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Zinc (Zn) is one of the important heavy metals that play a role in
soil pollution. Clay minerals are low-cost adsorbents that can adsorb
heavy metals. Therefore, this study aimed to investigate the ability
of Iranian kaolinite and sepiolite to remove Zn at different pH and
particle sizes. The absorption kinetics of zinc from aqueous
solutions by sepiolite and kaolinite were investigated in particle
sizes: <25 and 25-53 pm, contact time: 5- 2880 min, pH values: 5, 7,
and 9 at 25 °C. The adsorption behavior of zinc by sepiolite and
kaolinite minerals was evaluated with pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion kinetic models.
Based on the results obtained from fitting the kinetic models with
experimental data, the pseudo-second-order model (R*=0.99) was
selected as the best model. The results showed that Zn adsorption
increased with increasing contact time by both minerals. Adsorption
efficiency increased with increasing pH. The highest removal
percentage was observed at pH=9. Moreover, reducing the particle
size to <25 um increased the adsorption capacity of zinc. Generally,
the zinc absorption capacity in both sizes investigated for sepiolite
was higher than kaolinite.
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EXTENDED ABSTRACT
Introduction
Water pollution has become a global

phenomenon, causing harmful effects on the
economy, environment, and human health. The
industrial revolution and industrial activities have
intensified environmental pollution. Heavy metal
pollution in water is one of the most significant
environmental concerns that affect plants,
animals, and humans. Several methods have been
proposed for removing heavy metal ions from
aqueous solutions, including chemical
precipitation, ion exchange, solvent extraction,
electrochemical treatment, and membrane
technologies. Among these methods, surface
adsorption is considered one of the most
promising removal techniques due to its high
potential, flexibility, simple design, ease of
operation, and absence of harmful substances. By
adsorbing organic and inorganic pollutants and
transforming pollutants into less toxic forms, and
reducing their mobility, clay minerals play a key
and important role in preventing their adsorption
by plants, ultimately reducing the risk of them
entering the food chain. Despite the relatively
extensive studies on the capability of clay
minerals to remove heavy metals, especially Zinc
(Zn), from soil and aqueous solutions in
concentrations above the standard limits, few
studies have focused on the capability of Iranian-
origin clay minerals, such as kaolinite and
sepiolite, in removing pollutants, especially lead.
Therefore, this study aims to investigate the
effect of solution pH and particle size of
kaolinite and sepiolite minerals on the kinetic
parameters and removal efficiency of Zn from
aqueous solutions.

Material and Methods

Kaolinite and sepiolite minerals used in this
study were obtained from mines in Fariman City,
Khorasan Razavi Province, and Lalejin City,
Hamadan Province, respectively, in Iran. After
transferring to the laboratory, the minerals were
first ground using 270 and 500 mesh sieves to
obtain particle sizes of 53-25 um and finer than
25 pm.

For the kinetic adsorption experiment, a mixture
of 0.1 g of kaolinite or sepiolite mineral samples
and 20 ml of solution containing 100 mg/l of Zn
was prepared. Then kinetics adsorption of Zn by
these minerals at pH 5, 7, and 9 were
investigated. The prepared mixtures were
agitated at 175 rpm for 10, 20, 40, 60, 120, 180,
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360, 720, 1440, and 2880 min at the laboratory
temperature (25 °C). The  remaining
concentration of Zn in the samples was measured
and the amount of Zn adsorbed by kaolinite and
sepiolite minerals (Qe) was determined. A
solution with 100 mg/l of Zn was prepared using
Zn(NO3),.

Different equations have been proposed to
investigate the kinetic behavior of element
adsorption. Pseudo-first-order, pseudo-second-
order, Elovich, and intraparticle diffusion
equations were used in this study. The coefficient
of determination (R?) and standard error of
estimation (SE) were employed as indices to
determine the models that best fit the
experimental data. Excel-Solver software was
used for data fitting, while Excel and SigmaPlot
software were used for graph plotting.

Results

The measurement of the specific surface areca
using the BET method showed that the specific
surface area of sepiolite mineral was
significantly higher than kaolinite. Also, sepiolite
had higher cation exchange capacity and total
pore volume than kaolinite. The adsorption of Zn
from aqueous solutions by sepiolite and kaolinite
minerals was pH dependent. Increasing the pH of
the solution resulted in higher adsorption and
removal efficiency of Zn by both minerals. The
lowest Zn removal efficiency by sepiolite and
kaolinite was observed at pH 5, while the highest
was at pH 9. The effect of solution pH on the
kinetic parameters of Zn adsorption by sepiolite
and kaolinite is presented in Table 1. The results
of data fitting to pseudo-first-order, pseudo-
second-order,  Elovich, and intra-particle
diffusion models showed that the pseudo-second-
order model provided the best fit with high R2
and low SE values. Comparing the adsorption
capacity (qe) of Zn using the pseudo-first-order
and pseudo-second-order models showed that the
adsorption capacity of Zn increased with
increasing pH for both sepiolite and kaolinite,
and the adsorption capacity of Zn was higher in
sepiolite compared to kaolinite, indicating the
high adsorption capacity of sepiolite for Zn
removal. Moreover, the analysis of the initial
reaction rate (H) presented in Table 1
demonstrated that higher pH values led to higher
initial reaction rates, which decreased with
decreasing pH. The maximum initial reaction
rate was observed at pH=5 for sepiolite and
kaolinite, with values of 0.796 and 0.465 mg/g.
min, respectively. At pH 9, the maximum initial
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reaction rate was 0.925 and 0.814 mg/g.min for
sepiolite and kaolinite, respectively. Based on
these findings, pH 9, which exhibited the highest
Zn adsorption capacity for sepiolite and
kaolinite, was chosen as the optimal pH for
further kinetic studies and to investigate the
effect of particle size of these two adsorbents.

The Zn adsorption capacity and efficiency
increased as the particle size decreased, with the
highest removal efficiency observed for particles

smaller than 25 um. For sepiolite particles with
sizes ranging from 53 to 25 pum, 80% of the Zn
was removed from the solution, which increased
to 91% for particle sizes smaller than 25 pm.
Similarly, decreasing the particle size of kaolinite
from 53 to 25 pum to less than 25 pm resulted in
an increase in Zn adsorption capacity from 5 to 6
mg/g and an increase in removal efficiency from
54 to 59%.

Table 1 Kinetic parameters of Zn adsorption from aqueous solutions in different pH

Kinetic models Kinetic Parameters Sepiolite Kaolinite
pH=5 pH=7 pH=9 pH=5 pH=7 pH=9
Pseudo-first K (g/mg.min) 0.099 0.099 0.095 0.10 0.12 0.12
order qe (mg/g) 6.11 6.70 7.64 4.13 4.13 5.13
R? 0.92 0.93 0.93 0.91 0.91 0.91
SE 0.54 0.58 0.64 0.35 0.35 0.43
Pseudo second K> (g/mg.min) 0.02 0.02 0.01 0.04 0.04 0.03
order Qe (mg/g) 6.40 7.02 8.01 4.32 4.32 5.36
R? 0.99 0.99 0.99 0.97 0.97 0.97
SE 0.22 0.22 0.28 0.25 0.18 0.22
H 0.77 0.85 0.93 0.46 0.66 0.81
o (mg/g.min) 647 665 397 1440 10350 8350
. /m, 0.51 0.56 0.65 0.29 0.29 0.37
Elovich heee 0.97 0.91 0.9 092 092 092
SE 0.43 0.48 0.66 0.24 0.24 0.30
Intraparticle Ki (g/mg. min) 0.06 0.07 0.08 0.03 0.05 0.04
diffusion C(mg/g) 4.23 4.66 5.26 2.49 3.03 3.76
R? 0.57 0.56 0.54 0.95 0.55 0.55
SE 1.36 1.47 1.69 3.18 0.82 1.02
Conclusions Acknowledgement

Increasing the solution pH to 9 and reducing the
particle size of the adsorbent from 25 to 53 um to
25 um enhanced the efficiency of Zn removed
from the solution for both minerals. Furthermore,
decreasing the particle size led to an increased
rate of Zn removal from aqueous solutions. The
highest Zn removal performance was observed
for treatments using sepiolite particles smaller
than 25 pum, with a maximum Zn adsorption
capacity of 11.9 mg/g. Overall, it can be
concluded that sepiolite mineral has a higher
adsorption capacity for Zn from aqueous
solutions compared with kaolinite due to its
unique properties, such as a very high specific
surface area and higher cation exchange capacity.
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Table 1 Some physical and chemical characteristics of studied sepiolite and kaolinite

Properties Unit Sepiolite Kaolinite

53-25 ym <25 pm 53-25 um <25 pm
CEC cmolc/ kg 11.8 12.5 8 8.7
SSA m? /g 179.9 257.6 22 35.1
Total pore volume cm’/ g 0.378 0.569 0.51 0.6

CEC: Cation exchange capacity; SSA: Specific surface area
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Fig. 1 The XRD pattern of: a) sepiolite, and b) kaolinite (S: Sepiolite; Q: Quartz; D: Dolomit; K: Kaolinite; C:
Calcite)
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Fig. 2 Effect of pH on adsorption amount of zinc using: a) sepiolite and b) kaolinite
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Table 2 Kinetic parameters of Zn adsorption from aqueous solutions in different pH

Kinetic Kinetic sepiolite kaolinite
Models Parameters pH=5 pH=7 pH=9 pH=5 pH=7 pH=9
Pseudo- Ki(g /mg.min) 0.099 0.099 0.095 0.10 0.12 0.12
first-order qe(mg/g) 6.11 6.70 7.64 4.13 4.13 5.13
R? 0.92 0.93 0.93 0.91 0.91 0.91
SE 0.54 0.58 0.64 0.35 0.35 0.43
Pseudo K»(g/mg.min) 0.02 0.02 0.01 0.04 0.04 0.03
second- qe(mg/g) 6.40 7.02 8.01 4.32 4.32 5.36
order R? 0.99 0.99 0.99 0.97 0.97 0.97
SE 0.22 0.22 0.28 0.25 0.18 0.22
H 0.77 0.85 0.93 0.46 0.66 0.81
(mg/g.min) o 647 665 397 1440 10350 8350
. B (g/mg) 0.51 0.56 0.65 0.29 0.29 0.37
Elovich R2 0.97 091 09 0.92 0.92 0.92
SE 0.43 0.48 0.66 0.24 0.24 0.30
Intraparticle  Ki (g/mg.min) 0.06 0.07 0.08 0.03 0.05 0.04
diffusion C(mg/g) 4.23 4.66 5.26 2.49 3.03 3.76
R? 0.57 0.56 0.54 0.95 0.55 0.55
SE 1.36 1.47 1.69 3.18 0.82 1.02
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Fig. 3 Effect of particle size of s: a) sepiolite and b) kaolinite on the adsorption amount of zinc
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Table 2- Kinetic parameters of Zn adsorption by sepiolite and kaolinite in sizes <25 and 25-53 pm

Kinetic models  Kinetic Sepiolite Kaolinite
parameters <25 pm 25-53 pm <25 pm 25-53 pm
K (g/mg.min) 0.10 0.095 0.12 0.12
Pseudo-first- qe (mg/g) 8.69 7.64 5.64 5.13
order R? 0.93 0.93 0.91 0.91
SE 0.75 0.64 0.48 0.43
Ka(g/mgmin) 0.01 0.01 0.03 0.03
ge(mg/g) 9.11 8.01 5.90 5.36
lgrsgzrdo second- 0.99 0.99 0.97 0.97
SE 0.28 0.28 0.25 0.22
H 1.11 0.93 0.86 0.81
o (mg/g.min) 569 397 7594 7350
. B (g/mg) 0.72 0.65 0.40 0.37
Elovich R2 0.91 0.89 0.92 0.92
SE 0.65 0.66 0.32 0.30
Ki (g/mg. min) 0.09 0.08 0.05 0.05
Intraparticle C(mg/g) 6.06 5.26 4.14 3.76
diffusion R? 0.55 0.54 0.55 0.55
SE 1.89 1.69 1.12 1.02
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