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Abstract
Water treatment sludge (WTS) is abundantly produced in the world; the waste contributes to the environmental problems.
Therefore, for WTS utilization, aluminum leaching was employed using hydrochloric acid in this study. Al leaching efficiency
increased from 72% to 80% as hydrochloric acid concentration increased from 1 to 4 M. Decreasing the particle size and
increasing the temperature increased Al leaching efficiency. The proposed kinetic model revealed that the rate-controlling step
followed a series of two leaching mechanisms: initially controlled by product-layer diffusion and then by a chemically controlled
reaction. For instance, at 70 °C, the initial stage is well fitted by product-layer diffusion (R2 = 0.87) compared to R2 = 0.60 for
chemical reaction; while for the second stage, R2 = 0.95 was observed via chemical reaction compared to R2 = 0.74 for product-
layer diffusion. The activation energies in these two stages were 9.58 kJ/mol and 10.73 kJ/mol, respectively. The proposed model
was well validated by using data from literature and thus will be useful for other applications of leaching and extraction processes.

Keywords Waste . Environmental problem .Mechanism .Model . Chemical surface . Diffusion . Removal

Introduction

Water treatment plants (WTP) involve a coagulation process
by using aluminum salts, e.g., polyaluminum chloride or alu-
minum sulfate, that cause hydrolyzation in raw water to form
aluminum hydroxide precipitates. This process results in the
production of voluminous sludge known as WTS. Globally,
the total production of WTS can reach 10,000 tons/day
(Okuda et al. 2014). Being a non-toxic material, most of
WTS is disposed for land application and landfilling
(Babatunde and Zhao 2007; Nair and Ahammed 2015). On
the other hand, recycling WTS should be avoided because of

organic solubilization (Meng et al. 2018). In recent years,
many studies have been focused on Al recovery from WTS
by leaching processes for possible reuse (Haynes and Zhou
2015). Various methods such as acidification, basification, ion
exchange, and membranes have been employed for the recov-
ery (Ahmad et al. 2016b; Nair and Ahammed 2014; Ooi et al.
2018). Ahmad et al. (2016a) indicated that Al recovery might
not be simple, even though laboratory and plant scale tests
have showed that it is feasible and economical. Intensive re-
search in acid leaching has been under development due to the
efficient and low-cost process compared to other methods
(Jiménez et al. 2007). Thus, further exploration of means to
recover Al from WTS is deemed important.

Acids have been examined for Al leaching fromWTS. The
commonly used sulfuric acid (H2SO4) is one of the effective
solvents to extract aluminum. Jiménez et al. (Xu et al. 2009)
reported that sulfuric acid could extract 70% of Al within
30 min at pH = 2. The leaching efficiency of Al reached
83.6% using 1 M H2SO4 within 30 min (Cui et al. 2015).
Okuda et al. (Okuda et al. 2014) reported that more than
80% of Al was extracted within 2 h using H2SO4 at pH = 1
under ambient temperature. However, due to its toxicity, sul-
furic acid can bring some negative effects on environment and
could lead to self-inhibition effect due to the new interaction
during leaching process (Seidel and Zimmels 1998). The use
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of hydrochloric acid as a solvent in leaching is gaining
grounds in research due to its lower acute toxicity compared
to sulfuric acid (Hagen and Järnberg 2009). The leaching pro-
cess using HCl continues to improve to attain high efficiency.
It was reported that the sulfuric acid and hydrochloric acid
lead to corrosion effect in vessel; however, corrosion rate for
both acid can be significantly reduced by using hard chrome
plating (Ajeel et al. 2012). The leaching rate of Al from sec-
ondary aluminum dross at 75 °C for 600 min was about 7–
18% (Yang et al. 2019a). On the other hand, the extraction
efficiency of 94% was obtained from raw kaolin using HCl at
70 °C for 6 h; however, sodium chloride was also formed
(Bhattacharyya and Behera 2017). The leaching efficiency
using HCl varied depending on the raw materials and process
condition such as temperature and time.

Kinetic models are important tools to describe the mecha-
nism of the leaching process. Some studies have used the
shrinking core model to define the dissolution kinetics of alu-
minum from fly ash and kaolin (Cheng et al. 2012; Tang et al.
2010). A kinetic process of aluminum leaching is described
via diffusion or chemical reaction. However, the exact rate-
limiting step for the kinetics is still undetermined for a general
aluminum leaching process. Hence, the kinetics should be
studied in detail to explore the role of the rate-limiting step
in the system.

Many studies have been devoted to assess the optimal con-
ditions for acid leaching of Al from the WTS. However, most
of them were focused on the use of H2SO4 (Cheng et al. 2016;
Cheng et al. 2012; Keeley et al. 2016). Some leaching pro-
cesses have been also carried out from raw materials using
HCl; thus, the Al leaching process from WTS using HCl
would be investigated thoroughly in this study. On the other
hand, the information on the mechanism of leaching process
seems insufficient. In the present study, the effects of some
main parameters, such as acid concentration, particle size, and
temperature on Al leaching have been investigated using HCl.
The kinetics of Al leaching from WTS has been further stud-
ied using the shrinking core (SC) model. A modified kinetic
model has also been developed in this study.

Material and methods

Materials and characterization

WTS was collected from the water treatment plant in
Banjarmasin, South Kalimantan, Indonesia. It was washed
and dried under direct sunlight for 48 h. The material was
further crushed, screened, and separated into the size fractions
of 70–120 mesh (0.210–0.125 mm), 120–200 mesh (0.125–
0.074 mm), and 200–325 mesh (0.074–0.044 mm). Samples
were then stored in plastic bottles for experiments without any
further treatment.

WTS was characterized by X-ray diffractometer (XRD,
Philips X-pert powder model, Netherlands) using powder dif-
fraction database file-2 (PDF-2). The results showed the major
mineral phases of kaolinite (Al2Si2O5(OH)4), quartz (SiO2),
hematite (Fe2O3), and corundum (Al2O3) (Fig. 1). The surface
functional groups of each constituent solids were character-
ized using Fourier Transformation Infrared Spectroscopy
(FTIR, Shimadzu, Japan), and the results of which are shown
in Table 1. Flake structure of WTS was found when being
analyzed by scanning electron microscopy equipped with X-
ray microanalysis (SEM-EDX, SEMEVOMA10, Germany).
The results showed the presence of dominant elements, name-
ly Al, Si, and Fe (color difference) with the composition of
32.78%, 49.15%, and 18.07%, respectively, as shown in
Fig. 2. A similar observation of WTS sample was also shown
in other literatures containing Fe2O3, SiO2, and Al2O3

(Ahmad et al. 2016b; Cheng et al. 2012).
Aluminum content in the samples was determined by using

the inductively coupled plasmacluster optical emission spec-
trometer (ICP-OES, 9060-D Teledyne Leeman Labs, USA).
Each analysis was triplicated and the average value was re-
ported. The Al leaching ratio (x) can be calculated as:

x ¼ X=X 0 ð1Þ
where X0 denotes total Al content and X refers to the amount
of Al leached (Yang et al. 2019b).

Leaching process

The leaching process was conducted in a 500-mL Pyrex reac-
tor with a thermostat water bath (Fig. 3). Mixing was achieved
by using a magnetic stirrer at 300 rpm. Al leaching fromWTS
was carried out by placing 5 g of WTS into 250 ml of HCl
(37%, Sigma-Aldrich) solution at various concentrations (1, 2,
4, and 6 M). WTS samples with different particle sizes (70–
120, 120–200, and 200–325 mesh) were used in experiments

Fig. 1 XRD pattern of WTS
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conducted at different reaction temperatures (30, 50, 70, and
90 °C). Total reaction time was controlled at 60 min. At se-
lected time interval, samples were collected and then filtered
by a syringe for the analysis of Al content.

Shrinking core (SC) model

The shrinking core (SC) model describes the kinetic char-
acteristics of non-catalytic, heterogeneous, solid-liquid re-
actions consisting of three processes: film diffusion,
product-layer diffusion, and surface chemical reaction
(Keeley et al. 2016). In this study, only product-layer dif-
fusion and surface chemical reaction were considered due
to the fast process of film diffusion. The kinetic equation

for a leaching process controlled by a surface chemical
reaction is presented as follows:

t
τc

¼ 1 1−xð Þ1=3 ð2Þ

If the leaching process is controlled by the diffusion
through product-layer, the kinetic equation is described as
follows:

t
τ i

¼ 1−3 1−xð Þ2=3 þ 2 1−xð Þ ð3Þ

where τc is the complete leaching time for process controlled
by surface chemical reaction, τc = ρBR/bMwkcCA, τi is the
complete leaching time for a process controlled by product-

EL AN Series unn. C
[wt.%]

norm. C
wt.%]

Al 13 K-series 8.49 32.78
Si 14 K-series 12.73 49.15
Fe 26 K-series 4.68 18.07

Total: 25.91 100.00
2 4 6 8
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Fig. 2 SEM pictures of WTS

Table 1 Surface functional
groups of FTIR of WTS Infrared band (cm−1) Transmittance (%) Functional group

3695.36 29.586 Al–O–H str (kaolinite, illite)

3620.14 26.456 Al–O–H (kaolinite, illite, calcite)

3448.49 24.903 H–O–H str (kaolinite, illite)

1634.56 37.454 H–O–H str (illite, calcite)

1104.17 16.372 Si–O str (kaolinite, quartz)

1031.85 8.981 Si–O–Si, Si–O str. (kaolinite, illite)

1007.74 10.150 Si–O str (kaolinite, quartz)

913.23 23.281 Al–O–H str (kaolinite, illite, hematite)

779.19 32.612 Si–O–Al str (kaolinite, illite)

694.33 29.459 Si–O str, Si–O–Al str (quartz, kaolinite)

536.17 15.456 Si–O str, Si–O–Al str (kaolinite)

468.67 13.958 Si–O str, Si–O–Fe str. (quartz, kaolinite)

426.24 21.678 Si–O str (quartz)
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layer diffusion, τi = ρBR
2/6bMwDeCA, x is the fraction of Al

leached out, t is the reaction time, ρB is the solid density, R is
the radius of initial particle, b is the stoichiometric coefficient,
Mw is the molecular weight (g/mol), kc is the factor of mass
transfer, CA is the hydrochloric acid concentration, and De is
the coefficient of product-layer diffusion.

Results and discussion

Effect of acid concentration

Figure 4 shows the amount of extracted aluminumwith time at
the temperature of 90 °C, particle size of 200–325 mesh and
various concentrations. Aluminum (Al) is the major element
of the WTS in the form of Al(OH)3 and the solubility is af-
fected by pH. The main reaction in the leaching process is
shown as follows:

Al OHð Þ3 sð Þ þ 3HCI aqð Þ→AlCl3 aqð Þ þ 3H2O:

As shown in Fig. 4, the efficiency of Al leaching increased
from 72% to 80% as HCl concentration changed from 1 to

4 M. Although at 6 M of HCl, it slightly decreased to 78%
indicating the key role the pH plays in Al leaching fromWTS.
This acidification process (with low pH) is more convenient
and efficient compared to the basification process (Baba et al.
2009). As reported by Cheng et al. (Cheng et al. 2012), metal
such as Al is easily dissolved at pH < 2.5. On the other hand,
the solubility of aluminum chloride (AlCl3) decreases with
increasing HCl concentration at concentration higher than
5 M (Seidel and Zimmels 1998); this notion is similarly in
accordance with our finding here (> 4 M). It was plausible
due to the formation of other metal-chloride (Raza et al.
2015). When AlCl3 is saturated in the reaction system, disso-
lution and precipitation of Al(OH)3 might reach a dynamic
equilibrium. The HCl concentration of 4 M was therefore
chosen for subsequent experiments.

Effect of particle size and temperature

Figure 5 shows the amount of extracted aluminumwith time at
the concentration of 4 M, at the temperature of 90 °C and with
various particle sizes. The efficiency of Al leaching increased
as particle size decreased. It indicated that smaller particle
sizes lead to faster leaching process. It could be reasonably

Fig. 3 Leaching process and
equipment

Fig. 5 Effect of particle size on Al leaching from WTSFig. 4 Effect of acid concentration on Al leaching from WTS
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related to the acceleration of the mass transfer process
(Brantley et al. 2008) thus minimizing the effect of internal
diffusion. Also, smaller particle size increased the surface ar-
ea; thus, it consequently resulted in larger contact between
particle and solvent (Adekola et al. 2017). Figure 6 shows
the amount of extracted aluminum with time at acid concen-
tration of 4 M, particle size of 200–325 mesh, and various
temperatures. The Al leaching efficiency increased with tem-
perature and an optimum process was obtained at 4 M and
90 °C for 60 min with the efficiency of 82%. Increasing the
temperature from 70 to 90 °C significantly increased the Al
leaching efficiency (from 67% to 82%) compared with the
increasing temperature from 50 to 70 °C (62% to 67%) and
from 30 to 50 °C (58% to 62%). This revealed that the tem-
perature range 70–90 °C is crucial for the leaching process;
this situation will plausibly continue at a higher temperature.
Significantly higher leaching efficiency (> 70%) was ob-
served by increasing temperature at above 70 °C (Raza et al.
2015; Shalchian et al. 2018). On the other hand, a leaching
efficiency of about 99% was obtained at 70 °C using succinic
acid, an expensive solvent (Raza et al. 2015). The different
results could be attributed to differences in used solvents and
extracted components.

Statistical analysis

The resulted data were also affirmed by conducting statistical
test using ANOVA analysis. Significant effect of HCl concen-
tration on the Al leaching ratio (p = 0.0007) was obtained.
Significant effect were also obtained in each range of concen-
tration between 1 and 2 M (p = 0.0474), 2 and 4 M (p =
0.0343); while insignificant effect was observed in the con-
centration range of 4 M and 6 M (p = 0.2924) due to the drop
of Al leaching ratio at higher concentration.

For size particle effect, significant effect was also achieved
at total range (p = 1.57 × 10−7) as well as in each range be-
tween + 70/− 120 and + 120/− 200 (p = 0.0027) and + 120/−
200 and + 200/− 325 (p = 6.84 × 10−5). The statistical results
also revealed the significant effect of temperature on Al
leaching ratio at total temperature range (p = 1.29 × 10−8)
and the range of 30 °C and 50 °C (p = 0.0124), 50 °C and
70 °C (p = 0.0284), and 70 °C and 90 °C (p = 0.0005).

Kinetic study and mechanism

Kinetic study is important to elucidate the various processes
in the system. The shrinking core model used in the study
includes the product-layer diffusion and chemical reaction.
The kinetic model using shrinking model has been applied to
fit the experimental data. The correlation coefficient values
(R2) for product-layer diffusion and chemical reaction were
0.75–0.84 and 0.57–0.67, respectively, for all experimental
data of concentration, particle size, and temperature.
Although the fitting results of the kinetic model and experi-
mental were unsatisfactory, the product-layer diffusion as a
rate-limiting step was found more appropriate for the system.
It was reported that for the process controlled by surface
chemical reaction, a plot of 1 − (1 − x)1/3 should be a straight
line with slope of 1/τc and for the process controlled by the
product-layer diffusion, a plot of 1 − 3(1 − x)2/3 + 2(1 − x)
should be a straight line with slope of 1/τi (Tian et al.
2018; Yang et al. 2019b, 2020). However, the low values
of R2 obtained here were, probably, because both the expo-
nential rate and linear rate were observed in the leaching
process thereby it could not be tackled by the shrinking
model. On other hand, the chemical reaction controlled the
kinetic process (Brantley et al. 2008); contrarily, the kinetic
model of product-layer diffusion was proven to fit the exper-
imental data (Cheng et al. 2012). Those different results of
the rate of limiting step were due to the used solvent, the
extracted component, the raw materials, and the temperature
affecting the kinetic process (Brantley et al. 2008). In fact,
the kinetic model in those literatures was only evaluated
during the exponential rate of leaching, while the subsequent
leaching rate cannot be ignored as the increase in the
leaching efficiency was observed at about 14–20% (Cui
et al. 2015). On the other hand, researchers revealed that
the experimental data did not conform to both kinetic models
of chemical reaction or product-layer diffusion (Yang et al.
2019b); they concluded that the mathematical approach
failed to explain the dynamic situation due to finer particle
size, grain shape, and reactant activity (Shalchian et al.
2018). In fact, they had both stages of exponential and linear
leaching process. Hence, their difficulty of interpretation can
be clearly described in this study later. In the next discussion,
we will clearly explore the effect of product-layer diffusion
and chemical reaction as rate-limiting step on both proposedFig. 6 Effect of temperatures on Al leaching from WTS

Environ Sci Pollut Res

Author's personal copy



regions of leaching rate as shown in Fig. 7. The exponential
rate (t < 20 min) is used in the first stage and the linear rate
(t > 20 min) in the second stage. The mechanisms of leaching
process were further assessed separately for each stage and
the integration limits of the corresponding differential mass
balance equation consequently changed. For the first-stage
process, Eqs. (2) and (3) were applied for surface chemical
reaction and product-layer diffusion, respectively. For the
second stage, the equation based on surface chemical reac-
tion as rate of limiting step led to:

t−t1
τ c

¼ 1−
1−x
1−x1

� �1=3

ð4Þ

τ c ¼ ρBR 1−x1ð Þ1=3=bMwkcCA ð5Þ

where t is the total reaction time, t1 is the first-stage reaction
time, x is the total Al leached out, and x1 is the Al leached out
in the first stage. Both t1 and x1 values were obtained from
experimental data as the initial conditions. The kinetic equa-
tion for the rate-limiting step based on product-layer diffusion
can be further expressed as follows:

t−t1
τ i

¼ 1−3
1−x
1−x1

� �2=3

þ 2
1−xð Þ
1−x1ð Þ ð6Þ

τ i ¼ ρBR
2 1−x1ð Þ2=3=6bMwDeCA: ð7Þ

Table 2 shows the constants of leaching rate in the first and
second stages of various HCl concentrations. It was clear that
in the first stage, the leaching process of Al was controlled by
the product-layer diffusion since the correlation coefficient
value (R2) for the rate constant of product-layer diffusion
(Ki) was higher than that of surface chemical reaction (Kc).
For the second-stage process, it was found that the R2 value of
Kc was slightly higher than that of Ki especially at a higher
acid concentration (> 1 M). This finding implies that Al
leaching could be appropriately controlled by chemical reac-
tion. A similar finding was observed at various particle sizes
for both first and second stages as presented in Table 3; fur-
thermore, the R2 value of Ki for second stage was very low,
hence, the diffusion could not be justified to control the pro-
cess. This revealed that the diffusion process was dominant at
the beginning of process for a short time. Hence, at the second
stage, after the particle experienced the shrinkage by time, the
diffusion rate would be very fast, and the chemical reaction
subsequently became the rate-limiting step. Furthermore, the
leaching rate process depends more on the particle size com-
pared to acid concentration as the increase in rate constants
became twofold when the particle size was reduced from 120
to 200 to 200–325 mesh.

The division of two stages was also clearly observed at the
temperature effect with significantly different values of R2 for
both product-layer diffusion and chemical reaction as shown
in Table 4. It was reported that at a lower temperature, the

Fig. 7 Division of stages in Al leaching process

Table 2 Parameters of the kinetic
model for Al leaching at different
acid concentrations

Acid concentration (M) First-stage of leaching process Second-stage of leaching process

Rate constants
(min−1)

Correlation
coefficient (R2)

Rate constants
(min−1)

Correlation
coefficient (R2)

Ki Kc R2i R2c Ki Kc R2i R2c

6 0.0212 0.0293 0.72 0.39 0.0006 0.0025 0.93 0.98

4 0.0190 0.0274 0.85 0.56 0.0006 0.0025 0.95 0.96

2 0.0153 0.0242 0.93 0.67 0.0007 0.0027 0.93 0.99

1 0.0113 0.0204 0.94 0.74 0.0008 0.003 0.96 0.92
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chemical reaction control was more appropriate; conversely at
higher temperature, the leaching process was controlled by
product-layer diffusion (Cui et al. 2015). In this study, the R2

values were similar for both, the chemical reaction and layer
diffusion, at 30 °C in the first stage; the kinetic model of
product-layer diffusion fitted well at a higher temperature. In
the second stage, the chemical reaction was dominantly ob-
served to be the rate-limiting step. It indicated that temperature
contributed significantly to the leaching process; in as much as
the constant rate can be related to the exponential function of

temperature by Arrhenius equation: K ¼ A e − Ea
R Tð Þ. A is the

pre-exponential factor; Ea is the activation energy
(kJ mol−1); R is the gas constant, 8.314 × 10−3 kJ mol−1 K−1,
and T is the temperature (K).

The activation energies obtained in this work for the first
stage and second stage were 9.58 kJ/mol and 10.73 kJ/mol,
respectively. Compared with other results (Table 5), the value
of activation energy obtained in the current study was lower
than that in those literatures (Cheng et al. 2012; Cui et al.
2015; Tang et al. 2010). It implies that the leaching process
of aluminum fromWTS using HCl was easier. It was reported
(Tang et al. 2010) that dissolution kinetics controlled by sur-
face chemical reaction resulted in a higher activation energy
(> 42 kJ/mol), whereas a lower activation energy (< 20 kJ/
mol) suggested that product-layer diffusion is the rate-
controlling step (Cui et al. 2015). The value of activation
energy for first stage in this work was in agreement to those
reported; however, the activation energy value in second stage

was out of range for chemical reaction as the rate-limiting
step. It is possible since they only evaluated the leaching pro-
cess in the first stage, while a further way of the second stage
was also observed in this work as the continual process.
Hence, due to shrinkage phenomenon that diminishes the dif-
fusion barrier, the chemically controlled process in the second
stage would be more plausible to take place thus implying the
low activation energy.

To prove the involvement of a series-kinetic control pro-
cess of chemical reaction and product-layer diffusion, a com-
bined kinetic model was proposed. The combined kinetic
model is described as follows:

Kpt ¼ α 1− 1−xð Þ1=3
h i

þ 1−αð Þ 1−3 1−xð Þ2=3 þ 2 1−xð Þ
h i

ð8Þ

Kpm t−t1ð Þ ¼ α 1−3
1−x
1−x1

� �2=3

þ 2
1−xð Þ
1−x1ð Þ

" #

þ 1−αð Þ 1−
1−x
1−x1

� �1=3
" #

ð9Þ

α ¼ Ki

Kc
: ð10Þ

Kp is the rate constant of the combined kinetic model.
Equations 8 and 9 were applied for the first- and second-
stage process, respectively. α is the ratio of Ki (coefficient
for diffusion rate) toKc (coefficient for chemical reaction rate).

Table 3 Parameters of the kinetic
model for Al leaching at different
particle sizes

Particle size (mesh) First-stage of leaching process Second-stage of leaching process

Rate constants
(min−1)

Correlation
coefficient (R2)

Rate constants
(min−1)

Correlation
coefficient (R2)

Ki Kc R2
i R2

c Ki Kc R2i R2c

+ 200/− 325 0.0179 0.0265 0.89 0.57 0.0010 0.0033 0.80 0.98

+ 120/− 200 0.0164 0.0164 0.97 0.91 0.0003 0.0018 0.95 0.97

+ 70/− 120 0.0048 0.0125 0.93 0.96 0.0003 0.0018 0.93 0.97

Table 4 Parameters of the kinetic
model for Al leaching at various
temperatures

Temperature (°C) First-stage of leaching process Second-stage of leaching process

Rate constants
(min−1)

Correlation
coefficient (R2)

Rate constants
(min−1)

Correlation
coefficient (R2)

Ki Kc R2
i R2c Ki Kc R2i R2

c

90 0.0179 0.0265 0.89 0.57 0.0010 0.0033 0.81 0.98

70 0.0128 0.0220 0.87 0.60 0.0002 0.0015 0.74 0.95

50 0.0100 0.0190 0.95 0.79 0.0002 0.0015 0.73 0.94

30 0.0068 0.0150 0.93 0.95 0.0002 0.0120 0.71 0.92
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The higher value of α implies chemical reaction rate is con-
trolling. The value of α is in the range of 0–1.

Figures 8a and b show the plot of the combined kinetic
model for first and second stages at the temperature of
70 °C, respectively. The figures for other temperatures (not
presented here) show similar trends as shown in Fig. 8. In Fig.
8a, the lower value ofα led to higher value of R2; it means that
the product-layer diffusion controlled the process rate. This
finding thus confirms the previous conclusion that in the first
stage, the leaching process was predominantly controlled by
product-layer diffusion. In the second stage, the kinetic model
with the high value of α fitted well the data as indicated by
high value of R2. Hence, the leaching mechanism was mainly
affected by a chemical reaction process. The proposed model
was validated by using data from literature (Yang et al.

2019b), where the aluminum removal from diamond wire
saw powder using hydrochloric acid 2 M at 60 °C was carried
out. As shown in Fig. 9, good correlation fittings in the first
stage (R2 = 0.92) and the second stage (R2 = 0.98) that de-
scribes the product-layer controlled diffusion and the chemical
reaction controlled, respectively, were obtained. This finding
obviously disproves the previous conclusion (Yang et al.
2019b) regarding the failed mathematical approach at higher
temperature (R2 = 0.43–0.70) due to finer particle. This again
confirms the previous finding using the separated model.
Thus, the new combined kinetic model based on the general
shrinkage coremodel could bewell proposed for the system of
leaching or extraction process. Moreover, the proposed model
can be applied in other applications such as dehydration reac-
tion, hydration kinetic, hydrolysis process, and pyrolysis

Table 5 Activation energy comparison of leaching process from literature

Time
min

Temperature
°C

Model Rate-controlling
step

Activation energy
(kJ/mol)

Raw material Solvent Ref.

0–160 60–100 One stage Surface chemical
reaction

43 Kaolin residue Hydrochloric
acid

Tang et al. (2010)

Diffusion process 24

0–60 10–70 One stage Inert-layer diffusion 32.32 Water purification
sludge

Sulfuric acid Cheng et al. (2012)

0–120 40–80
90–106

One-stage Surface reaction 57.65 Coal mining waste Hydrochloric
acid

Cui et al. (2015)
Product-layer diffusion 12.33

0–15 30–90 First stage Product-layer diffusion 9.58 Waste treatment
sludge

Hydrochloric
acid

Present study
15–60 Second

stage
Surface chemical

reaction
10.73

Fig. 8 Profile of the combined
kinetic model against
experimental data at 70 °C for a
first-stage leaching and b second-
stage leaching
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process to predict the experimental data as the rate of shrink-
age was shown by exponential and linear curves (Farsi et al.
2019; Huang et al. 2018; Lan et al. 2015; Zhang et al. 2019).

For future step, the Al produced through leaching process
could be precipitated using a base to form AlPO4; this could
be applied in phosphate industry or fertilizer in agriculture
(Muisa et al. 2020; Pradel et al. 2020). On other hand, the
Alum sludge can be used as absorbent for heavy metals
(Dassanayake et al. 2015). After extraction process using
HCl, the non-toxic organic materials remain in the sludge
(Smith et al. 2009). This residual sludge essentially provides
geopolymeric feedstock (Gomes et al. 2019). Furthermore, the
residue becomes secondary raw material for the ceramic and
glass industries (Zichella et al. 2020).

Conclusions

The kinetics of Al leaching fromWTS was investigated using
HCl. Leaching experiments were performed with four differ-
ent acid concentrations, three different particle sizes, and four
different temperatures. Al leaching efficiency increased as
HCl concentration changed from 1 to 4 M. However, the lim-
ited solubility of AlCl3 at higher concentration (6M) hindered
the leaching reaction. In addition, both smaller particle size
and higher temperature resulted in higher leaching efficiency.
The proposed kinetic model revealed the importance of the
dividing the leaching process into two stages. The first stage
was more suitable for the kinetic of product-layer diffusion,
while the second stage was controlled by the chemical

reaction. The proposed model that has been well validated
with the literature data showed the prominence to be devel-
oped for wide application process using shrinking model.
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