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COMPARATIVE STUDY ON THE ADSORPTION
OF LEAD IONS BY KAOLIN LOADED CHITOSAN
BY DIFFERENT MODIFICATION METHODS

The adsorption effect of two modified kaolin-chitosan composites prepared by different modification
methods (cross-linking method (GL-CS) and click reaction method (TGL-CS) on lead ion wastewater was
studied. The structure of TGL-CS has a denser pore structure than that of GL-CS, and the distribution of
adsorption sites is more uniform. At 25 °C, pH 4, the adsorbent dosage of 0.05 g/dm?’, reaction time of 4 h,
and initial mass concentration of 150 mg/dm?, TGL-CS had the best effect on Pb?" wastewater treatment,
and the adsorption capacity was 76.159 mg/g. The adsorption studies of kinetic, thermodynamic, and ther-
modynamic parameters showed that the adsorption on GL-CS and TGL-CS was best described by the Lang-
muir model. The adsorption mechanism is mainly chemical adsorption. The adsorption process is spontane-
ous. These results show that the adsorbent prepared by click reaction has obvious advantages, with more
adsorption capacity and adsorption sites, faster adsorption rate, and better application potential.

1. INTRODUCTION

With the development of industry, heavy metal pollution has become a serious en-
vironmental problem worldwide. Lead is one of the most abundant heavy metals found
in the earth’s crust. Pb and its compounds are important industrial raw materials in mod-
ern society and are widely used in various industries such as electroplating, metallurgy,
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and coal combustion. In the industrial process, the waste liquid and waste residue pro-
duced contain a large amount of residual Pb [1-3]. As a highly toxic heavy metal, Pb is
characterized by easy accumulation, enrichment, long-term, and concealment [4].
Therefore, lead easily enters the human body through agricultural products and other
ways of endangering human health and cannot be degraded by microorganisms, and the
biological half-life is very long [5]. Thus, the treatment of wastewater containing Pb has
attracted extensive attention from researchers.

Heavy metal wastewater treatment methods include chemical precipitation, metal
reduction, adsorption, ion exchange, electrolysis, and microbial methods [6]. The ad-
sorption method is widely used because of its high treatment efficiency and simple pro-
cess, which is one of the main technologies for the treatment of lead-containing
wastewater [6—8]. It is a treatment method that uses a large specific surface area and
rich pore structure of the adsorbent, as well as chemical functional groups with special
functions, such as electrostatic attraction and chemical action to migrate lead ions to the
chelating site of the adsorbed substance. These include chemical adsorption, physical
adsorption, and biological adsorption. The adsorbent is a key factor in determining
whether the technology can be used efficiently, so the research on the adsorbent with
efficient utilization has become a research hot topic.

Chitosan, also known as deacetylated chitin, is a rich and common organic com-
pound in nature. Chitosan is easy to obtain and can be completely biodegradable. The
molecular structure of chitosan is composed of a large number of active groups, includ-
ing amino and hydroxyl functional groups, which can effectively chelate with heavy
metal ions. The physical properties, hydrophilicity, and high reactivity of chitosan de-
termine its high adsorption capacity for heavy metal ions [9—11]. Therefore, chitosan
has been widely used to remove heavy metal ions in wastewater. Kaolin is a rich clay
mineral, which is a kind of hexagonal scale crystal. The interlayers of kaolin are closely
connected by hydrogen bonding and its molecular structure is relatively stable. It has
a large surface area, easy dispersion in water, high adhesion, and high stability [12]. The
surface of kaolin is rich in hydroxyl groups, which makes it easy to react with metal
cations. The above characteristics make kaolin have strong adsorption potential [13].
Therefore, kaolin is widely used in the field of heavy metal adsorption.

Many studies have focused on the use of different methods to combine chitosan and
kaolin to prepare composite materials with high adsorption and large capacity. He et al. [14]
synthesized chitosan-kaolin composite hydrogel by cross-linking reaction, and the ad-
sorption capacity was significantly improved. Vedula et al. [15] synthesized a biological
composite membrane with chitosan and kaolin and its adsorption removal rate of copper
ions reached 86%. As reported by Liu et al. [16], magnetic kaolin-coated chitosan par-
ticles were used to prepare composite materials to adsorb Cr(VI) ions. Their adsorption
rate was greatly improved. Zhou et al. [17] successfully prepared chitosan-kaolin com-
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posite adsorption particles by introducing amino groups in chitosan into the kaolin in-
terlayer, which effectively improved the adsorption of phosphate. These experiments
prove that the composite material has superior performance compared to a single material.

In this study, kaolin was loaded on chitosan by two modification methods (cross-
linking reaction and click reaction) to prepare a new adsorbent. The adsorption mecha-
nism was determined by comparing the adsorption effects of the adsorbents prepared by
the two methods and analyzing the kinetics model, adsorption isotherms, and adsorption
thermodynamics.

2. MATERIALS AND METHODS

Materials. Lead(1l) nitrate, chitosan, kaolin, glutaraldehyde, anhydrousethanol, 3-mer-
captopropyltriethoxysilane, 2-ethylacrolein, dimethylolpropionic acid, tetrahydrofurane,
ice acetic acid, sodium hydroxide were all purchased from the Sinopharm Group Chem-
ical Reagents Co., Ltd.

Chitosan/kaolin composite adsorbent (GL-CS) by the crosslinking method. Chitosan-
kaolin composite (GL-CS) was prepared by the Schiff base reaction [14]. 0.9 g of chi-
tosan (CS) was dissolved in a certain amount of pure water at 25 °C, so that the content
of chitosan was 1 wt.%. Then kaolin (GL) was added to the chitosan solution at a weight
ratio of 9:1 and mixed in an ice water bath. 10 cm?® of 25% glutaraldehyde (GA) was
added to the mixture as a cross-linking agent, stirred to form a homogeneous solution,
and reacted at 60 °C for 4 h to make it fully cross-linking. The final product was washed
with distilled water to remove the unreacted GA, and the composite GL-CS was ob-
tained by freeze-drying for 12 h.

Chitosan-kaolin composite (TGL-CS) by click chemistry method. 59.5 cm? of anhy-
drous C,HsOH, 10.5 ¢cm® of ultrapure water, 0.600 cm® of ammonia and 0.42 g of 3-
mercaptopropyltriethoxysilane were added to a 100 cm? three-necked flask and heated
in a water bath for 3 h. Then it was cooled to room temperature, stirred, 1 g of GL was
added, and nitrogen was introduced at one end of the three-necked flask for 6 h. After
washing with ethanol and ultrapure water 3 times, the mixture was centrifuged, and
finally vacuum freeze-dried at 50 °C for 12 h to obtain thiolated kaolin (TGL). TGL
(0.6 g), 2-ethylacrolein (0.3 g) and dimethylolpropionic acid (0.02 g) were dissolved in
20 cm? of tetrahydrofuran (THF) and irradiated under UV lamp for 0.5 h. After remov-
ing THF, the product AGL was obtained by washing with methanol, then 0.3 g chitosan
was added to 20 cm? acetic acid solution (2%), and AGL (1.0 g) was added under severe
stirring. After stirring at 40 °C for 5 h, TGL-CS was obtained by washing with distilled
water and ethanol, vacuum filtration, and freeze-drying for 12 h.
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The surface morphology of GL-CS and TGL-CS was analyzed by Gemini300 scan-
ning electron microscope (C. Zeiss, Jena).

Batch adsorption experiments. 0.05 g of adsorbents (GL-CS and TGL-CS) were
weighed in a 250 cm? conical flask containing 100 cm® of lead ion solution. Then, the
batch adsorption studies were conducted for various pH (2-6), adsorbent dosage
(0.025-0.2 g/dm?), initial metal ion concentration (10-200 mg/dm?®), contact time
(0-1440 min) and temperature (15-55 °C). All batch experiments were conducted in
an oscillating incubator (ZQTY-70N) at a constant speed of 120 rpm for about 24 h at
25 °C). Then, the supernatant in conical flasks was filtered through a filter membrane
with a pore size of 0.45 pm, and the concentration of Pb** in the filtrate was determined
by flame atomic absorption spectrophotometry (novAA350). Each group of experi-
mental treatment was set up 3 replicates. The adsorption capacity and removal rate of
Pb** were:

e Adsorption capacity

ExV (D)

e Removal rate

E:CO_Ce

x100% ()

0

where g. is the maximum adsorption capacity, mg/g, Cy is the initial content of Pb** in aque-
ous solution, C. is the content of Pb*" in aqueous solution after adsorption, mg/dm?, M is the
mass of the adsorbent, g, V' is the solution volume, dm?>.

3. RESULTS AND DISCUSSION
3.1. SCANNING ELECTRON MICROSCOPY (SEM)

The scanning electron microscope images of GL-CS and TGL-CS at various mag-
nifications are shown in Fig. 1. GL-CS and TGL-CS have different morphologies. The
characteristics of GL-CS are blocky, smooth shape, flaky particles adhered to the sur-
face, and no obvious pore structure is visible (Fig. 1a). After magnification (Fig. 1b), it
can be seen that the particles are closely distributed, the specific surface area is small,
the pores are less and the distribution is uneven. The morphology of TGL-CS is irregu-
lar, with more particles attached to the surface, irregular in size, which makes the surface
rougher (Fig. 1c). After magnification (Fig. 1d), it can be seen that a large number of
pores are formed inside the TGL-CS particles, showing a dense porous three-dimen-
sional structure, increasing the specific surface area, increasing the contact area with
Pb? (cf. [18]). Comparing the two materials, it can be seen that GL-CS has fewer pores,
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TGL-CS has more pores, and a more complex structure. It can be explained that click
reactions can efficiently realize the synthesis of polymers [19].
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Fig 1. Scanning electron micrographs of GL-CS and TGL-CS:
a) GL-CS (10.00 KX), b) GL-CS (30.00 KX), ¢) TGL-CS (10.00 KX), d) TGL-CS (30.00 KX)

3.2. EFFECTS OF ADSORPTION TIME, pH, ADSORBENT DOSAGE,
PbZ* CONCENTRATION, AND TEMPERATURE

In the first 300 min of the reaction, the adsorbed amount of Pb** by the two materials
increased at a high rate (Fig. 2). As time continued to increase, the adsorption rate
of Pb*" remained unchanged [20]. GL-CS reached equilibrium within 6 h, and the
equilibrium adsorption capacity was 52.871 mg/g, while TGL-CS reached equilibrium
within 4 h, and the equilibrium adsorption capacity was 76.159 mg/dm?. It shows that
the adsorbent TGL-CS prepared by click reaction improved the adsorption rate and sig-
nificantly reduced the time cost of adsorption compared with GL-CS.

At pH 24, the changing trend of the adsorption capacity of GL-CS and TGL-CS
is the same, both reaching the highest at pH 4 (Fig. 3). TGL-CS increases the adsorp-
tion capacity more at pH 3—4, and the decrease of adsorption capacity of GL-CS was
greater at pH 4-5. Therefore, the adsorption capacity of TGL-CS can be significantly
improved with the increase of pH, while the adsorption capacity of GL-CS changes
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slightly, and the adsorption capacity decreases significantly with the increase of pH.
This is because many active functional groups such as amino groups and aldehyde
groups are introduced during the preparation of TGL-CS by click reaction, and these
functional groups can improve the adsorption capacity of heavy metal ions so that
Pb** can be effectively adsorbed. As the pH continues to increase, the metal ions are
easily precipitated, so that the concentration of metal ions is reduced, and the adsorp-
tion amount is also reduced. Similar results on various adsorbents were reported by
numerous researchers [21, 22].
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Fig. 2. Effect of time on adsorption of GL-CS Fig 3. Effect of pH on adsorption of GL-CS
and TGL-CS; pH 4, and TGL-CS; contact time 24 h,
Pb?* concentration 20 mg/dm?, Pb?* concentration 20 mg/dm?,
adsorbent dosage 0.05 g/dm?, 25 °C adsorbent dosage 0.05 g/dm?, 25 °C

When the amount of adsorbent increased from 0.01 to 0.05 g/dm?, the adsorption
capacity and removal rate of GL-CS and TGL-CS increased and reached the highest
value at 0.05 g/dm’. Then the adsorption capacity of the two adsorbents decreased sig-
nificantly, while the removal rate remained stable [23, 24]. This is because the adsorp-
tion sites are continuously occupied and gradually saturated so that the adsorption rate
gradually decreases to a constant value. At 0.01-0.05 g/dm?, the growth rate of adsorp-
tion capacity of TGL-CS was significantly greater than that of GL-CS, and then the
downward trend was consistent with the increase of the dosage. The adsorption rate of
TGL-CS is faster than that of GL-CS, and rapid adsorption can be achieved in a short
time. The click reaction introduces a large number of functional groups, which further
improves the adsorption capacity. More adsorption sites can quickly combine with Pb?".
It seems that TGL-CS had better adsorption capacity and percentage removal efficiency
as compared with GL-CS. The adsorption capacity of the two materials to lead ions is
positively correlated with the initial concentration of lead ions. At a high concentration
of Pb?" ions, the adsorption capacity tends to be stable.
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The experimental results of Atif et al. [25] also proved this point. GL-CS reached an
adsorption saturation state when the concentration of Pb?* was 100 mg/dm?®, and the ad-
sorption capacity was 52.871 mg/g, while TGL-CS reached equilibrium at 150 mg/dm?,
and the adsorption capacity was 76.159 mg/g. The adsorption capacity of TGL-CS is
larger and the adsorption performance is better than that of GL-CS as -NH» and -OH
groups in the product of the cross-linking reaction are reduced, and the click reaction can
be chemically modified based on the cross-linking productintroduced amino-, aldehyde-,
and other groups so that the adsorption performance is significantly improved.
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When the temperature increases from 15 °C to 25 °C, the adsorption capacity of the
two materials increases, and when the temperature continues to increase, their adsorp-
tion capacity gradually decreases (Fig. 6). The adsorption capacity of TGL-CS strongly
depends on temperature, and it is lower than the initial adsorption capacity at 55 °C. The
adsorption capacity of GL-CS did not change much and finally maintained the same as
the initial adsorption capacity. This proves that TGL-CS is more affected by temperature
than GL-CS, and the properties of GL-CS will be relatively stable. The reason may be
that the specific surface area of TGL-CS particles is larger, and the reaction process
with Pb?* in the solution may be more rapid. When the temperature increases, the struc-
ture of the particles is destroyed, and the thermal motion of the molecules will gradually
increase, which will damage the existing adsorption equilibrium state. The optimum
temperature of the final adsorbent is 25 °C.

3.3. ADSORPTION KINETIC MODEL

The experimental data were calculated and analyzed by PFO (quasi-first order kinetic
model), PSO (quasi-second order kinetic model), and intraparticle diffusion model. The ki-
netic equations of the three models are:

o Quasi-first order kinetic model

ln(qe_qt)zlnqe_k]t (3)

e Pseudo-second order kinetics model

1 1
LA )
Qt que qe
o Intraparticle diffusion model
q, = kpto‘5 +C (5)

¢ is adsorption contact time, min, ki is PFO parameter, min™!, k, is a PSO parameter,
g/(mg-min), k, is the intraparticle diffusion constant, mg/(g-min)°, C is a factor de-
pendent on the thickness of the boundary layer. The larger the interface, the greater the
boundary layer effect. The fitting results and parameters are shown in Figs. 7-9 and
Tables 1 and 2.

By comparing Figs. 7 and 8 and parameters in Table 1, it can be seen that the ad-
sorption process may be better described by pseudo-second order kinetics. The correla-
tion coefficient R* of the two adsorbents is greater than 0.99. This means that the ad-
sorption process of Pb** by TGL-CS and GL-CS meets the requirements of pseudo-
second order kinetic equation. It shows that the adsorption process of these two adsor-
bents is mainly carried out by chemical adsorption.
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Table 1

Pseudo-first order and pseudo-second order adsorption kinetic parameters of the system

Quasi-first order kinetics Pseudo-second order kinetics
Adsorbent l'q qe R 2 . qe R
[min"'] [mg/g] [¢/(mg/min)] [mg/g]
GL-CS 0.0079 12.403 0.8561 6.7%10* 18.215 | 0.9936
TGL-CS 0.0096 8.685 0.8238 0.001 26.596 | 0.9982
Table 2
Two-stage fitting parameters of intraparticle diffusion kinetics of the system
Intraparticle diffusion stage 1 Intraparticle diffusion stage 2
Adsorbent Kp1 ) Kp2 2
mefeminy®s | < | K| meggmimoy | | R
GL-CS 1.1331 —2.6658 | 0.9992 0.0094 16.491 0.943
TGL-CS 1.7043 1.0063 0.9099 0.0051 25.59 | 0.8749

The first stage of the intraparticle diffusion model is the adsorption of Pb** on the
surface of GL-CS and TGL-CS adsorbents, and the second stage is the interparticle dif-
fusion of Pb*" on GL-CS and TGL-CS (Fig. 9). From Table 2, the fitting correlation coeffi-
cients in stage 1 are all above 0.9, indicating a high degree of fitting.

In stage 2, the R?* of GL-CS and TGL-CS were 0.943 and 0.8749, respectively, and
the fitting degree of GL-CS was better than that of TGL-CS. Comparing the fitting pa-
rameters and the thickness of the boundary layer, it was found that the fitting parameters
of the two materials increased and the thickness of the boundary layer decreased, indi-
cating that the resistance in the adsorption process gradually increased [26], which may
be the reason for affecting the adsorption efficiency.

3.4. ADSORPTION ISOTHERM MODEL

The equations of the three examined isotherms are as follows:
e Langmuir adsorption isotherm

C, _ 1 . C, ©)
qe kL qe max qe max
e Freundlich adsorption isotherm
1
logg, =logK, +—logC, @)
n
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e Temkin adsorption isotherm

RT
£ In 4, +%ln C, (8)

T T

q. =

where C. is the initial concentration of heavy metal ions, mg/dm?, g. is the equilibrium
adsorption capacity, mg/g, g.max is the theoretical maximum adsorption capacity, mg/g,
ki, is the Langmuir adsorption equilibrium constant, dm*/mg, Kr, dm*/mg, and # are the
Freundlich constants, br is the Temkin constant related to the adsorption heat, J/mol,
Aris the Temkin isothermal equilibrium binding constant, dm?/g, R, is the gas constant,
and 7 is the absolute temperature.

The fitting results of Langmuir, Freundlich, and Temkin isothermal models are
shown in Fig. 10, and the calculated parameters are given in Table 3. The R? of the
Langmuir adsorption model is closer to 1 than the two remaining. Therefore, the ad-
sorption of Pb?>" on GL-CS and TGL-CS is mainly single molecule adsorption; the
adsorption mechanism is mainly chemical adsorption. It can be seen from the R? of
the two materials that the adsorption performance of TGL-CS is better than that of
GL-CS.
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Table 3
Adsorption isotherm parameters of Pb*"
Isotherm type Parameter Adsorbent

GL-CS | TGL-CS

Gemax, MZ/g 63.96 87.72

Langmuir Ki, dm*/mg 0.0356 | 0.0395

R? 0.9906 | 0.9903

Kr, (mg/g)(dm’/mg)'" | 0.0944 | 0.0121

Freundlich 1/n 0.5276 | 0.4519

R? 0.9197 | 0.9512

br, J/mol 173.34 | 146.12

Temkin Ar, dm/g 0.339 | 0.542

R? 0.9636 | 0.9838

3.5. ADSORPTION THERMODYNAMIC PARAMETERS

The thermodynamic parameters such as changes of enthalpy (AH), entropy (AS) and
Gibbs free energy (AG) may be calculated from the following:

q.

K, = C )
AG=—RngnKD (10)
Ink, :A_S_ﬂ (11)

Rg RgT

where Kp is the distribution coefficient, R, is the gas constant, 7 is the absolute temper-
ature, K, the values of AS and AH are determined by the slope and intercept of the dia-
gram InKp= f(1/T).

Table 4
Thermodynamic parameters of Pb?" adsorption
AG [kJ/mol]
Adsorbent Temperature [K] AH [kJ/mol] | AS [J/(mol-K)]
288.15 | 298.15 | 308.15 | 318.15 | 328.15
GL-CS —0.048 | —0.932 | —0.509 | —0.137 | —0.063 —9.86 -30.2
TGL-CS | -1.349|-3.192 | -2.811 | -2.055 | —0.887 —25.9 —75.686

The adsorption thermodynamic parameters for GL-CS and TGL-CS are given in
Table 4. The AG values at all temperatures are negative, which proves that the examined
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adsorption process is spontaneous; the AH values (—9.86 and —25.9 kJ/mol) are also nega-
tive, indicating that the adsorption process is exothermic [27, 28]. Similarly, the negative
AS values (—30.2 and —75.686 J/(mol-K), respectively, indicate that the solute molecules
were adsorbed when they were transferred to the solid surface, reducing their degree of free-
dom, accompanied by a decrease in entropy during the adsorption process [29]. The AS
value for the TGL-CS-Pb*" system is small, suggesting that its solute molecules are
adsorbed in large quantities and less desorbed, which also proves its strong adsorption
capacity.

4. CONCLUSIONS

The properties of two kinds of kaolin-chitosan composites (GL-CS and TGL-CS)
prepared by cross-linking and click reaction methods were compared. Both have a dense
porous three-dimensional structure, but the structural pores of TGL-CS are denser and
the distribution of adsorption sites is more uniform, which reflects the advantages of
click reaction and can effectively improve the adsorption capacity of the adsorbent.
Batch adsorption experiments showed that the adsorption performance of kaolin-chi-
tosan composites prepared by the click reaction method was higher than that of kaolin-
chitosan composites prepared by the cross-linking method. With the increase of pH,
adsorbent dosage, initial concentration, and time, the adsorption capacity and adsorption
rate of TGL-CS were greatly improved compared with GL-CS. With the increase of
temperature, the adsorption performance of TGL-CS was unstable, and the adsorption
capacity decreased significantly. Although the adsorption capacity of GL-CS is small,
it is stable. The adsorption mechanism of GL-CS and TGL-CS is similar, and the ad-
sorption process is mainly based on single-molecule adsorption. The adsorption mech-
anism is mainly chemical adsorption. The fitting degree of the two materials is high,
and the factors affecting the diffusion rate are not unique; the adsorption process is
spontaneous and exothermic, and the comparison of AS values shows that the adsorption
performance of TGL-CS is stronger. The kaolin-chitosan composite prepared by click
reaction has a better effect.
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