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Methylene Blue Removed from Aqueous Solution by Encapsulation
of Bentonite Aerogel Beads with Cobalt Alginate
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ABSTRACT: It can be difficult to remove dark methylene blue LN - R
(MB) from water effectively. The use of sodium alginate and | I d o y \,
bentonite (Ben) as the matrix produced a displacement reaction H S o Mo 4 \
that occurred in cobalt chloride, which allowed Ben to be N 4 —_> I
successfully encapsulated in cobalt alginate (CA). Finally, a vacuum 5 SN \ //I
freeze-drying method was used to prepare a low-cost composite of NG
CA/Ben aerogel for adsorbing MB in aqueous solutions. In - + - o
addition to scanning electron microscopy, thermogravimetric sodium alginate CA/Ben
analysis, and Fourier transform infrared spectroscopy, the

composites were also characterized and analyzed. Different adsorption experiments were conducted in order to determine the
effects of dosage, pH, adsorption time, and temperature on the adsorption performance of the adsorbent. According to the results of
the experiment, the adsorption capacity of CA/Ben aerogel was 258.92 mg-g”', and the pseudo-first-order kinetic model and
Freundlich isotherm model can fully explain the adsorption process of MB on this aerogel. The composite material reported in this
paper is easily recycled, and the removal rate reaches 65% after four times of recycling. Moreover, compared with other adsorbents,
the composite material of the invention is highly environmentally friendly and has a simple preparation process. A large-scale
application of this technology is the removal of dyes from water on a large scale.
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1. INTRODUCTION
During the past few years, with the continued growth of the

Sodium alginate (SA) is a kind of natural polysaccharide,
which has the characteristics of stability, safety, and non-
toxicity.'* Additionally, SA can be complexed with divalent
metal cations (Ca?*, Cu?*, Co®", etc.) to form hydrogels."® It is
commonly used as a thickener in order to increase the viscosity
of the medium.’® As a result, it is used in conjunction with
other adsorbents in order to achieve the reusability of

printing and dyeing industry, dye pollution has become more
serious, and the polluted water has caused serious health
problems in humans." Not only to dyes cause many life-
threatening diseases in humans, but they also reduce the

aesthetic value of water bodies. It is difficult to process most
dyes due to their complex structure and deep color.” One of
the most common cationic dyes is methylene blue (MB).” Due
to its flat form, MB is easy to aggregate and highly soluble in
solution, making it difficult to process.” Furthermore, exposure
to MB can result in symptoms, such as nausea and breathing
difficulties, and even a small micromolar concentration can
cause harm to the human body.” A number of methods have
been used to remove dyes from wastewater, including
advanced oxidation processes,6 aerobic or anaerobic digestion,7
and coagulation.”
disadvantages to these methods, including high costs, low
efficiencies, and environmental effects.” In addition to

There are, however, a number of

developing green decolorization and decontamination meth-
ods, the industry also demands a cost-effective and sustainable
solution.'” In terms of wastewater treatment technologies,
adsorption is considered as one of the most operational,'" it is
extremely popular in most developing countries, as it is able to
meet most needs.'”"?
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adsorbents. Graphene oxide (GO) has been reported to have
excellent wastewater treatment properties due to its large
surface area and a large number of functional groups.'”'®
Because GO has a high manufacturing cost and a complex
preparation process, it is particularly important to find a
material, which is as efficient and inexpensive as GO. Bentonite
(Ben) is a layered clay mineral composed mainly of
montmorillonite."” Ben has been widely used due to its high
efficiency and low cost.”” Previous studies have demonstrated
that hydroxyl groups on the Ben surface are conducive to
hydrogen bond formation and that these hydrogen bonds
contribute to the improvement of the internal structure of the
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aerogel when combined with other polysaccharides.”’ Clay
surfaces also have exchangeable ions, which leads to the clay
through adsorption and ion exchange of negative and cation
ions.”” According to Errais et al, clay minerals remove dye
from water at a rapid rate. Generally, natural clays are
negatively charged and exhibit good adsorption properties for
cationic dyes.”” Unfortunately, if Ben is used directly for
adsorption, sludge will be generated, causing re-pollution of
the water body.”* Due to its excellent performance in
wastewater treatment, a large number of studies on Ben have
been carried out by predecessors (such as calcium alginate/
Ben composite,25 cellulose/GO/Ben composite,26 and Ben/
activated carbon composite'®). The use of alginate to
encapsulate the Ben can effectively prevent the Ben from
causing secondary pollution to the water body during the
process of adsorbing dyes, and achieve the effect of reusability.
In this paper, composite gel beads of different proportions of
SA and Ben were formed by encapsulating Ben with SA. Then,
the composite material was freeze-dried using a vacuum freeze
dryer to synthesize cobalt alginate/bentonite (CA/Ben)
aerogel composite material. Ben’s high adsorption performance
is retained in the composite, which results in the recovery of
the adsorbent. As a consequence, the hydroxyl functional
groups on the surface of Ben contribute to improving the
internal structure of the aerogel when combined with
polysaccharides.

The primary objective of this research is to synthesize low-
cost and high-efficiency aerogel composites by encapsulating
Ben via CA. The composites were characterized and analyzed
using scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), and Fourier transform infrared spectroscopy
(FTIR), and their ability to remove MB was described and
evaluated.

2. MATERIALS AND METHODS

2.1. Material. SA was provided by Shanghai Aibi Chemical
Co., Ltd., China. Xincheng Mineral Development Company
(China) supplied the bentonite. Sulfuric acid (H,SO,, 98%),
cobalt chloride hexahydrate (CoCl,-6H,0), and hydrochloric
acid (HCI, 36.0—38.0%), China Sinopharm Chemical Reagent
Co., Ltd. Various other experimental reagents were obtained
from China Aladdin Industrial Co., Ltd. The drugs were all of
analytical grade and can be used directly without purification.
The desired solution was prepared using deionized water.

2.2. Preparation of CA/Ben. To prepare the gel beads, 0.3
g SA was added to 30 mL of deionized water and stirred to
dissolve it completely, then Ben was added to the beaker, and
stirred continuously for 3 h. Under the stirring action of a
magnetic stirrer, the mixed solution was injected into S wt %
cobalt chloride solution with a syringe. The beads were washed
several times with deionized water to remove residual cobalt
chloride from the surface. After the gel beads were washed,
they were frozen in the refrigerator overnight and then freeze-
dried in a vacuum freeze-dryer. As can be seen in Figure 1, the
optical contrast images before and after CA/Ben compounding
clearly demonstrate the encapsulation of Ben by CA. To
achieve the contrast effect, pure CA and Ben and CA and Ben
with different mass ratios were prepared (CA/Ben = 0.1, 0.2,
0.3, 0.4).

2.3. Material Characterization. SEM was used to
examine the morphological characteristics of CA/Ben. A thin
layer of gold powder was sprayed on the sample’s surface
before analysis, and the measurement was conducted at a

(a)

Figure 1. Optical contrast images before and after CA/Ben
compounding: before compounding (a) and after compounding (b).

voltage of 20 kV. TGA under a nitrogen atmosphere at a
heating rate of 10 K:min™" was used to investigate the thermal
stability of CA/Ben composites. Under vacuum at 423 K, the
sample material was dried for 5 h. An automatic surface
analyzer is used to determine pore size distribution and
Brunauer—Emmett—Teller (BET) area at 77 K based on the
N, adsorption and desorption isotherm. In order to prepare
0.01 M NaCl solution, 10 mg of sorbent was added to 20 mL
of sodium chloride solution and the pH accordingly was
adjusted. In order to explain the effect of pH on the adsorption
performance of the adsorbent (pH values using different
concentrations of HNO; and NaOH solutions was adjusted).
Zeta points were used to measure the charge properties of the
material surface.

2.4. Adsorption Experiments. In deionized water, MB in
deionized water was dissolved to prepare the original solutions
(1000 mg-L™") of the desired dye concentrations. A fixed
weight (10 mg) of CA/Ben was added to a S0 mL Erlenmeyer
flask containing 20 mL of MB solution (40—140 mg-L™"). MB
solutions of 100 mg/L were used to determine the adsorption
properties of composites with different weight ratios.
Adsorption equilibrium was reached after 48 h of shaking
the solution. In order to measure the remaining dye
concentration in the solution after centrifugation, a UV—vis
spectrometer (TU-1810, Beijing Pujinye General Instrument
Co., Ltd,, China) was used. A 120 rpm air-bath shaker was
used for all adsorption experiments, while all other conditions
remained unchanged. The adsorption equilibrium capacity (gq.,
mg-g~') and removal rate (D, %) were calculated using the
following formulas.

_(CO— C, xv]
.=\ m (1)

[

D% =|———| X 100
o (2)
where, C;,, C., and C, (mgL™') represent the initial
concentration of dye, the concentration of dye after
equilibrium, and the concentration of dye at time ¢
respectively; and V and m are the dye volume (mL) and
adsorbent mass (mg), respectively.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. SEM was used to
examine the surface morphology of CA, Ben, and CA/Ben.
According to Figure 2a, CA has a relatively dense and smooth
surface, so it serves as a skeleton in this study. Ben has a
relatively rough surface, as shown in Figure 2b, which explains
its high dye adsorption capacity. At different magnifications,
Figures 2¢,d illustrates the surface morphologies of CA/Ben
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Figure 2. SEM images of CA (a), Ben (b), and CA/Ben at different
multiples (c,d).

aerogels. From Figure 2c, it can be seen that there are more
protrusions on the surface of CA/Ben, which indicates that
Ben is encapsulated within CA. Moreover, the wrinkling of the
material in Figure 2d is observed to increase significantly,
further verifying that the addition of Ben improved the
morphology and adsorption performance of CA.

As shown in Figure 3a, the TGA curves of CA, Ben, and
CA/Ben composites can be viewed. Before 200 °C, all the
samples in Figure 3a lost a significant amount of weight, mainly
due to dehydration.27 The weight losses of CA, Ben, and CA/
Ben were 12.7, 10.5, and 6.1%, respectively. Between 200 and
600 °C, cobalt alginate and its composites exhibit noticeable
mass loss, primarily as a result of the release of water with a
closer polar interaction between carboxylate groups and the
decomposition of oxygen-containing functional groups on the

surface of cobalt alginate.”*’ At 600 °C, each curve begins to
decline slowly, which is largely due to the dehydroxylation
reaction of aluminosilicate.’” The enhanced cross-linking
structure of the composite and the barrier effect of Ben result
in a significant improvement in thermal stability. Additionally,
it has been observed that the loss of Ben encapsulated in cobalt
alginate is significantly greater than that of pure Ben, primarily
due to the decomposition of alginate. Despite this, the thermal
stability of CA/Ben is much better than that of pure CA,
mainly due to the enhanced cross-linking structure and barrier
effect of Ben. By using a TGA analyzer at 800 °C, CA, Ben,
and CA/Ben lost 72.24, 17.07, and 47.43% of their weight,
respectively.

As shown in Figure 3b, the functional groups of the
composite CA/Ben and the combined component (CA, Ben)
were characterized using FTIR spectroscopy. At 1640 and
1580 cm™!, cobalt alginate exhibits vibrations related to the
stretching of C=C double bonds and the vibrations related to
the benzene ring skeleton.”*” The peaks at 1014 and 1400
ecm™' may be C—H in-plane bending vibrations and sym-
metrical stretching motions of carboxylate ions, respec-
tively.”>** At 912 cm™, it may be a group composed of Al—
Al—OH.*® The characteristic peaks at 791, 623, and 520 cm™!
indicate bending vibration along the C—H chain, stretching
vibration along the C—Cl chain, and bending vibrations along
the Si—O chain, respectively.”>*” Through the characterization
of the material by FTIR spectroscopy, it can be seen that Ben
was successfully encapsulated into CA, forming a new type of
composite material. By comparing the FTIR representation of
the adsorbent before and after adsorption in Figure 3b, it can
be clearly seen that the peak value disappears at 1400 and 791
cm™. The carboxylic acid anion and hydrocarbon on the
adsorbent may be involved in the adsorption reaction.

The BET specific surface areas of the composites CA/Ben
and the constituents were determined by N, adsorption and
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Figure 3. TGA curve (a) and FTIR curve (b) of different materials; N, adsorption—desorption curves (c) of CA and CA/Ben composites; and
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41248

https://doi.org/10.1021/acsomega.2c04904
ACS Omega 2022, 7, 41246—41255


https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04904?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

desorption isotherms. As can be seen in Figure 3c, the curve
type of CA conforms to the type II isotherm, which reflects the
typical physical adsorption process on non-porous or macro-
porous adsorbents.'® In addition, the BET specific surface area
of CA is relatively small, which is 1.924 m*-g™". The curve type
of CA/Ben exhibits a compound IV isotherm curve type. This
type of isotherm corresponds to a system in which the porous
adsorbent exhibits capillary condensation, which is consistent
with the H3 hysteresis loop, which indicating that the pore
structure is very irregular. Due to the addition of Ben (58.7047
m*g~!, as shown in Figure S1) to CA, the specific surface area
of the obtained composite CA/Ben was increased (4.4628 m*
g™ "). Figure 3d shows the pore size distribution curve of CA/
Ben composites. The average adsorption pore size of the CA/
Ben composite is 101.867 A. According to the IUPAC pore
size distribution, the composite was confirmed to be a
mesoporous material.”® According to previous studies, the
molecular size of MB is 13.32 A. Therefore, the composite
CA/Ben can effectively adsorb and remove MB.*”

3.2. Effects of Different Mass Ratios on Adsorption
Performance. The optimal mass ratio can achieve the lowest
cost and the highest benefit, so it is very important to explore
the optimal mass ratio. In the experiments were carried out
using the MB solution at a concentration of 100 mg-mL™".
Figure 4 shows that the MB removal rates of CA and Ben at
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Figure 4. Effects of different mass ratios on the adsorption
performance of CA/Ben.

different mass ratios (CA, Ben, CA/Ben = 0.1, 0.2, 0.3, 0.4)
were 82.64, 97.77, 96.28, 97.35, 97.36, and 97.48%,
respectively. Although Ben has a high removal rate, direct
use will cause secondary pollution to the environment and
cannot be recycled. For the composite materials with different
mass ratios, the removal rate increases gradually with the
increase of the ratio. The possible reason is that the
combination of Ben and CA can improve the steric structure
inside the alginate, thereby increasing the adsorption capacity.
However, the mass of the added adsorbent is fixed, and the
mass of Ben is heavier, so the smaller the proportion of Ben,
the higher the removal efficiency. When CA: Ben = 0.2, with
the increase of mass ratio, the removal rate does not change
much. Considering the cost, the best mass ratio is CA: Ben =
0.2.

3.3. Effects of Dosage, pH, Time, and Temperature on
Adsorption Performance. It is essential to determine the
optimal amount of input adsorbent in order to maximize the
benefits. Figure Sa depicts that, the removal rate of CA/Ben
composites increased with the increase of adding amount from
92.34 to 99.60%, but the adsorption amount decreased

gradually. The main reason for the increase of removal rate
is that the removal rate of MB is positively proportional to the
adsorption site on the surface of the adsorbent. Thus, with the
increase of adsorption dose, adsorption sites also gradually
increased. The main reason for the decrease of adsorption
capacity is that although the adsorption sites gradually increase,
the MB molecules are limited, which leads to the failure to
maximize the utilization of active sites on the adsorbent
surface.

The initial pH has a great influence on the adsorption of MB
by adsorbent. Therefore, it is of great significance to explore
the optimal pH value. The temperature chosen for this work
was 298 K and 20 mL of MB solution at a concentration of 100
mg-L™' was used for the experiment. This experiment
investigated the effect of pH on the adsorbent and Zeta
potential. As can be seen in Figure Sb, CA/Ben has zero charge
site (pHpzc) at pH S. This indicates that in pH < S, the CA/
Ben surface is positively charged. Electrostatic repulsion
between the positively charged adsorbent and the cation is
not conducive to the adsorption of the cation. The zeta point
gradually decreased with the increase of pH. When pH > §, the
degree of deprotonation of —COOH and —OH groups
increased, which was conducive to the removal of cationic
dyes.*” It can be found that in the range of pH 2—7, the
removal rate increases with the increase of pH. It is possible
that the zeta potential value of CA/Ben decreases, which
reduces the effect of charge mutual exclusion. On the contrary,
the removal rate of CA/Ben decreased with the increase of pH
in the range of 7—10. At lower pH, the CA/Ben surface may
become positively charged, which allows H* in solution to
compete with cationic dyes."' The original pH value of MB
solution is 7.37, and the removal effect of the composite
material is the best when the pH value is 7, so the composite
material is suitable for treating MB in most water bodies."”
Because MB contains chloride ions, chloride ions may undergo
a displacement reaction with NaOH in solution at higher pH
values to generate NaCl (aq) and MBS*OH (aq). Meanwhile,
NaCl may reduce the adsorption of MBS'OH by CA/Ben,
thus reducing the removal rate of MB by CA/Ben.*”**

Temperature has an important effect on the adsorption rate
and capacity of MB. Therefore, 10 mg of sorbent was added to
20 mL of MB solutions of different concentrations (40—140
mg-mL™") and divided into the same three groups. This
experiment examined the effects of different temperatures
(298, 308, and 318 K) on adsorption properties of CA/Ben
composites under the assumption that other conditions
remained the same. Figure Sc shows the adsorption capacity
of CA/Ben for MB at different temperatures. The maximum
adsorption capacity of CA/Ben composite was 254.36 mg-g~"
at 298 K, and the adsorption capacity decreased to 247.05 mg-
g~ ! with the increase of temperature. The may be caused by
weakened attraction between MB and adsorbent sites. The
experimental results show that the adsorption process of the
CA/Ben composite is an exothermic reaction. This is
consistent with previous experimental results.”

Figure 5d depicts the adsorption rate of CA/Ben composite.
The adsorption rate was fast within 160 min, and then the
adsorption rate was slow until it reached equilibrium. The
adsorption of MB by CA/Ben reached equilibrium after 1440
min. Table 1 shows the comparison of the adsorption rates of
MB by various adsorbents. At the beginning, the adsorption
rate was fast mainly because there were many adsorption sites
in the initial stage, but as time went by, more and more
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Table 1. Comparison of MB Adsorption Rate with Different Adsorbents
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adsorption sites were occupied by MB molecules. The dye
then diffuses into the adsorbent untll it reaches equilibrium,
resulting in a slower adsorption rate.”

3.4. Adsorption Kinetics. To better analyze the
adsorption process, the experimental data were fitted with a
Pseudo-first-order model, a Pseudo-second-order model, an
Elovich kinetic model (Figure 6a), and an intraparticle
diffusion model.”” ™" Where ¢, and q, in the formula represent
the adsorption capacity at time t and the adsorption capacity
after reaching the adsorption equilibrium, respectively. The
pseudo-first-order model (eq 3), the pseudo-second-order
model (eq 4), and Elovich kinetic model (eq 5) are formulated
as follows

g, = q,(1 —e™) 3)
_ q Vot

= q, + vt (4)

L _ n@p) | n()

! p p ()

where k (min™") refers to the rate constant of the pseudo-first-
order model, v, (mg-g~"min~") refers to the adsorption rate
when adding adsorbents. @ (mg-g~"-min~") and f (g'rmg™") are
the initial adsorption rates and the parameters related to
chemisorption activation energy and surface coverage extent,
respectively.

The pseudo-first-order model is one of the most commonly
used models, mainly used in the adsorption process in the
liquid phase, indicating that the adsorption process is mainly
affected by physical effects. For the adsorption conforming to
the pseudo-second-order model, it can be considered that the
adsorption process is affected by chemical action and not
affected by physical migration. The Elovich model is mainly
used to describe the adsorption behavior of pollutants on the
non-uniform solid surface during the adsorption process.’” The
adsorption kinetic parameters and correlation coefficients are
shown in Table 2, and the fitting curve of the adsorption
process is more in line with the pseudo-first-order model (R* =
0.997).

The adsorption rate is mainly affected by membrane
diffusion and particle diffusion.’> According to the diffusion

Table 2. Fitting Results of Kinetic Model Parameters of MB
Adsorption on CA/Ben

kinetic model parameter values
pseudo-first-order kinetic model k (min~") 0.027
q.(mg-g") 176.523
R 0.997
pseudo-second-order kinetic model vo(mg-g™''min~") 7.648
9.(mg-g™") 189.426
R 0.986
a (mg-g "min~") 31.920
Elovich kinetic model B (gmg™) 0.033
R? 0.880
intraparticle diffusion model k;(mg-g~"min~"?) 19.586
o ~13.520
R 0.989
Kz(mg~g_1~min_1/2) 0.452
(% 165.572
R 0.905

model, the adsorption process is divided into two parts. The
intraparticle diffusion model formula is as follows

q _ k tl/ 2 (6)
where k; (mg-g™' ~min_1/ %) is the constant with respect to the
intraparticle diffusion rate and C; (mg-g™') is the intercept
associated with the adsorption step.

The diffusion model was obtained by linear fitting (Figure
6b). The model was divided into two parts. The first stage is
the rapid adsorption stage, which is mainly affected by
membrane diffusion. At this stage, MB is rapidly adsorbed by
the active site on the surface of the adsorbent. The second part
is the intramolecular diffusion stage, where the adsorption rate
is relatively slow, mainly the particle diffusion stage. Because
both line segments do not pass through the origin, both
membrane diffusion and intraparticle diffusion have an effect
on dslze adsorption rate during the adsorption of MB by CA/
Ben.™

3.5. Adsorption Isotherm. In this paper, Langmuir,
Freundlich, Sips, and Temkin isotherm models were used to
perform nonlinear fitting to the data of this study at 298 K, and
the fitting results are shown in Figure 6¢c. Meanwhile, Table 3

Table 3. Model Parameters of Adsorption Isotherm of MB
Adsorption by CA/Ben

models parameters

Langmuir  g,(mg-g™") 258919 K (L'mg™") R?
0.626 0.844

Freundlich Kf(mgl_l/"-Ll/”-g_l) n 3.134 R?
110.059 0.991

Sips gm(mg-g™") 274096  K(L-mg™")"  b0324 R
0.569 0.990

Temkin B(J-mol™") 48.183 Ar(L-mg™") R?
10.773 0.980

describes the parameters of the nonlinear fitting of the
Langmuir isotherm (eq 7), the Freundlich isotherm (eq 8),
the Sips isotherm model (eq 9), and Temkin isotherm model
(eq 10).

quLCe
L7714 Kic, 7)
q, = ket )
q_(Ke,)
q, =
1+ (Ke) 9)
q, = Brln(Arc,) (10)

where K is a constant related to the strength of adsorption
between the adsorption site and the adsorbent. K; (mg'~"/"
LVn g™') is the constant used in the calculation, and n
represents the degree of irregularity of the adsorbent surface.
K [(L-mg™")"*] represents the parameters in the Sips model;
b means the heterogeneity constant of Sips; and By (J-mol™)
describes the energy constant in the Temkin isotherm model,
while A; (L'mg™') represents the equilibrium binding
constant.

The Langmuir isotherm model assumes that the adsorption
of dyes occurs on the adsorbent with limited and surface-
homogeneous adsorption sites.”* In contrast, the Freundlich
isotherm model assumes that the adsorption process occurs on

https://doi.org/10.1021/acsomega.2c04904
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a multi-layered heterogeneous adsorbent surface.” Sips
isotherm model is an improved formula of Langmuir and
Freundlich model.’® The Temkin isotherm model is used to
describe the relationship between the adsorbent and the heat
of adsorption.”” It can be seen from Table 3 that the CA/Ben
composites are more in line with the Freundlich isotherm
model (R? = 0.991), which indicates that the adsorption of MB
on CA/Ben aerogels is a multilayer heterogeneous surface
adsorption. This assessment is consistent with that of the
previous analysis. At the same time, the parameter n in the
Freundlich isotherm model is between 2 and 10, indicating
that the adsorption reaction is relatively easy to carry out. The
maximum adsorption capacity of the adsorbent CA/Ben
calculated by the Langmuir model was 258.919 mg-g~".

Different adsorbents were compared to find their advantages
and disadvantages. Therefore, different adsorbents were found
under similar conditions to conduct comparative experiments
with CA/Ben. The comparison results are shown in Table 4. It
can be seen that the adsorption performance of CA/Ben
composites for MB is relatively excellent.

Table 4. Comparison of MB Adsorption Performance
between CA/Ben and Other Adsorbents

dosage I G
adsorbents (mgmL™) (mgmL™') (mgg™) refs
ANaBC 1 10—800 201 S8
plasma treated bentonite 0.75 100—250 303 59
CMC/KC/AMMT 0.1 10—-500 12.5 60
PVA/PCMC/GO/Ben 1.5 50—-250 172.4 26
CA/Ben 0.5 40—-140 258.9 this
work

3.6. Thermodynamic Studies. The adsorption of MB on
CA/Ben can be further investigated by utilizing the Gibbs free
energy change (eq 11) and calculating the thermodynamic
parameters of the adsorption process (eq 12). where R is the
universal gas constant (8.314 J-mol™-K™"). AG, AH, and AS
represent Gibbs free energy change, enthalpy change, and
entropy change, respectively. The values of AH and AS can be
obtained directly from the linear fit of In(q./c.) to 1/T.

AG = AH — TAS (11)
q, AH AS

Inf—=]=—-—+ —
C. RT R (12)

It can be seen from Table S that the Gibbs free energy is
negative at all temperatures (AG < 0). Meanwhile, the

Table 5. Thermodynamic Parameters of MB Adsorption by
CA/Ben

T (K) AG(IJ-mol™) AH(kJ-mol™") AS(J-mol™ K7')
298 —-11.072 —12.511 —4.830
308 —11.023
318 -10.975

absolute value of AG decreases with increasing temperature,
which indicates that the adsorption process is spontaneous and
suppressed at high temperatures. In addition, AH < 0,
indicating that the adsorption process of MB on CA/Ben is an
exothermic process.”

3.7. Recycling Performance. The re-recovery perform-
ance is one of the important criteria for evaluating the practical
value of the adsorbent, and its performance determines the
cost of using the adsorbent. In order to evaluate the re-
recycling performance of CA/Ben composites, MB solution
with a concentration of 100 mL was carried out at 25 °C under
natural pH conditions. Due to certain mass loss during the re-
recovery process, the ratio of adsorbent to dye was kept
constant at 1:2 in each re-recovery experiment. After
adsorption, 0.1 M hydrochloric acid solution was used for
desorption and after complete desorption, deionized water was
used for several times to wash off excess hydrochloric acid
solution. The samples were vacuum freeze-dried and then
adsorbed again. The above process was repeated 4 times, and
the experimental results are shown in Figure 6d. The dye
removal rate decreased from 97.38 to 65%, possibly because
the Co—O bond might break in the acidic solution. After the
fifth repeated adsorption, the morphology of the composite
will be destroyed. At the same time, the decrease of adsorption
capacity may also be due to the adsorption site is still partially
occupied during each desorption process, and the desorption is
not complete.

3.8. Adsorption Mechanism. Figure 7 shows the
adsorption mechanism diagram of MB adsorbed by CA/Ben.
The adsorption process of dyes is usually closely related to
electrostatic attraction, hydrogen bonding, and 7#—z inter-
actions.”> According to previous studies, the oxygen-containing
functional groups on the surface of cobalt alginate can interact
with cationic dyes. Because Ben itself has strong ion conversion
ability, the addition of Ben improves the adsorption efficiency.
In order to better understand the adsorption mechanism, the
FTIR spectrum of the sample (CA/Ben-MB) after adsorption
of MB was recorded, as shown in Figure 3b. The characteristic
peak of MB at 1587 cm™" appears on the spectrum.”® At the
same time, the intensity of carboxylate functional groups in
CA/Ben was observed to change, which confirmed that MB
was adsorbed to the composite active site. In addition, with the
increase of pH, the hydroxyl and carboxyl groups in the cobalt
alginate composites were deprotonated to form O~ and COO~
groups, which improved the electrostatic attraction properties
of the CA/Ben composites to MB.**

4. CONCLUSIONS

In this paper, inexpensive and efficient composite aerogel
beads (CA/Ben) based on cobalt alginate and bentonite were
successfully synthesized. It was confirmed that Ben was indeed
encapsulated in CA by observation of optical pictures and
FTIR spectroscopic analysis. By exploring different mass ratios
and the conditions affecting the adsorption performance, the
optimal mass ratio and adsorption conditions were obtained
(CA: Ben = 0.2, 298 K, pH 7, adsorbent mass 10 mg). The
introduction of Ben did enhance the adsorption capacity of the
aerogel for MB. Through a series of characterization analysis
(SEM, TGA, and BET) of CA/Ben, it was found that the
addition of Ben promoted the formation of rough structure,
thermal stability, and specific surface area of the aerogel
surface. The adsorption of MB on CA/Ben can be well
described by pseudo-first-order kinetic model and Freundlich
isotherm model. The prepared aerogel can maintain a high
removal rate after four adsorption—desorption cycle experi-
ments, so the prepared composite material can be used as an
efficient and environmentally friendly adsorbent in the field of
dye treatment.
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