinking core (SC) model and the broken-intact cell (BIC) model under pseudo-steady state conditions. The results showed that increasing
HCI concentration, microwave power, and temperature accelerated leaching, while increasing particle size decreased leaching efficiency.
Optimum conditions were achieved at 4 M HCI concentration, 100 W power, 40 °C temperature, and 0.0074 cm particle size. The shrinking
core (SC) model showed better fit under most conditions, while the intact-broken cell (BIC) model was more accurate at lower temperatures and
particle sizes. The simulation results showed that the most suitable parameter values in the SC model were De = 0.0049 cm?/s, k = 10.5 cm/s,
and ke = 2.49 cm/s, while in the BIC model De = 0.04808 cm?*s and K = 0.02689 g/cm® were obtained. These results confirm the superiority of
the SC model in representing microwave-based leaching mechanisms in general, while the BIC model provides additional insights under
diffusion-limited conditions. Process Performance Index (PPI) analysis showed that optimum conditions were achieved at 4 M HCI and 40 °C,
but lower acid concentrations also yielded competitive PPI. This confirms that leaching effectiveness is determined by a combination of alumina
recovery and reagent consumption efficiency. These findings contribute to the development of leaching kinetics models and the optimization of
more efficient and energy-saving aluminum extraction processes.
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1. Introduction aluminum from non-bauxite mineral materials that are abundant

in nature, including various types of clay and mineral residues

[3].

Aluminum is a strategic metal that is widely used in various

industrial sectors such as transportation, construction, and
energy [1]. Until now, the main source of aluminum has come
from bauxite, but its reserves are increasingly limited and the
mining process has a major impact on the environment [2]. This
condition has encouraged the search for alternative sources of
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One potential material is peat clay, which is a layer of clay
that is at a depth of around 1.5-3.0 meters below the surface of
the peat soil. Peat soil, known as peatlands, is spread evenly
across various countries in some parts of world such as North
America, Europe, Southeast Asia, Africa, South America [4-7].
It was reported [2] that peat clay soils have high mineral content
of silicon oxide (Si0O;), calcium oxide, iron oxide (Fe,Os),
titanium oxide (Ti0O,), aluminum oxide (Al,O3), calcium oxide
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(Ca0), and other oxide contents detected at relatively low
levels. Peat clay contains approximately 7.20% AlOs, which
can be increased to 17.90% through calcination. This
compound has the potential to be used as a catalyst, coagulant,
and adsorbent in water treatment processes [4,8]. Therefore,
efforts to improve the leaching process of aluminum oxide from
peat clay soil are worthy of being a focus for related industries,
considering the very diverse potential uses of this material.

Various leaching methods have been applied to extract
aluminum from mineral-rich materials, including alkaline
leaching using NaOH or KOH and organic leaching using citric
acid or deep eutectic solvents [9-11]. However, alkaline
leaching generally requires high temperatures and produces a
passive silicate layer that reduces efficiency, while organic
leaching has a slow reaction rate and requires expensive
reagents [12]. Compared to these methods, acid leaching -
especially with HCI- is recommended because it provides high
reactivity toward ALOs, is selective toward impurities, and
allows efficient solvent regeneration [13,14].

Wang et al. [15], perform the acid leaching method of
vanadium from black shale by microwave-assisted heating and
provide higher leaching results compared to conventional
heating. The MAL (Microwave-Assisted Leaching) technique
is used to accelerate and improve the leaching process of
various mineral materials and secondary resources, especially
copper ore, nickel ore, waste sludge, fly ash, and industrial dust
[16]. Compared to conventional methods, MAL has several
prominent advantages, especially in its application in the fields
of hydrometallurgy, food industry, pharmacology, and natural
ingredient-based therapy [17-19]. The technique of leaching
aluminum from peat clay using acid with the help of
microwaves is considered prospective in the field of MAL
because it can shorten processing time, increase the recovery
percentage, and is more environmentally friendly. Although the
maintenance costs of microwave equipment are higher [20,21],
this method saves energy up to one-tenth of the conventional
process and increases selectivity so that energy and solvent use
can be reduced [22].

To understand and optimize the leaching process, kinetic
modeling is required that can accurately describe the mass
transfer and reaction mechanisms. Mathematical modeling in
engineering allows for control simplification, process
optimization and design, and provides accurate data for
equipment scale-up. Furthermore, kinetic laws provide a clearer
understanding of leaching behavior [23]. The proposed
mathematical approach is developed through the integration of
differential equilibrium mass balances, focusing on macroscale
mass transfer mechanisms. The shrinking core (SC) model can
predict that the reaction process begins at the outer surface of
the particle and then progresses to the inner unreacted zone. The
reaction layer is depicted as an ash layer, assumed to be
unreacted.

The macroscopic shrinking core model approach has been
used for solid-liquid reactions under conventional heating and
has been successfully applied to aluminum leaching data from
water treatment sludge and peat clay [14]. Aluminum leaching

has been modeled using the SC model in our previous study,
but its application was limited to specific temperature
conditions. The SC model assumes that aluminum resides in the
solid core of peat particles that shrink during extraction, follows
first-order kinetics, and reaches linear equilibrium at the solid—
liquid interface, with the effective diffusivity, mass transfer
coefficient, and reaction rate constant as the main variables.

In addition to SC, the Broken and Intact Cell (BIC) model
introduced by Sovova [24], offers the ability to explain leaching
rates in two extraction phases—fast and slow—>by considering
the presence of broken and intact cells within the particles. The
BIC model is able to describe the slope of the extraction curve
at the initial and later stages separately, as well as the transition
to slower extraction due to cell wall damage by grinding.
Particles are assumed to consist of two zones, namely damaged
cells and intact cells, each containing solute [24]. Solutes within
broken cells readily dissolve due to the cell walls being
destroyed by grinding, while those within intact cells dissolve
more slowly [25]. Macroscale BIC modeling was first applied
by Buci¢-Koji¢ et al. [26] to the extraction of phenolic
compounds from grape seeds, using effective diffusivity and
partition constants as fitting parameters. Most subsequent
studies have also used the BIC model for the leaching of organic
compounds from plants, but it has not been widely applied to
mineral materials.

Based on this, this study evaluates microwave-assisted
aluminum leaching from peat clay soil with variations in
microwave power, acid concentration, temperature, and particle
size. The novelty of this study lies in the application of the BIC
model and the utilization of the SC model in conjunction with
BIC to describe the kinetic behavior of aluminum leaching
more comprehensively based on the experimental results.

2. Material and Methods
2.1. Leaching process

Peat clays sourced from local area in Banjarbaru, South
Kalimantan, Indonesia are cleaned of small logs and other
impurities. Then drying is conducted in direct sunlight. After
going through a grinding and sieving process to achieve particle
sizes of 0.0074 and 0.0149 cm, the samples were then calcined
at 700 °C for 120 minutes. Peat clay samples were calcined at
700 °C to promote dehydroxylation of aluminosilicate clay
minerals, specifically the transformation of kaolinite to
metakaolin. This temperature was chosen because it is above
the generally reported dehydroxylation range for kaolinite
(£450—650 °C), thus achieving an effective dehydroxylation
rate without triggering the formation of spinel or mullite phases,
which are less reactive to acid leaching. Calcination was
performed as a pretreatment step to increase the reactivity of the
solids to the leaching process.

The apparatus for microwave-assisted leaching was first
assembled as shown in Fig. 1. Then, 5 grams of sieved peat soil
together with 1 M HCI solution were put into a three-necked
flask. Then the power in the microwave is set at 100 W and the
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operating time is set for 60 minutes. The stirring motor is turned
on and the speed is 300 rpm. Then, the sample solution was
drawn using a syringe periodically at 5, 10, 15, 20, 25, 30, 40,
50, and 60 minutes. Then the sample was collected in a sample
flask. The process of leaching was reiterated for 2 and 4 M HCI
solution at 80 W power and temperatures of 25, 30, and 40 °C.
Analysis was carried out on peat clay soil both before and after
calcination using analytical methods SEM-EDX, FTIR, XRD,
and XRF. SEM-EDX analysis was used to identify the
morphology of peat clay and elemental composition through
SEM analysis type EVO MA 10 integrated with an energy-
dispersive detector. The characteristic properties of compounds
in peat soil of each functional group were identified through
FTIR analysis. This analysis uses the Shimadzu Model with a
band span of 500-4000 cm™ and transmission in percent (%).
The XRD patterns of peat clay were obtained using a Philips X-
pert powder diffractometer, and the mineralogical composition
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|[Ta0.0°C

was qualitatively searched and matched against the PDF-2
(1996) database using X'Pert HighScore Plus software. XRF
analysis uses PANalytical miniPAL 4 type which aims to
determine the chemical composition of minerals quantitatively.
The aluminum content in Samples was analyzed using
Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) (9060-D Teledyne Leeman Labs, USA) with three
repetitions to obtain the average. Prior to analysis, the solution
was separated from the solid residue by filtration and then
diluted with ultrapure water until it was within the instrument's
working concentration range. The sample was then acidified
using concentrated HNO:s to a pH <2 to stabilize the metal ions
and prevent precipitation before measurement. ICP-OES
calibration was performed using a multi-point aluminum
standard solution, and all measurements were carried out
according to the instrument's standard operating procedures.
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Fig. 1. Microwave-assisted leaching devices

2.2. Shrinking core (SC) model

To obtain a shrinking core model, several assumptions need
to be made, among which peat clay soil is assumed to have
spherical particles and no decrease in temperature during the
process. Compounds other than aluminum present in peat clay
soil are assumed to have no significant effect on the process
kinetics. Particles are considered to be homogeneous and
maintain their spherical shape, although in certain cases they
may have an effect. Based on the regard that leaching occurs in
a stirred reactor system, the mass balance equation is
formulated as follows:

Total mass balance equation for the leaching process:

dCy :ﬁ(l—g)
dt R ¢

(CA(R) - CAI) (1)

Changes in the concentration of aluminum as a dissolved
substance in the solid phase (peat clay) are influenced or related
to its mass transfer coefficient:

dq 47ZR2kcpp
44 TPy (- C 2
ot ™ ( A(R) Al) @)

Diffusion equation outside the particle:

d P dCA(R)
-—|-D,4m" ————= |=0 3
dr( dr )

Equation (4) contains the initial conditions and Equations
(5) to (6) contain the boundary conditions which are detailed as
follows:

r.=R and(}zqu atr=0 4)
dCA(R)

r=r.—> D, — =kCyp) ®)

L % =k (CA(R> ~Cy) (6)

The average concentration of dissolved substances in the

solid phase:
q r Y
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The integration of Equation (3) produces an equation (8):
K,
Cur :_71+K2 3

While the equation (5) was substituted into the equation (8),
the equation (9) was obtained:

kK, rcz

Ny ©

The equation (10) was obtained when equation (8) was
substituted into the equation (6):

k.C/(D, +kr, )R?
D, k2 +R%, J+ k K. R? 1. 2R)

K, = (10)

Equation (10) is inserted into the equation (9); then, these
two equations are also substituted into the equation (8) hence
obtaining equation (11):

kk,C yR?r.” +k.C 4y(D, + k1. )R?
D,\er? +R%k, )+ k Kl R 1. 2R)

Cyr = (1)

2.3. Broken and intact cells (BIC) model

The BIC model was adopted from the Buci¢-Koji¢ et al.
[26]. The BIC model in the stirred leaching process was
developed using several assumptions:

e  The leaching process is in the first order reaction by
illustrating that the crushed particles have broken cells
and intact cells.

e  Incalculating the level of dissolved substances in the solid
phase before extraction, it is assumed that a particle is
thought to have cells or cavities where solutes are stored.
When the particles of a material are crushed, the cell walls
in the area near the surface of the particles are damaged
and the solutes from these cells are then easily dissolved
in the solvent.

e  The equilibrium was initially assumed to occur between
the open cell region and the liquid phase, as an effort to
simplify the calculation, the resistance of mass transfer in
damaged cells and the process parameters in the form of
a stirred liquid were ignored.

The mass balance equation of the solute in the liquid phase:

_ 4 _(1_.f)q1'

"~ (f/K)+B (12)

Car

Changes in the concentration of aluminum as a dissolved
substance in the solid phase (peat clay) of intact and broken

cells are related to the rate of mass transfer of the solute:

%__ M
i m(-f) (13)
(l_f)QiWLfC_I?‘FBCAz:% (14)

Where the first part deals with intact cells, the second part
with fractions c4/K associated with broken cells. The third part
is related to the liquid phase. The speed of mass transfer through
the entire surface of the particle core A4;:

c
M=k, A AL 15
pAiPy (q, X j 15)
Initial condition for solute at untreated material:
q,=q, at t=0 (16)

Equations that show the relationship between volumetric
fractions with particle radius (17), relationship of volumetric
fractions with surface area of particles (18), and the relationship
of mass transfer coefficient with effective diffusivity and

particle radius (19):
3
R;
f_(R]

(17)
2
3_4
f = (18)
5D,
kp=" (19)

Equation (13) integrated, equation (15) substituted into the
equation (13) and ¢ 4; eliminated using the equation (14) so that
the equation is obtained (20):

q, B k,4p, 1+BK
{1+BK.exp{ m(l—f) BK+ft}} (20)

% BK

Recovery is a comparison between the reduction of a solute
in the solid phase and the solute initially given as:

990 1000
9

recovery =

2y

Differential equation (13) combined with the equation (15)
solved using programming computing GNU Octave software.
Leaching curves are described as recovery versus time. While
processing graphics using SciDAVis software.
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2.4. Process performance index (PPI)

The basis of process performance index (PPI) is roughly
evaluated based on the process implemented in industrial scale
(50 L HCI and 5 kg peat clay).

ma; = mg X (T] / 100) (22)
where my; is the Al recovered, my is the alumina content in peat
clay amount per batch in industrial scale and 1) is present of Al
recovery. This equation provides the actual output value of the
process (output), and is the main component in determining the
net process value.

The revenue of Al is evaluated using the following
equation:

R =maixPai (23)

R is the revenue of the obtained Al, while the P4, is the price of
alumina (about $0.0025/g). This revenue is not intended for
commercial profit analysis, but rather as a numerical proxy for
assessing extraction yield in universal units so that it can be
compared proportionally with operational costs.

Process energy is calculated by considering a 20-minute
heating duration and effective microwave power (half the
nominal power, as microwaves operate on a duty cycle
modulation basis). Industrial-scale energy is assumed to be 10
times that of laboratory-scale energy:

E = Py X 1200 (24)
E
Ce = Ggogue) X 0-01 (25)

With an energy tariff of USD 0.01/kWh, energy costs are

451

negligible and contribute only a minor portion to the total
process cost.
Industrial-scale HCI solutions are reused repeatedly through
a chemical regeneration process. Therefore, only a small
portion of the solution needs to be replaced each cycle (make-
up). This study used a conservative assumption of 1% make-up:
Cucr = 0.01 x Crun (26)
This 1% make-up approach is commonly used in industrial
hydrometallurgical processes, where HCI regeneration can take
tens to hundreds of cycles. Thus, the contribution of HCI cost
to the total process cost is very small, making the evaluation
more focused on technical aspects such as extraction efficiency
and operating conditions. Operating costs are calculated by
adding energy costs and HCI make-up costs:
Ciot = Cg + Cyy (27)
This value represents the operational capital required to run the
process per batch on an industrial scale.

To assess the effectiveness of each condition, the following
index is used:

PPl = X

Crot (28)
A high PPl indicates a highly efficient process, as the output
value is significantly greater than the input value. A low PPI
indicates a less effective process, although it can still be
positive. The PPI is not a measure of commercial profitability,
but rather a technical indicator that shows the ratio of process
effectiveness to resource expenditure. Therefore, the PPI is
well-suited for optimizing low-energy leaching processes and
acid regeneration.
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Fig. 2. Results of SEM-EDX analysis of peat clay soils before and after calcination
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3. Results and Discussions
3.1. SEM-EDX characterization

In this study, the effect of microwave power, HCI
concentration, temperature, and particle size of peat clay soil on
aluminum recovery from peat clay soil was studied by
comparing experimental and modeling results. The surface
morphology of peat clay before and after calcination was
analyzed using SEM-EDX as shown in Fig. 2. The analysis
results showed that the clay surface before calcination still
showed an irregular aggregate structure with low porosity,
while after calcination the surface appeared more porous and
experienced recrystallization due to the release of structural
water and dehydroxylation.

EDX analysis confirmed that the dominant elements were
Si, Al, and Fe with compositions of 2.31%, 5.48%, and 2.63%
by weight before calcination, respectively, and increased to
3.07%, 1.72%, and 3.94% by weight after calcination. The
increase in Al and Fe content and changes in the proportion of
Si indicate the relative concentration of elements due to the loss
of volatile components such as water and organic carbon.
Mineralogically, the main components consist of
aluminosilicates (kaolinite, Al-Si20s(OH)a), quartz (SiO2), and
iron minerals such as nontronite [4,27]. These morphological
and compositional changes indicate that the calcination process
improves pore openness and increases surface reactivity, thus
potentially increasing the efficiency of aluminum leaching in
the next stage.

3.2. FTIR characterization

FTIR characterization was used to identify functional
groups and variations in mineral structure in peat clay soil
samples, as shown in Fig. 3. FTIR spectra were recorded in the
4000-500 cm™ range. The main absorption bands indicate the
presence of quartz, kaolinite, illite, and calcite with the
vibration variations of -OH, Si-O and AI-O bonds. The presence
of quartz is marked by vibration stretching Si-O carried on 421,
994, and 1099 cm™ for peaks after calcination. Presence of
kaolinite is mostly shown in arcs 548, 694, 753, 1099, and 3445
cm! after calcination. Illite composition is indicated by warping
753, 1640, and 3445 cm! after calcination, while the presence
of calcite compounds is shown in arcs 1640 cm™ after
calcination [28]. The low transmittance band at 910 — 730 cm’!
is ascribed to Si-O and Si-O-Si(Al) vibration stretching of illite,
while transmittance band at 730 — 420 cm™" assigned to Si-O-Al
stretching and Si-O bending of illite [29].

The FTIR spectra show major absorption bands at
approximately 3445 cm™ and 1640 cm™, which are generally
associated with —OH stretching and H-O-H bending of
adsorbed water and hydroxyl groups in clay minerals. These
bands are not interpreted as exclusive indicators of the presence
of kaolinite or calcite, but rather reflect the presence of
hydroxyl groups and residual moisture still bound to the
aluminosilicate structure. Therefore, FTIR results are used as
an indication of changes in the -OH group environment during

thermal treatment and leaching, not as a sole determinant of
specific mineral phase transformations.
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Fig. 3. FTIR spectrum of peat soil before and after calcination
3.3. XRD characterization

The chemical composition and crystal structure of peat clay
before and after calcination were analyzed using XRD as shown
in Fig. 4 with a diffraction angle range of 20 in the range of 5°-
60°. Based on the PDF-2 database (1996), the characteristic
peaks indicate the presence of kaolinite (Ref. 00-001-0527),
albite (Ref. 00-001-0739), sillimanite (Ref. 00-001-0614; 00-
001-0626; 00-001-0627), and montmorillonite (Ref. 00-002-
0009). The dominant compounds observed are kaolinite
(aluminum silicate hydrate) and albite (sodium aluminum
silicate hydrate) [4,27].

Before calcination, the XRD pattern shows relatively broad
and less sharp peaks, indicating a crystal structure that is still
irregular and contains organic amorphous components. After
calcination, the main peaks in kaolinite and albite become
sharper and their intensity increases, indicating increased
crystallinity and the loss of the amorphous organic fraction due
to thermal decomposition. New peaks at approximately 20 =
26°-28° and 31°-33° indicate the formation of a sillimanite
phase and the partial transformation of kaolinite into
amorphous metakaolinite, consistent with the FTIR results
showing the loss of —OH groups due to dehydroxylation.
Montmorillonite was also identified with lower intensity,
indicating that its structure partially collapsed due to heating. In
general, peat clay soils are dominated by quartz, hematite,
kaolinite, and montmorillonite, with minor mineral variations
depending on the geological setting. This is consistent with the
report by Cao et al. [30] on peat soils from Lake Dianchi, China,
which showed a dominance of silica and orthoclase, and
research in Johor, Malaysia, which identified pargasite,
dellaventuraite, and richterite [31]. These differences are
caused by variations in the geochemical environment and
sources of peat-forming materials at each location.
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Fig. 4. XRD characterization on peat clay before and after calcination

The XRD analysis results indicate changes in the relative
intensity and the appearance or attenuation of diffraction peaks
after calcination and leaching. These changes are interpreted as
an indication of structural transformation, including the
formation of metakaolin phases which are generally
characterized by reduced crystal regularity and increased
amorphous fraction at temperatures above 500-600 °C.
Therefore, XRD in this study was used for phase identification
and qualitative evaluation of mineral transformations, and was
not intended to conclude an increase in absolute crystallinity
because no quantitative crystallinity index was calculated.

On the other hand, the indication of dehydroxylation due to
calcination at 700 °C is qualitatively supported by the FTIR and
XRD results, which show a weakening or disappearance of the
typical kaolinite peaks and a reduction in the structural -OH
bands. Although TGA/DTG analysis was not performed to
quantitatively verify the mass loss, these changes in structural
characteristics are widely used in the literature as indicators of
metakaolin formation. Therefore, these characterization results
are considered sufficient to support the purpose of calcination
pretreatment in the context of this study.

3.4. XRF analysis

Table 1 shows the chemical composition of post-burning
peat clay soil using XRF analysis. In general, peat clay soil is
dominated by the oxide compounds SiO: (31.90%), Al:Os;
(17.90%), Fe:0s (11.40%), CaO (14.70%), and TiO: (8.72%),
while other oxides such as K20, Cr.0s, MnO, NiO, CuO, and
P>Os are present only in small amounts. The high SiO. and
AlLOs contents indicate that peat clay soil has potential as an
alternative source of aluminum and active aluminosilicate-
based materials. The presence of significant amounts of CaO
and Fe20: also suggests their possible contribution to the
surface reactivity and adsorptive capacity of the material after
calcination. These results are consistent with previous study
[1,32], which reported that the dominant oxide compounds in
peat soil are SiO2, Fe:0s3, Al2Os, and TiO: with minor amounts
of other oxides, as observed in West Sumatra peat soil where

the Si, Al, Fe, and Ca contents reached 50.52%, 13.54%,
12.23%, and 4.98%, respectively. This dominant oxide
composition is in line with the XRD and FTIR results which
showed the presence of quartz, kaolinite, and illite minerals as
the main phases after calcination.

Table 1. Chemical composition of peat soils after calcination

Compound Content (%)
SiO, 31.90
Fey0; 11.40
AL O; 17.90
K,0 0.76
CaO 14.70
TiO, 8.72
V,0s 0.25
Cr,0; 1.57
MnO 0.17
NiO 0.091
CuO 0.17
P,0s 0.86

It should be emphasized that the aluminum content used as
representative data in the leaching analysis and kinetic
modeling in this study was determined using ICP-OES. This
technique provides a reliable quantitative measurement of the
dissolved Al concentration in the liquid phase, making it
relevant for evaluating leaching efficiency and determining
kinetic parameters. In contrast, XRF is used to describe the total
elemental composition of the solids in bulk, while SEM-EDX
is semi-quantitative and local, primarily utilized for
morphological analysis and elemental distribution on surfaces.
Therefore, differences in Al values between methods reflect
differences in measurement basis and analytical objectives, and
are not intended to be directly compared.

3.5. Mechanism of leaching

SEM-EDX, FTIR, XRD, and XRF characterization results
indicate that peat clay contains the main minerals kaolinite,
illite, montmorillonite, and quartz, which are rich in aluminum,
silicon, and iron. These minerals are chemically stable in
aluminosilicate (Al-O-Si) bonds, requiring aggressive leaching
conditions to release AI*" ions into solution [33,34]. The
process of leaching metals from mineral materials using strong
acids such as HCI essentially involves two main stages: (1)
diffusion of H* ions from the solution to the surface of the solid
particles (external diffusion film), and (2) a chemical reaction
between H* and metal oxide groups (Me—O—-Me or Me—O-Si)
on the particle surface [35,36].

In clay minerals such as kaolinite, montmorillonite, and
illite, which contain aluminum in the form of AI-O-Si or Al-
OH-Si, the H* ion from HCl acts as an active proton that breaks
the Al-O bond through a protonation reaction, producing
dissolved aluminum ions (AP**) or AICl,*, complexes in
solution [37,38]. The main reaction can be written as:
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Al-O-Si+ 6H* > A" + Si(OH), (22)

Al,03 + 6HCI = 2AICl; + 3H,0 (23)

Thus, H* ion transfer (proton diffusion) is a key step
determining the aluminum leaching rate, especially in the early
stages of the process. Under certain conditions, the leaching rate
can be controlled by external diffusion (a liquid film
surrounding the particle) or surface chemical reactions,
depending on particle size, acid strength, and microwave
energy intensity used [39]. The understanding of this proton
transfer mechanism is crucial to explaining the variation in
leaching behavior across process parameters such as
temperature, microwave power, and HCI concentration, which
will be discussed in the next section.

3.6. Effect of microwave power

The effect of microwave power (80 and 100 Watt) on
aluminum recovery by comparing two calculation models at
particle size of 0.0074 cm and 1 M HCI concentration was
shown in Fig. 5. In general, increasing microwave power
accelerates the leaching rate and increases the aluminum
recovery percentage. Increasing the power increases thermal
agitation in the liquid-solid system, thereby reducing diffusion
barriers and accelerating the leaching reaction. Modeling
results (Table 2) show that in the Shrinking Core (SC) model,
increasing the power from 80 W to 100 W causes a decrease in
the effective diffusivity (De) from 0.002708 to 0.001390 cm?/s,
but is accompanied by a significant increase in the reaction rate
constant (k) from 1.28 to 3.58 cm/s. This indicates that the
dominant effect of high power is an increase in the chemical
reaction rate at the solid-liquid interface. In contrast, in the
Broken and Intact Cell (BIC) model, De and K values increased
with increasing power (from De = 0.0508 to 0.08039 cm?/s;
from K = 0.0102 to 0.0106 g/cm?), indicating more efficient
diffusion due to increased microthermal agitation. On the other
hand, as microwave power increases, the mass transfer
coefficient decreases while the reaction rate increases.
Meanwhile, the decrease in the mass transfer coefficient is
accompanied by an increase in the mass transfer resistance.
This is reasonable, because in liquid-solid systems, mass
transfer resistance is an important factor that affects the
efficiency of solute movement from the liquid phase to the solid
phase [40]. Furthermore, this resistance is inversely
proportional to the mass transfer coefficient; as the mass
transfer coefficient decreases, the resistance increases, thus
inhibiting the ability of the solvent to penetrate and interact with
the solid particles effectively [40-42]. Overall, these results
confirm that increasing microwave power has a dual effect:
accelerating leaching kinetics by increasing reaction energy,
but also increasing diffusion resistance under certain conditions
[43—45]. The SC model showed the best fit to the experimental
data with a slightly lower RMSE value than the BIC model,
indicating that the leaching process at this power was driven
more by chemical reactions than by internal diffusion.
Furthermore, higher power increases thermal agitation and
accelerates the leaching reaction by reducing the diffusion

resistance in the particles [46]. However, at higher powers,
excessive thermal effects could potentially cause
inhomogeneity in the heat distribution and reduce mass transfer
efficiency [47].
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Fig. 5. Recovery of aluminum at varying microwave power (80 and 100 W):

comparison of two calculation models on 0.0074 cm particles with 1 M HCI

The effective diffusivity (De) values obtained from the
Shrinking Core model in this study are pseudo-parameters
representing the overall internal diffusion resistance, rather than
intrinsic molecular diffusivity. Although increasing microwave
power is generally reported to enhance diffusion in various
leaching systems, results obtained on calcined peat clays show
a different response. At higher microwave powers (80—-100 W),
rapid volumetric heating can potentially cause changes in the
microstructure of the solid, including pore restructuring and the
formation of denser reaction product layers, thereby increasing
the internal diffusion resistance within the Shrinking Core
model framework. Consequently, the De values extracted from
the model appear to decrease pseudo-parameterically, reflecting
the model's limitations in capturing microwave-induced
internal structural changes, rather than indicating an increase in
diffusion processes.

3.7. Effect of HCI concentration

The effect of HCI concentration (1, 2, and 4 M) on the
recovery rate of the leaching process for both models on 100
Watt of microwave power and 0.0074 cm particle size is shown
in Fig. 6. In general, increasing the HCI concentration increases
the leaching efficiency, as indicated by an increase in the
percentage of aluminum recovery as the number of H* ions
available to attack the mineral lattice increases. Higher acid
concentrations increase the concentration gradient between the
particle surface and the solution, thereby enhancing mass
transfer and accelerating the leaching reaction [48,49].

The kinetic parameter results in Table 2 show that with
increasing HCI concentration from 1 M to 4 M, the effective
diffusivity (De) in the Shrinking Core (SC) model increased
from 0.00137 to 0.009308 cm?/s, indicating an increased rate of
aluminum ion diffusion into the liquid phase. Meanwhile, the
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reaction rate constant (k) remained relatively stable in the range
of 3.6-6.85 cm/s, indicating that increasing concentration
predominantly affected mass transport rather than intrinsic
chemical reactions. In the Broken and Intact Cell (BIC) model,
increasing HCI concentration also increased the De value (from
0.0769 to 0.0991 cm?s) and the partition constant K (from
0.0109 to 0.0389 g/cm?), indicating increased ion mobility and
solubility of aluminum compounds in solution. The SC model
provided the best fit to the experimental data (lower RMSE
values), indicating that the leaching process in this
concentration range is more controlled by the chemical reaction
rate at the solid—liquid interface. This result is in line with the
findings of [50], where increasing HCl concentration
accelerates the dissolution of aluminum from clay by reducing
the diffusion resistance. However, at very high concentrations,
increasing solution viscosity can reduce the effectiveness of
mass transfer [51].
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Fig. 6. Recovery of aluminum at particle size of 0.0074 cm and power of 100
W: effect of HCI concentration (1, 2, and 4 M) with comparison of two

calculation models

3.8. Effect of temperature

The effect of temperature on aluminum leaching at a 4 M
HCI concentration, a particle size of 0.0074 cm, and a
microwave power of 100 W is shown in Fig. 7. In general,
increasing the temperature from 20°C to 40°C significantly
increases aluminum recovery. This phenomenon is caused by
the increased kinetic energy of molecules and ionic diffusivity
in the solution, which accelerates the mass transfer of H" ions
to the particle surface and accelerates the aluminum dissolution
process. Based on the calculations in Table 2, the effective
diffusivity (De) value in the Shrinking Core (SC) model
increases from 0.00494 cm?/s at 20°C to 0.01516 cm?/s at 40°C,
indicating increased ion mobility and decreased diffusion
resistance in the liquid film. However, the reaction rate constant
(k) decreases from 10.5 cm/s to 6.2 cm/s. This indicates that at
high temperatures, surface reactions begin to be limited by
external mass transport rates, rather than intrinsic chemical
reactions. In the Broken and Intact Cell (BIC) model, the De
values and partition constant K increased significantly (from De

=0.0899 to 0.0991 cm?/s; from K = 0.0212 to 0.0439 g/cm?),
indicating that high temperatures enhance the diffusion process
between the broken cell and the solution. The SC model showed
a better fit to the experimental data (lowest RMSE value),
indicating that the leaching rate is still dominated by the
reaction mechanism at the solid surface. These results are
consistent with the literature [52], which reports that increasing
temperature accelerates metal leaching kinetics by increasing
activation energy and H* ion diffusion. However, at
temperatures above 40 °C, excess thermal energy can cause a
decrease in the degree of HCI ionization and partial solvent
evaporation, thus reducing the overall leaching efficiency.
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Fig. 7. Effect of temperature (20, 30, and 40 °C) on aluminum recovery with a
comparison for the two calculation models at 4 M HCI concentration, 200

mesh particle size, and 100 Watt microwave power

The effective diffusivity (De) and reaction rate constant (k)
values obtained from the Shrinking Core modeling in this study
are pseudo-parameters resulting from numerical fitting, which
represent the overall rate behavior of the heterogeneous
leaching system. Given the scattering of the experimental data,
especially in the later stages of the reaction when mass transfer
barriers become dominant, the De and k values are not intended
as absolute constants. Therefore, these parameters are used
primarily to analyze trends relative to variations in microwave
power and temperature, where consistent patterns of change
provide relevant mechanistic information, although their
numerical values are sensitive to data variations and model
assumptions.

3.9. Effect of particle size

Fig. 8 shows the effect of particle size (0.0074 and 0.0149
cm) on aluminum recovery for both models. Increasing particle
size negatively correlates with leach recovery. Smaller particles
provide a larger specific surface area, shorten the diffusion
distance of H" ions into the pores, and increase the number of
damaged cells compared to intact cells. Consequently, diffusion
resistance is reduced and aluminum dissolution occurs more
rapidly. Conversely, with larger particles, most of the solute is
trapped within intact cells, resulting in slower leaching and
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limited to the particle surface.

The kinetic parameter results in Table 2 show that for the
Shrinking Core (SC) model, 0.0074 cm particles have a De
value of 0.01516 cm?¥s and a k value of 6.20 cm/s, significantly
higher than those for 0.0149 cm particles (De = 0.00358 cm?’s;
k = 1.20 cm/s). This increase in De indicates that for smaller
particles, the reaction rate is dominated by intraparticle
diffusion. In the Broken and Intact Cell (BIC) model, the De
value is also higher for small particles (0.09908 cm?/s) than for
large particles (0.04808 cm?s), indicating increased ion
mobility due to the increased proportion of broken cells and the
open diffusion pathways. A comparison of the two models
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shows that the SC model is more appropriate for large particle
sizes (0.0149 cm) because the system is more controlled by the
product layer and external diffusion, while the BIC model is
more representative for small particles (0.0074 cm) because it
can describe the simultaneous contributions of intact and
broken cells. This finding supports the work of Zhang et al.
[53], who reported that the smaller the particle size, the greater
the contact area between HCIl and the mineral surface, thus
accelerating the dissolution rate. However, if the particle size is
too fine, agglomeration can occur, reducing the effective
contact area and inhibiting the diffusion of the solution into the
particle pores.

Table 2 Values of coefficient parameters for SC and BIC models

SC Model BIC Model
Parameter D, (cm?/s) k(cm/s) k. (cm/s) RMSE D, (cm?/s) K (g/cm?) RMSE
Microwave
80 0.002708 1.28 2.756 0.1736 0.0508 0.0102 0.22850
power P (watt)
100 0.001390 3.58 0.990 0.3480 0.08039 0.0106 0.22830
HC1
concentration 1 0.001370 6.85 0.929 0.1727 0.0769 0.0109 0.19726
Cuar (M)
2 0.003369 3.80 2.030 0.0277 0.0804 0.0173 0.22229
4 0.009308 3.60 4.119 0.2937 0.0991 0.0389 0.26844
Temperature T
©0) 20 0.004940 10.5 2.490 0.0088 0.0899 0.0212 0.02477
30 0.009829 8.02 4.320 0.1492 0.0984 0.0333 0.05371
40 0.015160 6.20 6.289 0.1400 0.0991 0.0439 0.10005
Particle size dp
(em) 0.0074 0.015160 6.20 6.289 0.1400 0.09908 0.0439 0.10005
cm
0.0149 0.003580 1.20 0.909 0.0074 0.04808 0.0269 0.02961
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Fig. 8. Recovery of aluminum at particle sizes of 0.0074 and 0.0149 cm:
comparison of two calculation models at 4 M HCI, 40 °C, and 100 W

3.10. Process performance index

The Process Performance Index (PPI) indicator is used to

evaluate the overall effectiveness of the leaching process by
combining two main aspects of the process: the amount of
alumina successfully extracted and operational inputs in the
form of energy and HCl make-up requirements. The PPI is
calculated as the ratio between the process output value (R) and
the total operating cost (Ciot). Thus, the PPI serves as a synthetic
measure that assesses the balance between technical efficiency
and process input intensity, without being oriented towards
financial returns. The variable that most influences the high PPI
value is the alumina extraction efficiency (n).

Table 3 shows the evaluation of leaching process using
Process Performance Index (PPI). The greater the recovery, the
greater the output value (R), while the energy and HCI make-
up costs are relatively very small and almost constant between
conditions. Consequently, the condition with the highest
recovery automatically has the highest PPI value. This is seen
in the leaching condition using 4 M HCI at 40 °C, which
provides the highest recovery (68.3%) and produces the largest
PPI value across all scenarios. However, the PPI value is not
solely determined by extraction efficiency. In scenario No. 3 (2
M, 40 °C), the PPI value (542.6) is higher than scenario No. 5
(4 M, 20 °C) which has a higher recovery (51.4% vs. 46.1%).
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This indicates that a lower HCI concentration can improve
process effectiveness, as the need for make-up HCI is smaller,
resulting in a decrease in total operational costs (Cyo). Thus, the
PPI value can increase even if recovery does not reach the
maximum value, as long as the process input especially HCI
consumption is more efficient. This finding indicates that PPI
optimization requires a balance between high recovery and
minimizing reagent consumption, rather than simply
maximizing one or the other. This finding is in line with
previous literature [54,55]. Those showed that increasing acid
concentration and temperature directly increased the rate and
efficiency of alumina leaching. Meanwhile, the use of
microwaves in the leaching process has been shown to
accelerate mineral disintegration and enhance ion diffusion,
thereby increasing extraction without significantly increasing
energy consumption [56,57]. In this study, the very low
electrical energy but high recovery contributed significantly to
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the superior PPI value.

Compared with conventional methods, microwave-assisted
leaching has proven to be more efficient due to its ability to
provide volumetric heating and accelerate the reaction.
Compared with the Bayer process, this method is also more
suitable for non-bauxite materials such as peat or clay, which
are generally not economically processable with the Bayer
process due to their high silica content. Several studies,
including those by Kim et al. [57], confirm that microwave
pretreatment can increase aluminum solubility in difficult-to-
process materials. Overall, based on PPI values, leaching
conditions of 4 M and 40 °C are the most optimal configuration
in the HCI regeneration system and low energy consumption.
This confirms that alumina recovery is the dominant factor in
determining process effectiveness, and the microwave method
offers significant technical advantages over conventional
leaching and the Bayer process for non-bauxite materials.

Table 3 Evaluation of leaching process performance based on extraction efficiency and process performance index

Power HCl Temperature Particle Al recovery Revenue Energy HCI Cost Total Cost PRI

(Watt) (°C) size (cm) (%) (%) Cost ($) (%) $)
80 1M 40 0.0074 33.4 0.747 0.00133 0.00012 0.00145 515.2
100 1M 40 0.0074 353 0.79 0.00167 0.00012 0.00179 441.3
100 2M 40 0.0074 46.1 1.031 0.00167 0.00023 0.0019 542.6
100 4M 40 0.0074 68.3 1.528 0.00167 0.00047 0.00214 714.0
100 4M 20 0.0074 51.4 1.15 0.00167 0.00047 0.00214 537.4
100 4M 30 0.0074 62.6 1.401 0.00167 0.00047 0.00214 654.7
100 4M 40 0.0149 56.8 1.271 0.00167 0.00047 0.00214 593.9

4. Conclusions

Aluminum in peat clay was leached using HCI as a solvent
to determine the influence of HCI concentration, microwave
power, temperature, pressure, and particle size on the aluminum
recovery. Aluminum recovery increase with increasing in
particle size, and also increase with increasing HCI
concentration, microwave power, and temperature.
Furthermore, the experimental data well fitted the models of SC
and BIC at microwave-assisted leaching process. From the
comparison between experimental data and models, the SC
model can illustrate experimental data well for all extraction
conditions except at higher temperature and particle size, while
the BIC model can only describe well for lower temperature and
particle size compare with SC model. The kinetic parameters
obtained for the SC model are De = 0.0049 cm?/s, k=10.5 cm/s,
and kc =2.49 cm/s, while for the BIC model are De = 0.04808
cm?s and K = 0.02689 g/cm®. These values indicate that the
diffusion of H* ions and the protonation reaction on the Al-O—
Si surface are the main controlling steps in microwave-assisted
aluminum leaching. Furthermore, evaluation using the Process
Performance Index (PIK) shows that leaching effectiveness is
not only determined by high aluminum recovery, but also by
the efficiency of reagent and energy consumption. Leaching
conditions of 4 M HCl at 40 °C provide the highest PKI because

they produce the largest aluminum recovery, but conditions
with lower HCI concentrations can also provide competitive
PKI values when the need for HCI make-up is minimal. This
confirms that optimization of the leaching process requires a
balance between high aluminum recovery and efficient reagent
use, resulting in more effective and sustainable process
performance. Thus, this study confirms that the integration of
microwave energy with an HCI acid system can improve the
kinetics of aluminum leaching from non-bauxite materials such
as peat loam, while expanding the application of the SC and
BIC models to aluminosilicate-rich materials.

Nomenclature

A particle surface area (cm?)

A; intact cell surface area (cm?)

B ratio of solvents and solids (cm?/g)

cal concentration of solute in the solvent (g/cm?)
Cu solvent concentration (g/L)

Cuw ~ aluminum leaching concentration (g/L)

D, effective diffusivity (cm?/s)

E mean relative deviation modulus (-)

f volumetric fraction of surface area (-)

k reaction rate constants (cm/s)

ke liquid phase mass transfer coefficient (cm/s)
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ky solid phase mass transfer coefficient (cm/s)
K partition constant (g/cm?)

K; first partition constant (g/cm®)

K> second partition constant (g/cm?)

m solid mass (g)

M mass transfer rate (g/s)

N number of experimental points (-)

5 average value of ¢ (g/L)

qi concentration of solid phase in intact cells (g/L)
qu initial solid phase concentration (g/L)
r radial coordinates

r’ correlation coefficient (-)

re the critical radius of the core (cm)

R particle radius (cm)

R; cell intact radius (cm)

RMSE  root mean square error

t time (s)

Greek letters

T circle ratio (3,14159)

€ empty fraction (-)

Pp solid density (g/cm?)
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