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ABSTRACT: In this study, chitosan-modified bentonite was
synthesized using the coprecipitation method. When the
Na2CO3 content was 4% (weight of soil) and the mass ratio of
chitosan to bentonite was 1:5, the adsorption performance of the
chitosan/bentonite composite was best. The adsorbent was
characterized by scanning electron microscopy, X-ray diffraction,
Fourier transform infrared spectroscopy, and Brunauer−Emmett−
Teller measurement. Various characterization results demonstrate
that chitosan successfully entered the bentonite interlayer and
increased layer spacing but did not modify bentonite’s laminar
mesoporous structure, and the −CH3 and −CH2 groups of
chitosan appeared on chitosan-modified bentonite. Tetracycline
was used as the target pollutant in the static adsorption
experiment. The adsorption capacity was 19.32 mg/g under optimal conditions. The adsorption process was more consistent
with the Freundlich model and the pseudo-second-order kinetic model, indicating that it was a nonmonolayer chemisorption
process. The adsorption process is a spontaneous, endothermic, entropy-increasing process, according to thermodynamic
characteristics.

1. INTRODUCTION
With the widespread production and use of antibiotics,
antibiotics in the water environment have become an emerging
form of organic pollution.1 Tetracycline (TC) is a broad-
spectrum antibiotic with a polycyclic tetraphenyl carboxamide
structure that is widely used in livestock and aquaculture, but
its extensive use and misuse not only causes cytotoxicity to
plants and animals but also leads to the spread of resistance
genes and even threatens human health.2 In recent years,
researchers have found different concentrations of TC in
domestic sewage and industrial wastewater.3,4 Some studies
have reported that the TC content in pharmaceutical
wastewater has reached 100−500 mg/L.5 If the treatment of
TC wastewater is not complete, it will lead to an increase in
residues in the environment year by year, posing a great threat
to human health and the ecological environment.6 Therefore,
the removal of TC from the aqueous environment is necessary
and urgent.
By comparing various treatment methods, the adsorption

method has the advantages of easy operation and high removal
rates and has a wide application prospect. At the same time,
the adsorbent can be recycled and regenerated, which reduces
the cost of wastewater treatment.7 The commonly used
adsorbents for treating TC wastewater are activated carbon,8

MOFs,9 bentonite,10 biochar,11 nanotubes,12 metal oxides,13

etc. Activated carbon has good adsorption effect and is widely

used, but its cost is high and it is easy to lose. MOFs have the
advantages of a large specific surface area and high porosity,
but their preparation process is complicated and the cost is
high.14

Bentonite is a common and inexpensive clay mineral that
also serves as an environmentally friendly adsorbent.15 It has
some outstanding adsorption properties, including mesoporous
structure, negatively charged surface, specific surface area,
hydration, swelling, high cation exchange capacity, and
chemical stability. As a result, bentonite was commonly used
as an adsorbent for TC removal.10 Natural bentonite is
extremely hydrophilic and easily combines with water
molecules, making organic substances on its surface difficult
to diffuse and adsorb. Organic modification can improve its
adsorption performance on TC by increasing its lipophilic
hydrophobicity. However, the application of bentonite has
drawbacks such as low adsorption efficiency, lack of selectivity,
and low binding coefficients.16
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Moreover, bentonite is easy to modify, through organic
modification its hydrophilicity can be overcome, and has poor
adsorption performance of organic pollutants,17 so this study
used bentonite as an adsorbent for TC. Modified bentonite not
only has better adsorption performance but also can enhance
the hydrophobicity of bentonite, reducing the difficulty of
solid−liquid separation after adsorption, which is conducive to
the regeneration of bentonite.18 The commonly used
modification methods are activation modification,19 sodium
modification,20 and organic modification.21 At present, the
modification of bentonite has been relatively well developed,
but because bentonite is hydrophilic, it is not conducive to the
diffusion and adsorption of organic substances on its surface.22

Furthermore, the difficulty of solid−liquid separation after
adsorption limits its practical application. Organic modification
can increase the lipophilic hydrophobicity of bentonite, which
facilitates TC adsorption.23

Chitosan (CS) is a natural polysaccharide chitin that is used
to remove part of the acetyl product and is widely used in
medical, environmental protection, textile, and other indus-
tries.24 CS is frequently used in adsorption studies due to its
outstanding properties, which include minimal toxicity,
biodegradability, an abundance of functional groups, and an
elevated probability of interaction with binding sites.25 CS can
form stable chelates with heavy metal ions through −NH2 and
−OH in the molecule and can also adsorb heavy metals and
organic pollutants through hydrogen bonding. Therefore, it
can be widely used in wastewater treatment.26

CS has low chemical stability and mechanical properties,
which is easily soluble in acidic solutions. This drawback limits
its application as an adsorbent at low pH. Therefore, CS is
usually immobilized with low-cost materials such as bentonite.
The use of CS in modified bentonite can not only improve the
adsorption performance of bentonite on TC but also enhance
hydrophobicity and reduce the difficulty of solid−liquid

separation after adsorption,27 which has a broad application
prospect. The CS/bentonite composites were applied on the
adsorption of various pollutants in solution, such as heavy
metals,28 nutrients,29 and dyes.30 However, few studies have
been carried out on antibiotic adsorption.

2. RESULTS AND DISCUSSION
2.1. Characterizations of the Adsorbents. The

morphology of modified bentonite is shown in Figure 1,
which shows the SEM images of bentonite that has been
modified with sodium and CS, respectively. Figure 1a,b shows
that sodium-modified bentonite and CS-modified bentonite
both have lamellar structures, demonstrating that CS
modification did not alter bentonite’s fundamental structure.
Figure 1c,d can be compared, and it can be seen that the
surface of the CS-modified bentonite is looser. This is because
CS entered between the bentonite layers, increasing the layer
spacing.31

Figure 2 shows the XRD spectra of sodium-modified
bentonite, CS-modified bentonite (1:5), and calcium-based
bentonite. The XRD spectra of calcium-based bentonite,
sodium-modified bentonite, and CS-modified bentonite
showed essentially the same peak shapes for the three
adsorbent materials without significant changes, indicating
that the sodium-modified and CS-modified did not destroy the
interlayered structure of bentonite.32 However, the position of
the “001” diffraction peak was shifted, indicating that the
molecular layer spacing of bentonite was changed after sodium
modification and CS modification.33

The (001) diffraction peaks of the three adsorbents
appeared at 5.92°, 7.08°, and 5.77°, respectively. The spacing
of d(001) can be calculated by Bragg’s law.16 It is expressed as
in eq 1:

=d n2 sin (1)

Figure 1. Scanning electron microscopy (SEM) of sodium-modified bentonite (a, c) and CS-modified bentonite (b, d).
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where d is the spacing between the planes, θ is the diffraction
angle between the incident and reflected X rays, n represents
the order of the reflection, and λ represent the wavelength of
the X-ray (∼0.15418 nm). The layer spacing of calcium
bentonite, sodium-modified bentonite, and CS-modified
bentonite was 1.49, 1.25, and 1.53 nm, respectively. The
layer spacing of the sodium-modified bentonite is significantly
smaller than that of the calcium-based bentonite, indicating
that Na+ has successfully entered the interlayer of bentonite
and replaced Ca2+, resulting in the reduction of the layer
spacing.34 The layer spacing of sodium-modified bentonite
modified by CS increased significantly, which proves that CS
successfully entered the interlayer of sodium-modified
bentonite and increased the layer spacing.35 The XRD spectra
shown above reflect the effectiveness of this experiment
applying the CS modification approach.
The FTIR spectra of CS, sodium-modified bentonite, and

CS-modified bentonite are shown in Figure 3. Bentonite

displays peaks at 3624 cm−1 (Al−OH and Si−OH stretching
vibration), 1632 cm−1 (H−O−H bending vibration), 626 cm−1

(Al−O stretching), 794 cm−1 (Al−OH vibration), and 522 and
469 cm−1 (Si−O bending), which are consistent with previous
studies.28 The FTIR spectrum of CS exhibits characteristic
peaks at 3439 cm−1 (O−H and N−H stretching vibration),
2920 cm−1 (C−H symmetric stretching), 1632 cm−1 (amide II
band stretching), and 1087 and 1039 cm−1 (−C−O stretching
vibration in −C−OH).33 The spectrum of the CS/bentonite
composite reveals a characteristic band at 3439 cm−1, which is
because of hydrogen bond formation between functional

groups of CS (N−H and O−H groups) and O−H groups in
bentonite.16 These results indicate that CS has been doped in
bentonite; moreover, the CS/bentonite composite contains
functional groups from CS and bentonite, which is beneficial to
the adsorption of TC.
Figure 4 shows the TG-DTG curves for sodium-modified

bentonite (a) and CS-modified bentonite (1:5) (b). the TG
curve is a graph of the change in adsorbent mass with
increasing temperature, and the DTG curve is a graph of the
rate of change in the adsorbent mass with increasing
temperature. As seen in Figure 4a, there are three mass loss
processes in sodium-modified bentonite; the temperature
increases from 30 to 125 °C, and the mass loss of sodium-
modified bentonite is 1.37%, corresponding to the first strong
heat absorption peak of the DTG curve, which is related to the
loss of water molecules physically adsorbed by sodium-
modified bentonite.36 The 300−500 °C interval has a weaker
heat absorption peak, and the mass loss in this interval is
0.61%, which is related to the loss of water molecules
physically adsorbed by sodium-modified bentonite.20 There is
a second strong heat absorption peak between 500 and 700 °C,
with a mass loss of 3.75% in this temperature interval, which is
caused by the loss of structural water from sodium-modified
bentonite, where dehydroxylation leads to the collapse of the
internal structure of bentonite and the destruction of the
adsorption properties.36 As seen in Figure 4b, CS-modified
bentonite has the first strong heat absorption peak in the
interval from 30 to 200 °C. The mass loss in this interval is
4.86%, which is related to the loss of adsorbed water from CS-
modified bentonite. There is a broad absorption peak at 200−
400 °C with a mass loss of 1.69%, which is related to the
decomposition of CS into CO2, CO, and H2O.27 There is a
second broad absorption peak at 400−700 °C with a mass loss
of 3.09%, which is related to the loss of water from the
structure of CS-modified bentonite. From the TG curve, it can
be seen that the weight loss of CS-modified bentonite is
significantly higher than that of sodium-modified bentonite,
which proves that CS successfully combined with sodium-
modified bentonite during the modification process, which is
consistent with other characterization results.36 At the same
time, the rate of free water removal from the CS-modified
bentonite adsorbent is the fastest, indicating that CS
modification enhances the hydrophobicity of sodium-modified
bentonite, which is beneficial to the practical application of CS-
modified bentonite.
The nitrogen adsorption−desorption isotherms of sodium-

modified bentonite and CS-modified bentonite are shown in
Table 1. The Brunauer−Emmett−Teller (BET) specific
surface areas (SBET), total pore volumes, micropore volumes,
and the average pore size of sodium-modified bentonite and
CS-modified bentonite are listed in Table 1. The specific
surface area of CS increased slightly after modification, while
the pore volume and pore size were basically unchanged. CS
may enhance the adsorption performance mainly through
chemical action.20

2.2. Factor Optimization for TC Removal. 2.2.1. Effect
of Different CS/Bentonite Ratios. The effect of varied mass
ratios on the adsorption effect of CS-modified bentonite was
examined in this experiment. For static adsorption studies with
TC, six adsorbents with CS bentonite mass ratios of 0:1, 1:1,
1:5, 1:10, 1:25, and 1:50 were performed, and the results are
presented in Figure 5.

Figure 2. X-ray powder diffraction (XRD) diagram of sodium-
modified bentonite, CS-modified bentonite (1:5), and calcium
bentonite.

Figure 3. Fourier transform infrared spectroscopy (FTIR) diagram of
CS, sodium-modified bentonite, and CS-modified bentonite.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00745
ACS Omega 2023, 8, 19455−19463

19457

https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00745?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The adsorption effect of the five various mass ratios of CS-
modified bentonite was greatly enhanced when compared to
sodium-modified bentonite, as shown in Figure 5. The
adsorption effect of CS-modified bentonite on TC steadily
increased as the CS/bentonite mass ratio increased. The best
adsorption result was obtained when the mass ratio was 1:5,
with an adsorption capacity of 19.32 mg/g and a removal
efficiency of 96.83%. When the mass ratio was raised to 1:1,
the adsorption effectiveness was reduced. This might be
because excess CS will cover the surface of bentonite and block
the pore channels on the surface, impairing the mass transfer
process of TC in solution and therefore the adsorption
efficiency.37 As a result, a mass ratio of 1:5 CS/bentonite was
chosen for the following adsorbent preparation.

2.2.2. Effect of the Dosage of Adsorbents. The effect of
different adsorbent dosages on the adsorption effect of TC by
CS-modified bentonite was investigated in this experiment, and
six gradients of 1, 2, 3, 5, 7, and 10 g/L were set for static
adsorption experiments of TC, and the results are shown in
Figure 6.

As shown in Figure 6, the TC adsorption capacity of CS-
modified bentonite steadily declined with an increasing
adsorbent dose, from 57.43 to 9.80 mg/g, and the change in
adsorption capacity tended to stabilize. TC removal efficiency
steadily improved from 57.43 to 98.11%, and subsequently the
change in the removal rate stabilized. When the dosage was
increased to 5 g/L, the CS-modified bentonite adsorption
capacity for TC was 19.32 mg/g, and the removal efficiency
was 96.83%. Further increases in dosage did not significantly
enhance TC removal; hence, the adsorbent dosage for
following tests was set at 5 g/L. Because the initial
concentration of TC-simulated wastewater was the same in
each adsorption experiment, there was a relative excess of TC
in the solution at the lower adsorbent dosage.38 The free
adsorption sites on the surface of CS-modified bentonite could
quickly bind to TC and reach adsorption saturation, resulting
in a high adsorption capacity when the adsorbent dosage was
low.30 When the adsorbent dosage was increased to a certain
extent, the amount of TC adsorbed on the adsorbent surface
was higher than the total amount of TC in the solution,
resulting in insufficient TC in the solution to occupy all the
adsorption sites, and the adsorbent’s adsorption capacity
gradually decreased while the removal efficiency gradually
increased.10

2.2.3. Effect of pH. The effect of varied initial pH values of
TC-simulated wastewater on the effect of CS-modified
bentonite on TC adsorption was studied in this experiment.
For static adsorption experiments of TC, nine gradients of

Figure 4. TG-DTG diagram of (a) sodium-modified bentonite and (b) CS-modified bentonite (1:5).

Table 1. Structural Information of Sodium-Modified
Bentonite and CS-Modified Bentonite

adsorbents
SBET
(m2/g)

pore volumes
(cm3/g)

pore size
(nm)

sodium-modified
bentonite

75.66 0.216 11.43

CS-modified bentonite 77.42 0.219 11.29

Figure 5. Effects of different mass ratios of CS and bentonite on
adsorption of TC by CS-modified bentonite.

Figure 6. Effect of different dosages on adsorption of TC by CS-
modified bentonite.
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starting pH (2, 3, 4, 5, 6, 7, 8, 9, and 10) were applied. The
results are presented in Figure 7.

As can be seen from Figure 7, the adsorption capacity and
removal efficiency of CS-modified bentonite for TC increased
gradually with the gradual increase of pH under acidic
conditions. Under neutral conditions, the adsorption capacity
and removal efficiency of the adsorbent were the highest,
reaching 96.83%. Under alkaline conditions, the adsorption
capacity and removal efficiency gradually decreased. However,
the overall removal efficiency remained above 85%, indicating
that CS-modified bentonite had a wide pH range for the
adsorption of TC.

2.2.4. Effect of Adsorption Time. In this experiment, the
effect of different adsorption durations on the adsorption of
TC by CS-modified bentonite was investigated. Eight temporal
gradients from 5 to 120 min (5, 10, 20, 30, 45, 60, 90, and 120
min) were set for static adsorption of TC, and the results are
shown in Figure 8.

Figure 8 shows that during the first 5 min of adsorption, the
adsorbent’s TC adsorption capacity and removal efficiency
both increased quickly, reaching 17.92 mg/g and 89.63%,
respectively. TC’s adsorption capacity and extraction efficiency
reached equilibrium after 30 min, with a capacity of 19.32 mg/
g and a removal efficiency of 96.83%. The adsorbent’s removal
effectiveness and capacity for adsorption did not vary
appreciably throughout the course of the 30−120 min period.
This was because there were a lot of free adsorption sites on
the adsorbent surface at the beginning of the adsorption, which

could quickly bind to the TC molecules in the solution,
increasing the adsorption capacity and removal effectiveness.39

The number of free adsorption sites on the adsorbent surface
rapidly decreased as the adsorption period was prolonged,
which reduced the adsorbent’s ability to bind to the TC
molecules. Adsorption equilibrium was ultimately established
at 30 min. TC’s adsorption capacity and removal efficiency
were essentially unaffected even when the adsorption duration
was prolonged.
In this study, the adsorption capacity was 19.32 mg/g under

optimal conditions. Comparing to the similar CS/bentonite
composites in other studies, this is higher than an adsorption
capacity of 4.24 mg/g reported in the study of Turan et al.40

CS altered montmorillonite was prepared by Ma et al.41 and
can be utilized for TC adsorption. The maximum adsorption
capacity reached 42.45 mg/g during 4 h. However, the better
adsorption capacity needs longer adsorption duration and an
acidic environment (pH = 4). As a result, CS-modified
bentonite synthesized in this study has better adsorption
capacity and application prospect.
2.3. Adsorption Isotherms and Kinetics. 2.3.1. Adsorp-

tion Kinetics. The kinetic simulation of the adsorption of TC
by CS-modified bentonite was carried out using the pseudo-
first-order kinetic model, pseudo-second-order kinetic model,
Elovich model, and intraparticle diffusion model. The fitted
results are shown in Figure 9 and the relevant parameters are
shown in Table 2.
Table 2 shows that the correlation coefficients for the

pseudo-first-order kinetic model and the pseudo-second-order
kinetic model, both of which had a high fitting degree, were
0.998 and 0.999, respectively. It was discovered that the value
derived using the pseudo-second-order kinetic model was
closer to the measured value of 19.44 mg/g by comparing the
fitted equilibrium adsorption capacity. This shows that the
reaction mechanism is a chemisorption process with a rate
constant of 0.119 g·mg−1·min−1 and that the pseudo-second-
order kinetic model can better explain the adsorption of TC by
CS-modified bentonite. The Elovich model’s correlation
coefficient was 0.999, and its high fitting degree shows that
the reaction process is a nonhomogeneous diffusion process.42

Figure 9d shows that the intraparticle diffusion model’s fitted
curve does not pass through the origin and that the fitted
correlation coefficient is only 0.624, demonstrating that
intraparticle diffusion is not the only rate-limiting step in the
adsorption process and that a variety of factors interact to
control the rate of the process.43

2.3.2. Adsorption Isotherms. For the TC static adsorption
studies, three temperature gradients (20, 30, and 40 °C) and
eight concentration gradients (50, 100, 150, 200, 300, 400,
500, and 600 mg/L) were set for each temperature. The results
are reported in Table 3. As the initial concentration of TC-
simulated wastewater increased, the increase in adsorption
capacity (qe) at the same temperature dropped. Indicating that
the adsorption sites on the surface of the adsorbent were nearly
saturated at this point and no more TC could be adsorbed, the
concentration of TC in solution (Ce) progressively increased as
the adsorption achieved equilibrium. The equilibrium
adsorption capacity of the adsorbent steadily increased with
rising temperature at the same initial concentration, showing
that the rise in temperature was advantageous for adsorption to
proceed.
The experimental data were fitted with the Langmuir model

and Freundlich model, respectively, and the fitted results and

Figure 7. Effect of different initial pH values on adsorption of TC by
CS-modified bentonite.

Figure 8. Effect of different adsorption times on adsorption of TC by
CS-modified bentonite.
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parameters are shown in Figure 10 and Table 4. The fitted
correlation coefficients of the Freundlich model at different
temperatures were higher than those of the Langmuir model,
and the adsorption process of TC by CS-modified bentonite
was more consistent with the Freundlich model. This indicates
that the adsorption process of TC by CS-modified bentonite is

nonmonolayer adsorption, and TC is first adsorbed at the
adsorption site that is easier to bind.44 The 1/n values of the
Freundlich model at different temperatures were less than 0.5,
indicating that the reaction process was easier to carry out.26

2.3.3. Thermodynamic Analysis. By linearly fitting a graph
of qe with ln(qe/Ce), the y-axis intercept, which is the
thermodynamic equilibrium constant Kd at different temper-
atures, is obtained. Linear fitting output the following linear
equations at different temperatures: y = −0.0243 − x + 1.96
(293 K), y = −0.0257 − x + 2.34 (303 K), and y = −0.0298 −
x + 3.20 (303 K) (313 K). The Gibbs Helmholtz equation
(ΔGθ = − RT ln Kd) was used to calculate ΔGθ, which was
then fitted linearly to ΔHθ and ΔSθ using the Van’t Hoff

equation =( )Kln S
R

H
RTd , with ln(Kd) plotted against 1/

T. Table 5 displays the relevant thermodynamic parameters.
The reaction of TC adsorption by CS-modified bentonite is

a heat absorption process, as shown by the positive enthalpy
change of the adsorption process (H = 18.71 kJ/mol) based on
the thermodynamic parameters in Table 5. The adsorption
process’ entropy change (S = 69.26 J/mol) was positive,
indicating that it is an entropy-increasing process and that the
adsorption system is moving toward increasing confusion.24

TC is adsorbing by the adsorbent at different temperatures,
and the negative values of the Gibbs free energy (G = −1.64,
−2.14, and −3.03 kJ/mol) show that the reaction can happen
spontaneously. In light of the fact that TC adsorption by CS-
modified bentonite is a spontaneous, heat-absorbing, entropy-
increasing reaction process, raising the temperature is
beneficial to the adsorption process.

Figure 9. (a) Pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c) Elovich model, and (d) intraparticle diffusion model.

Table 2. Parameters of the Adsorption Kinetic Model

model parameters

pseudo-first-order kinetic model qe (mg/g) K1 (1/min) R2

19.16 0.536 0.998
pseudo-second-order kinetic
model

qe (mg/g) K2 (g·mg−1·min−1) R2

19.42 0.119 0.999
Elovich model β (mg/g) ln(αβ) (mg/g) R2

2.29 39.95 0.999
intraparticle diffusion model C (mg/g) Kip

(mg·g−1·min−0.5)
R2

18.09 0.142 0.624

Table 3. qe and Ce at Different Temperatures and Initial
Concentrations

C0
(mg/L)

20 °C (293 K) 30 °C (303 K) 40 °C (313 K)

qe
(mg/g)

Ce
(mg/L)

qe
(mg/g)

Ce
(mg/L)

qe
(mg/g)

Ce
(mg/L)

50 9.72 1.34 9.81 0.85 9.93 0.26
100 19.13 4.25 19.44 2.68 19.67 1.59
150 28.29 8.59 28.44 7.51 29.22 3.56
200 37.00 14.61 37.44 12.24 38.39 7.9
300 53.15 34.14 54.54 27.13 56.53 17.17
400 69.02 54.25 71.28 43.11 74.08 28.32
500 83.23 82.95 87.38 62.24 91.62 41.53
600 95.90 119.74 97.49 112.14 103.38 82.56
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3. CONCLUSIONS
In this study, a particular type of CS-modified bentonite was
developed by the coprecipitation method and used to remove
TC from wastewater. SEM, XRD, FTIR, TG, and BET
characterization were used to investigate the physicochemical
properties of the powder adsorbents. The adsorption process
was more consistent with the Freundlich model and the
pseudo-second-order kinetic model, indicating that it was a
nonmonolayer chemisorption process. The adsorption process
is a spontaneous, endothermic, entropy-increasing process,
according to thermodynamic characteristics. In conclusion, it
has been discovered that CS-modified bentonite has a high
adsorption capacity and may be utilized to effectively remove
TC from wastewater.

4. MATERIALS AND METHODS
4.1. Synthesis of CS-Modified Bentonite. 4.1.1. Purifi-

cation of Bentonite. The purification of bentonite is carried
out by gravity sedimentation.45,46 First, raw bentonite was put
into a draught drying cabinet and dried at 105 °C for 2 h, then
removed and cooled to room temperature, crushed using a ball
mill to obtain the raw bentonite powder, and sealed in a bag
and placed in a desiccator for storage. One hundred grams of
raw bentonite powder was mixed with deionized water to make
a 10% bentonite slurry, which was stirred vigorously for 30 min
using a magnetic stirrer to disperse fully and left for 30 min.
The upper layer of the slurry was taken and centrifuged for 10
min (1500 rpm), and the upper layer was poured off and the
lower layer was dried in an oven at 105 °C for 24 h. Finally, the
solid was crushed and passed through a 200 mesh sieve to
obtain the purified bentonite powder.

4.1.2. Synthesis of Sodium-Modified Bentonite. The
sodium modification of bentonite was carried out by the
suspension method.47 One hundred grams of purified
bentonite powder was first prepared by adding deionized
water to form a 10% slurry, which was stirred vigorously with a
magnetic stirrer to disperse the bentonite powder, then 4 g of
Na2CO3 was added and stirred for 90 min at 80 °C. After the
slurry had cooled to room temperature, it was transferred to a
centrifuge tube and separated by centrifugation at 1500 rpm
for 10 min. The bottom solid obtained by centrifugation was
dried in an oven at 105 °C for 24 h and then crushed and
passed through a 200 mesh sieve to obtain sodium-modified
bentonite.

4.1.3. Synthesis of CS-Modified Bentonite. To dissolve CS,
1.0 g was weighed into 200 mL of 5% acetic acid solution and
vigorously stirred for 2 h at 60 °C. When the CS is entirely
dissolved, a specified amount of sodium-modified bentonite

Figure 10. (a) Langmuir model, (b) Freundlich model, (c) linear fitting of the Langmuir model, and (d) linear fitting of the Freundlich model.

Table 4. Relevant Parameters of the Langmuir Model and
the Freundlich Model

temperature
(K)

Langmuir model Freundlich model

qm
(mg/g)

KL
(L/mg) R2

KF
(mg/g) 1/n R2

293 116.40 0.0305 0.974 10.14 0.473 0.998
303 119.46 0.0377 0.973 12.85 0.442 0.981
313 121.36 0.0629 0.963 18.02 0.409 0.979

Table 5. Thermodynamic Parameters

temperature (K) ΔGθ (kJ/mol) ΔHθ (kJ/mol) ΔSθ (J/mol)

293 −1.64 18.71 69.26
303 −2.14
313 −3.03
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powder was added and thoroughly mixed it in. The reaction is
filtered after 120 min of stirring, and the filter cake is washed
with deionized water until the filtrate is neutral. To get CS-
modified bentonite, the filter cake was dried in a vacuum
drying oven at 60 °C for 24 h, crushed, and passed through a
200 mesh sieve.48

4.2. Material Characterization. The morphologies of the
adsorbents were observed by Hitachi SU8200 scanning
electron microscope. XRD patterns were collected in the 2θ
range of 5−90° at a scan speed of 10°/min with CuKα
radiation (Cu Kα,λ = 0.15406 nm, pipe voltage 40 kV, pipe
current 40 mA) (D8 ADVANCE, Bruker, Germany). FTIR
spectra were measured by using a Vertex 70v FTIR
spectrophotometer. The FTIR tests were performed in a
range of 400−4000 cm−1. Thermogravimetric analysis was
carried out using a thermogravimetric analyzer (TGA-50H,
Shimadzu, Japan). Surface area and pore size distribution were
measured by N2 adsorption/desorption at 100 °C by an ASAP
2460 analyzer (Micromeritics Corporation, USA). The specific
surface area and pore size distribution of samples were
calculated by the BET equation and the Barrett−Joyner−
Halenda (BJH) method, respectively.
4.3. Adsorption Experiments. In this study, adsorption

experiments were carried with a controlled temperature of 25
°C and constant stirring (120 rpm). In each experiment, 50
mL of TC solution (100 mg L−1) and 0.25 g of the adsorbent
were used under different factorial design conditions. The
supernatants were centrifuged and saved for measurement.
Each solution’s concentration was determined in a UV−vis
spectrophotometer at a wavelength of 357 nm using the
Lambert−Beer law. The equilibrium adsorption capacity (qe,
mg/g) and removal capacity (η %) was determined according
to eqs 2 and 3.49

= ×q C C
V
m

( )0 (2)

= ×C C
C

100%0

0 (3)

where qe is the equilibrium adsorption capacity, C0 is the initial
concentration, Ce is the final concentration of TC in the
solution, V is the volume of the aqueous solution in flasks, and
m the mass of adsorbent used.
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