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Recently, studies on the removal of methylene blue (MB) in an efficient and environmentally friendly
manner and the effective treatment of wastewater polluted by dyes have attracted significant interest
from researchers in fields ranging from fundamental environmental research to applied chemical
engineering. Herein, a citric acid (CA)-based polymeric adsorbent, porous starch-citric acid (PST-CA),
was initially prepared via a dry and wet reaction by introducing polyhydroxy compounds as the starting
material, which was further successfully used for the adsorption treatment of MB. The effects
of adsorbent dose, solution pH, contact time, the initial concentration of solution and temperature on
the adsorption were thoroughly investigated. In particular, a series of tests revealed that the adsorption
mechanism between the adsorbent and MB is chemisorption, mainly relying on electrostatic and
hydrogen bonding interactions. The maximum theoretical adsorption capacities of PST-CA-G and
PST-CA-S for MB were 381.67 mg g™ * and 882.96 mg g%, respectively. The results of the regeneration
tests and the generalization tests showed that this adsorbent is more suitable for the adsorption of
cationic dyes and it has favorable reusability. Also, CA-based polymeric adsorbents have great potential
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Introduction

Dye-containing wastewater from industrial applications is
increasing daily,"” and when discharged directly into rivers,
it greatly affects the survival of numerous organisms. Thus, the
effective treatment of dye wastewater is of great significance to
prevent water shortage, protect the environment, and promote
sustainable economic development, especially in developing
industrial countries. In particular, owing to their advantages of
low cost, simple operation, low energy consumption, easy
installation, insensitivity to toxic pollutants, ability to remove
various types of dyes, and excellent efficiency, exploring
advanced adsorption materials is one of the most favorite
techniques for the treatment of wastewater.*™®

Porous starch (PST) is a modified advanced starch product,
which is generally prepared by bioenzymatic,” chemical,® and
physical methods.® PST can be used as an adsorbent material
with the advantages of safe, non-toxic, and biodegradable
nature, attracting significant attention from academic and
industrial researchers. In comparison to natural unmodified
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for use in dye wastewater applications.

starch, PST has a unique pore structure and enlarged specific
surface area, leading to the presence of more adsorption sites
and better adsorption performance.'® Therefore, PST has been
used to adsorb oil, grease, and gas pollutants, which can be
retained for a longer period compared to original starch.'* Also,
to further enhance the adsorption performance and introduce
new functional properties, the chemical modification of PST
by grafting specific functional groups has been extensively
performed. In general, the chemical modification methods
include a series of classic organic reactions, such as etherifica-
tion, esterification, and cross-linking reactions.'? For example,
epichlorohydrin-modified PST exhibited a higher adsorption
capacity for MB owing to its polymeric cross-linked architec-
ture."® In addition, sodium trimetaphosphate covalently modified
cross-linked PST has lower solubility and higher thermal stability,
exhibiting more porous structures on its outer surface, as indicated
by SEM observations, and better adsorption towards water, oil, and
MB.™ Thus, the fabrication of cross-linked polymeric architectures
is an efficient method to promote the thermal stability and
adsorption performance of PST.

Herein, we initially prepared PST via the freezing method,
and then synthesized two types of citric acid (CA)/porous starch
composite adsorbents, i.e., PST-CA-G and PST-CA-S, via dry and
wet methods, respectively (Fig. 1). Due to the low cost, non-
volatility and non-toxicity of CA, it has been employed widely
as a type of green cross-linking agent, e.g., for polycarboxylic
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Fig. 1 Schematic diagram showing the preparation of PST-CA.

acids"™"” and PST to introduce functional groups such as ester

and carboxyl groups during specific adsorption. Both PST-CA-G
and PST-CA-S were fully characterized by SEM-EDS, FT-IR,
XRD, TGA, BET and XPS. The effects of a series of factors such
as contact time, adsorbent dosage, initial solution concen-
tration, solution pH and temperature on the adsorption per-
formance of PST-CA-G and PST-CA-S were also thoroughly
studied in-depth for the removal of cationic dyes from water.
The adsorption behaviors of PST-CA-G and PST-CA-S were
further analyzed using the adsorption kinetic model, adsorp-
tion isotherm model and adsorption thermodynamic model.
Moreover, FT-IR, XPS and density functional theory (DFT) were
used to investigate the mechanism of the adsorption process.
The adsorption capacities of PST-CA-G and PST-CA-S for
different types of dyes were also evaluated using generalized
experiments.

Materials and methods

Materials

The chemical reagents used in the experiments including citric
acid (CA), water-soluble starch, potassium dihydrogen phos-
phate (KH,PO,), methylene blue (MB) and anhydrous ethanol
were obtained from Shanghai Macklin Biochemical Co. Ultra-
pure water was made in the laboratory.

Preparation of PST-CA

Preparation of PST. Firstly, 10 g of water-soluble starch was
added to a 250 mL three-neck flask. Then, 100 mL of ultrapure
water was measured and poured into the three-neck flask, and
the starch solution was stirred well on a magnetic stirrer.
Subsequently, the starch solution was heated to 90 °C in a
water bath for 1 h, forming a paste. The starch paste was
poured into a Teflon beaker and cooled to room temperature.
Then, the beaker was placed in a medical refrigerator-freezer
and pre-chilled at 2-8 °C for 1 week. The formed starch gel was
placed in the lower level of the refrigerator and frozen at —26 °C
for 3 days. Next, the frozen starch gel was soaked in anhydrous

© 2023 The Author(s). Published by the Royal Society of Chemistry

Ultrapure water

Blast drying oven

ethanol, thawed at room temperature, washed, and repeated
several times to completely replace the water in the starch with
anhydrous ethanol. Finally, the product was placed in a blast
drying oven and dried at 50 °C to a constant weight to obtain
pure white PST, which was ground for further use.

Preparation of PST-CA-S. Wet preparation: 1.0 g CA, 1.0 g
PST, and 0.25 g KH,PO, were accurately weighed in a 50 mL
beaker, and then 10 mL ultrapure water was added and stirred
at 60 °C in a water bath until the ingredients were well mixed.
The mixed solution was transferred to a vacuum drying oven
and reacted at 130 °C for 2 h to obtain a black-brown solid
product, which was named PST-CA-S. The solid product
was removed and cooled to room temperature, soaked and
washed several times with ultrapure water to remove the
unreacted raw materials and impurities. Finally, the washed
solid product was placed in a blast dryer and dried to constant
weight at 50 °C.

Preparation of PST-CA-G. Dry preparation: 1.0 g CA, 1.0 g
PST, and 0.25 g KH,PO, were accurately weighed in a 50 mL
beaker, and then 10 mL anhydrous ethanol was added and
stirred in a water bath at 60 °C until the ingredients were well
mixed. After the anhydrous ethanol evaporated, the mixed
solution was transferred to a vacuum drying oven and reacted
at 130 °C for 2 h to obtain a light-yellow solid product, which
was named PST-CA-G. The solid product was removed and
cooled to room temperature, soaked and washed several times
with ultrapure water to remove unreacted raw materials and
impurities. Finally, the washed solid product was placed in a
blast dryer and dried to a constant weight at 50 °C. Fig. 1 shows
the process for the preparation of the PST-CA polymeric
adsorbent.

Characterization of PST-CA

The characterization techniques included field-emission scan-
ning electron microscopy-energy spectrometry (SEM-EDS),
single-crystal X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (FT-IR), simultaneous thermal analysis (TGA),
X-ray photoelectron spectroscopy (XPS), and specific surface
area and pore size analysis (BET).

Mater. Adv., 2023, 4, 3356-3368 | 3357
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MB adsorption experiment

Firstly, 20 mL of the desired concentration of MB solution was
added to a 100 mL conical flask with an initial pH of 7.0, and
then 10 mg of adsorbent was added, and the conical flask was
placed in a gas bath thermostatic shaker and shaken at an
oscillation rate of 130 rpm at 30 °C until the adsorption reached
equilibrium. Then, the absorbance of the MB solution after
adsorption was measured using a UV spectrophotometer, and
the residual concentration of MB solution was determined
using the standard curve of MB. The adsorption capacity,
g. (mg g™ "), and removal rate, R%, of MB by the adsorbent
were calculated using eqn (1) and (2), respectively, as follows:'®

qe = M (1)

m

° x 100% 2)
0
where C, and C. are the initial concentration and equilibrium
concentration of MB (mg L") and m and V are the substrate
mass () and solution volume (L), respectively.

Adsorption kinetics

Adsorption kinetics can describe the time required to complete
the adsorption process. Generally, two classical adsorption
kinetic models are used to analyze the adsorption behavior
of CA-based polymeric adsorbents on MB, i.e., the quasi-first-
order kinetic model (pseudo-first-order) and quasi-second-
order kinetic model (pseudo-second-order).

Kt

log(ge — q:) = logge — 3303 (3)

t, 1 t
0 K q.

4)

where K; (min~") and K, (g mg~ ' min ") are the adsorption rate
constants and pseudo-second-order adsorption rate constants,
respectively, g. (mg g~ ') is the adsorption capacity, and g,
(mg g~ ") is the adsorption capacity at time ¢.

Adsorption isotherm

To investigate the relationship between the initial concen-
tration of the adsorbent and its equilibrium adsorption capa-
city, the equilibrium adsorption data were fitted using two
adsorption isotherm models, i.e., Langmuir (5) and Freundlich
(6). The parameters related to the adsorption properties and the
maximum adsorption capacity were obtained, as follows:

C. C. 1

=4 5
qe dm KLqm ( )

In(ge) = In K¢ + %ln(Ce) (6)

where C. (mg L") is the equilibrium concentration, g. (mg g~ ")
is the equilibrium adsorption capacity, g, is the maximum
adsorption capacity, and K and n are constants of the Freun-
dlich equation. Kj, is a constant for the Langmuir equation.
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Adsorption thermodynamics

The thermodynamics of adsorption was determined using
three basic thermodynamic parameters, namely, the Gibbs free
energy change (AG®, k] mol™"), enthalpy change (AH’, k] mol ")
and entropy change (AS° ] mol ' K "). These parameters were
used to determine whether the adsorption process is exother-
mic or heat-absorbing, spontaneous or not, and if the stoichio-
metry at the solid-liquid interface is increasing or not,
respectively. This is important for exploring the adsorption
mechanism.'®?° The main equations involved are as follows:

Ky =21 7
1= )
AS®  AH
nKy=— 22
M= " RT (8)
AG® = AH® — TAS® (9)

where Ky (L g~ ") is the distribution factor, g. (mg g™ ) is the
equilibrium adsorption capacity, C. (mg L™") is the equilibrium
concentration, R (8.314 ] mol " K ') is the general gas constant,
and T (K) is the absolute temperature.

Results and discussion
Characterization of PST-CA

SEM analysis. Photographs of the white powder of ST, white
blocks of PST, light-yellow particles of PST-CA-G and dark
brown particles of PST-CA-S are shown in Fig. 2(a), (d), (g)
and (j), respectively. The detailed morphology of ST was mostly
an irregular spherical shape with a relatively smooth surface, as
shown in the SEM images. In contrast, the morphology of PST
prepared by the freezing method was different from that of ST,
which had a rough surface with folds and pores in its structure.
The morphology of PST-CA-G is a platelet structure, and its
surface was relatively smooth without folds and pores. Different
from PST-CA-G, the surface of PST-CA-S became uneven with
irregular blocks, many folds and pores, as well as layered
structures, which may provide more recognition sites during
adsorption. The above-mentioned results indicate the success-
ful preparation of PST, PST-CA-G and PST-CA-S. Particularly,
there were large differences between the detailed morphologies
of PST-CA-G and PST-CA-S prepared via the dry and wet
methods, respectively.

FT-IR analysis. The structures of PST, PST-CA-G and PST-CA-
S were analyzed by FT-IR, and the results are shown in Fig. 3(a).
The characteristic peak at 2933 cm™' corresponds to
the absorption peak of the stretching vibration of C-H. The
characteristic peak at 1652 cm ™' is attributed to the absorption
peak of the stretching vibration of C-O. Compared to PST,
PSI-CA-G and PST-CA-S showed new apparently sharp charac-
teristic absorption peaks at 1743 em ™!, which can be attributed
to the stretching vibration of C=O0 in the ester group. This
demonstrates that an esterification cross-linking reaction
occurred between PST and CA. In addition, the intensity of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Photographs of ST. (b) and (c) SEM images of ST. (d) Photographs of PST. (e) and (f) SEM images of PST. (g) Photographs of PST-CA-G.

(h) and (i) SEM images of PST-CA-G. (j) Photographs of PST-CA-S. (k) and () SEM images of PST-CA-S.

the absorption peak of PST-CA-S at 1743 cm™ * was greater than
that of PST-CA-G, indicating a higher degree of cross-linking
between PST and CA in PST-CA-S. The above analysis shows
that the products obtained by the dry and wet methods were
very similar in terms of their detailed structures, but their
degree of cross-linking was very different.

XRD analysis. The XRD patterns further revealed the differ-
ences in the detailed structure of PST, PST-CA-G and PST-CA-S,
as shown in Fig. 3(b), because the diffraction intensity and
diffraction angle in the diffraction patterns are related to the
size and shape of the grains in the internal crystalline region of
the substances. Interestingly, PST, PST-CA-G and PST-CA-G all
exhibited a broad characteristic peak at 20 ~ 16.70°, indicating
that their structures are amorphous and similar in terms of
crystalline structure.

TGA. The TGA curves of PST, PST-CA-G and PST-CA-S are
shown in Fig. 3(c). The slow weight loss before 150 °C in the
TGA plot is mainly caused by the evaporation of water from
the material. After the initial decomposition temperature, the
weight loss of PST, PST-CA-G and PST-CA-S decreased rapidly
in accordance with an increase in temperature, and their

© 2023 The Author(s). Published by the Royal Society of Chemistry

initial decomposition temperatures were 244.9 °C, 163.9 °C
and 173.6 °C, respectively. This revealed that the thermal
stability of the porous starch decreased after esterification
cross-linking. In addition, the maximum weight loss rate
temperatures of PST, PST-CA-G and PST-CA-S were 296.7 °C,
257.2 °C and 258.5 °C, respectively, indicating that they had
similar thermal stability.

BET analysis. To further study the pore structures of PST-CA-
G and PST-CA-S, their N, adsorption-desorption isotherms at
77 K were measured. As shown in Fig. 3(d), the N, adsorption-
desorption isotherms of PST, PST-CA-G and PST-CA-S are type
IV adsorption isotherms, and desorption curves show hyster-
esis, indicating that most of the pores in the materials are
mesopores. According to Fig. 3(e), the pore size distributions of
PST-CA-G and PST-CA-G are very different. In addition, the
cumulative specific surface area, total pore volume and average
pore size of PST, PST-CA-G and PST-CA-S are listed in Table 1.
The BET specific surface areas of PST-CA-G and PST-CA-S are
0.0754 m® g~ ' and 0.5416 m> g~ ', while their average pore sizes
are 64.310 nm and 3.396 nm, respectively. Thus, PST- CA-G and
PST-CA-S have a small specific surface area and underdeveloped

Mater. Adv,, 2023, 4, 3356-3368 | 3359
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Table 1 Pore parameters of PST, PST-CA-G and PST-CA-S

ET specific surface  Total pore volume  Average pore

Material area (N, m* g™ ) (N; em® g7 size (nm)
PST 0.2831 0.001 17.811
PST-CA-G 0.0754 0 64.310
PST-CA-S 0.5416 0.001 3.396

pore structures, and the functional groups on their surface can
play a major role during the dye adsorption process.

By analyzing the above-mentioned characterization results,
the PST-CA adsorbent materials were successfully prepared,
the pore structure of PST-CA-G prepared by the dry method
and PST-CA-S prepared by the wet method was different, and
the specific surface area of PST-CA-S was larger than that of

3360 | Mater. Adv, 2023, 4, 3356-3368

(a) FT-IR plot. (b) XRD plot. (c) TGA. (d) N, adsorption—desorption isotherm. (e) Pore size distribution curve.

PST-CA-G, which is beneficial to provide more adsorption sites
for MB.

Study on the adsorption performance

Comparison of PST-CA-S- and PST-CA-G-adsorbed MB. The
adsorption effect for MB by the PST-CA adsorbents obtained by
different preparation methods was thoroughly compared. The
results showed that the adsorption capacities of PST, PST-CA-G
and PST-CA-S were different. For example, the adsorption
capacity of PST was only 16.6 mg g *, while that of the PST-
CA adsorbents obtained by esterification and cross-linking of
PST with CA was significantly improved. This indicates that the
introduction of CA greatly improved the adsorption perfor-
mance of PST. Particularly, the adsorption capacity of PST-CA-
S prepared by the wet method was 188.2 mg g~ ', while that of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PST-CA-G prepared by the dry method was 167.6 mg g~ ', which
showed that the PST-CA-S exhibited a better adsorption perfor-
mance than PST-CA-G. This may be due to the rougher surface
of PST-CA-S, larger specific surface area and higher number of
ester and carboxyl groups introduced due to its higher degree of
cross-linking, which can provide more adsorption sites for MB.
(For more information on the comparison graph of the adsorp-
tion effect, please refer to the ESI, T Fig. S1).

Effect of adsorbent dose. The effect of the adsorbent dose on
the adsorption performance of PST-CA-G and PST-CA-S is
summarized and illustrated in Fig. 4(a). As shown, the higher
the adsorbent dosage employed, the better the removal of MB
achieved, owing to the fact that more accessible adsorption
sites were available for MB molecules in the adsorption system
at a higher adsorbent dosage, increasing the chance of MB
adsorption. The adsorption and removal rates of MB were
about 90% and 85% for PST-CA-G and PST-CA-S at 10 mg and
20 mg, respectively. Then, it increased slightly with a further
increase in the dose. On the contrary, the adsorption capacity
decreased gradually with an increase in the adsorbent dose, for
example, the adsorption capacities of PST-CA-S and PST-CA-G
decreased from 556.17 mg g~ ' and 402.80 mg g~ ' t0 152.73 mg g~ "
and 139.07 mg g~ ' when the dose increased from 5 mg to 25 mg,
respectively. It may be owing to the fact that when the adsorbent
dosage was low, the surface adsorption sites on the surface could
be fully utilized, leading to a high adsorption capacity. Alterna-
tively, when the amount of adsorbent was high enough, although
the total number of adsorption sites available for MB was higher,
some of the adsorption sites were covered due to the increase in
agglomeration between the adsorbent particles. This led to a

View Article Online
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decrease in the adsorption efficiency and adsorption capacity.
In addition, PST-CA-S exhibited a better adsorption performance
than PST-CA-G, as shown in Fig. 4(a). Considering the adsorp-
tion performance of the adsorbent and cost, a suitable adsorbent
dose of 10 mg was selected and used in the following
experiments.

Effect of pH. The pH of the solution is an important factor
influencing the adsorption process, which affects not only the
form of the ionic pollutants present in the solution but also
the surface electrical properties of the adsorbent, leading to a
change of the interaction of the adsorbent. The effect of
solution pH on the adsorption performance of PST-CA-G and
PST-CA-S is shown in Fig. 4(b). The adsorption capacity and
removal rate of MB for both adsorbents increased with an
increase in the solution pH. For example, when the pH value
increased from 1.0 to 11.0, the adsorption capacities increased
from 32.23 mg g~ and 50.20 mg g ' to 264.87 mg g ' and
292.74 mg g~ ', respectively. Also, the removal rates increased
from 10.75% and 16.74% to 88.29% and 97.58%, respectively.
This may be owing to the fact that when the pH of the solution
is low, there are more positively charged protons in the
solution, and these protons can compete with MB to occupy
the adsorption sites, finally disturbing the adsorption of MB by
PST-CA-G and PST-CA-S. In addition, when the pH of the
solution is low, the H" in the solution protonates the adsorbent
surface, which causes electrostatic repulsion of the positively
charged MB, thus reducing the adsorption efficiency. As shown
in Fig. 4(b), the adsorption efficiency of PST-CA-G and PST-CA-S
for MB was higher when the pH of the solution was higher,
which is due to the large amount of OH™ in the higher pH

(a) (b) : T . T r T (C) 200
sii] I 300 mmpsT-cAG | 100 Il PST-CA-G L A aa
10 W PST-CAS 180 g PST-CA-S L A 3
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Fig. 4
the adsorption performance of (d) PST-CA-G and (e) PST-CA-S.
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(a) Effect of adsorbent dose. (b) Effect of solution pH. (c) Effect of contact time. Effect of initial concentration and temperature of MB solution on
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solution, deprotonating the adsorbent surface and enhancing
the electrostatic interaction between the absorbents and MB.
In addition, an increase in the solution pH from 5.0 to 11.0
promoted the removal rate of MB by PST-CA-S to a lesser extent
than PST-CA-G, indicating that the pH value of the solution had
a greater influence on the adsorption performance of PST-CA-G,
which was more resistant to acid and alkali cations.

Effect of contact time. The effect of contact time on the
adsorption performance of PST-CA-G and PST-CA-S was inves-
tigated, and the results are shown in Fig. 4(c). The adsorption
capacity of PST-CA-S for MB increased rapidly in the first
60 min and almost reached the equilibrium state at 180 min,
while the adsorption capacity of PST-CA-G for MB was in a fast
growth period in the first 300 min and almost reached
the equilibrium state at 420 min. The fast growth rate of the
adsorption capacity in the initial stage was mainly due to the
fact that the adsorbent surface had more free adsorption sites
and the concentration of MB molecules in the solution was
higher and the diffusion resistance was lower, and thus the free
MB molecules were more likely to be adsorbed and the adsorp-
tion rate was faster. Thereafter, with a further extension of the
contact time, the free adsorption sites on the adsorbent surface
gradually decreased, and the content of MB molecules in the
liquid phase gradually decreased, resulting in a slower adsorp-
tion rate of MB by the adsorbent. In addition, the adsorption
capacity of PST-CA-S reached 86.33% of the equilibrium adsorp-
tion capacity within 60 min, while the adsorption capacity of
PST-CA-G reached only 48.87% of the equilibrium adsorption
capacity at this time, as shown in Fig. 4(c). Under the same
adsorption conditions, PST-CA-S reached the equilibrium
adsorption state faster than PST-CA-G, indicating that PST-CA-S
has a better adsorption performance than PST-CA-G.

Effect of initial concentration and temperature. To investi-
gate the effects of the initial concentration and temperature of
MB solution on the adsorption performance of PST-CA-G
and PST-CA-S, the adsorption capacities of PST-CA for MB at
different MB solution concentrations were tested at 303 K,
313 K and 323 K, as shown in Fig. 4(d) and (e). The adsorption
capacities of both PST-CA-G and PST-CA-S increased with
an increase in the initial concentration of the solution. The
adsorption capacities of PST-CA-G and PST-CA-S for MB increased
from 80.24 mg g~ " and 93.26 mg g ' to 286.68 mg g ' and
945.64 mg g ', respectively, as the concentration of MB solution
increased from 50 mg L™" to 250 mg L' at a temperature of
303 K. This is mainly due to the larger concentration gradient
driving force at a higher MB solution concentration, which can
promote the mass transfer between the solid and liquid phases
and enhance the interaction between the MB molecules and the
adsorbent. When the concentration of MB solution further
increased, the increasing trend of adsorption capacity of PST-
CA-G and PST-CA-S became slower, and PST-CA-G showed a more
obvious effect. This is probably because as adsorption proceeded,
the main factor affecting the adsorption capacity was no longer
the concentration of the MB solution, but the existing vacant
adsorption sites of the adsorbent. A large number of adsorption
sites was already occupied by MB molecules, which made it
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difficult for the MB molecules in the solution to be adsorbed
effectively in the later stages, and the adsorption process gradually
tended to an equilibrium state. In addition, the adsorption
capacity of PST-CA-G and PST-CA-S for MB decreased with an
increase in temperature, indicating that an increase in tempera-
ture is not favorable for the adsorption of MB by the adsorbent.
This may be caused by the disruption of the hydrogen bonding
interaction between PST-CA-G and PST-CA-S and MB. Addition-
ally, because the higher the temperature, the more intense the
Brownian distal motion, and the increased migration rate of MB
molecules accelerated their departure rate to the adsorbent
surface.

Study of adsorption behavior

Adsorption isotherm. To further understand the adsorption
processes of MB on PST-CA-G and PST-CA-S, the experimental
data were analyzed using both the Langmuir and Freundlich
adsorption isotherm models, and the fitted curves are shown
in Fig. 5(a)-(d), and the correlation parameters are listed
in Table 2. Interestingly, according to the fitted results of
PST-CA-G and PST-CA-S, the correlation coefficients of the
Langmuir model fitted at different temperatures are very close
to that of the Freundlich model, indicating that both the
Langmuir and Freundlich models are suitable for describing
the adsorption processes of PST-CA-G and PST-CA-S towards
MB. Particularly, it also indicates that both uniform monolayer
and inhomogeneous multilayer adsorption may exist in the
adsorption process. Thus, the adsorption process may be
complicated by both uniform and inhomogeneous multilayer
adsorption. The adsorption capacity of both PST-CA-G and PST-
CA-S decreased with an increase in temperature, revealing that
an increase in temperature is detrimental to the adsorption
process. The theoretical maximum adsorption capacities of
PST-CA-G and PST-CA-S obtained by fitting the Langmuir
model at 303 K were 381.67 mg g ' and 882.96 mg g ',
respectively. In addition, the constant 1/n value of the Freun-
dlich model is related to the inhomogeneity of the adsorbent
surface and can be used to measure the ease of the adsorption
process. As is known, when the 1/n value is between 0 and 1, the
adsorption process is more favorable. Thus, the 1/n values for
both PST-CA-G and PST-CA-S are between 0 and 1, revealing
that MB molecules are more easily adsorbed on top of both.
Generally, the Ki value can be used to evaluate the adsorption
capacity of the adsorbent, and the higher the Ky value, the
better the adsorption performance of the adsorbent. Thus, as
shown in Table 2, PST-CA-S had a higher Ky value than PST-CA-G,
indicating that PST-CA-S has a better adsorption performance than
PST-CA-G.

Adsorption thermodynamics. The linear fit curves of InKy
versus 1/T for PST-CA-G and PST-CA-S adsorbed MB are shown
in Fig. S2 (ESI{), and the parameters obtained from the fit are
listed in Table S1 (ESIf), revealing that AH® is negative for
both PST-CA-G and PST-CA-S with —25.4462 k] mol™' and
—25.9051 kJ mol ™", respectively. Thus, the adsorption process
of MB by both adsorbents is exothermic. The AS® of both PST-
CA-G and PST-CA-S was negative with —66.1701 ] mol " K"

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PST-CA-G and PST-CA-S adsorption MB isotherm fitting curves: (a) and (c) Langmuir fitting curves and (b) and (d) Freundlich fitting curves,

respectively.

Table 2 Parameters associated with the Langmuir and Freundlich adsorption isotherm models

Isothermal adsorption model categories and related parameters

Langmuir Freundlich
Adsorbent Temperature (K) Gmax (Mg g ") Ky, (L mg™") R 1/n Ke (Lmg™") R?
PST-CA-G 303 381.67 0.03779 0.9913 0.6652 434.0762 0.9928
313 354.13 0.02449 0.9764 0.6979 372.5979 0.9788
323 337.46 0.01399 0.9361 0.7628 39.6202 0.9268
PST-CA-S 303 882.96 0.03795 0.9644 0.4208 670.8418 0.9677
313 691.27 0.02926 0.9560 0.6437 580.3128 0.9553
323 525.80 0.02192 0.9724 0.7135 47.2363 0.9734

and —58.5321 J mol~' K, respectively, indicating that the
degree of freedom of the system becomes lower after adsorp-
tion. In addition, the AG® of both PST-CA-G and PST-CA-S are
negative, indicating that the adsorption proceeds sponta-
neously. Thus, the adsorption between PST-CA-G and PST-CA-
S and MB is an exothermic reaction, which proceeds sponta-
neously. Also, an increase in the temperature is detrimental to
the adsorption process, which is consistent with the results of
the adsorption isotherm.

Adsorption kinetics. To better investigate the adsorption
behavior of PST-CA-G and PST-CA-S on MB, two classical kinetic
models, ie., the quasi-first-order and quasi-second-order
kinetic models, were used to analyze the adsorption process
of PST-CA-G and PST-CA-S on MB, and the fitted curves are

© 2023 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 6, and the related kinetic parameters are listed in
Table 3. The fitted results showed that the correlation coeffi-
cient of the quasi-second-order kinetic model (R* = 0.99851)
was significantly higher than that of the quasi-first-order
kinetic model (R*> = 0.92640) for PST-CA-S. The equilibrium
adsorption capacity value of 195.69 mg g ' was obtained,
which is closer to the experimental adsorption capacity
of 186.80 mg g ', indicating that the quasi-second-order
model is more suitable for describing the adsorption process
of PST-CA-S, and it is assumed that the adsorption process
mainly involves chemisorption. In the case of PST-CA-G, the
correlation coefficient R> of both the quasi-first-order and
quasi-second-order kinetic models was higher, and the correla-
tion coefficient R* of the quasi-second-order kinetic model was

Mater. Adv,, 2023, 4, 3356-3368 | 3363
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Fig. 6 Kinetic fitting curves of PST-CA-G and PST-CA-S adsorbed MB: (a) and (c) quasi-first-order kinetic fitting curves and (b) and (d) quasi-second-

order kinetic fitting curves, respectively.

Table 3 Parameters associated with quasi-first-order and quasi-second-order kinetic models

Kinetic model categories and related parameters

Quasi-first-order kinetic model

Quasi-second-order kinetic model

Adsorbent e, cal (Mg g™ 1) K; (min™1) R? Ge, ca (Mg g ") K, (min™1) R?
PST-CA-G 187.72 0.00212 0.98258 203.67 0.00005 0.99803
PST-CA-S 70.90 0.00259 0.92640 195.69 0.00029 0.99851

0.99803, which is closer to one. However, the equilibrium adsorp-
tion capacity obtained by fitting the quasi-first-order kinetic model
was closer to the experimental value (167.13 mg g~ '). This
indicates that the adsorption process of PST-CA-G may involve
both chemisorption and physical adsorption, but chemi-
sorption is dominant. The above-mentioned results provide a
basis for the possible chemisorption of MB on PST-CA-G and
PST-CA-S.

Study of adsorption mechanism

EDS energy spectrum adsorption validation. To verify that
MB was indeed adsorbed on PST-CA-G and PST-CA-S, the
elemental distribution before and after adsorption was charac-
terized by EDS, and the results are shown by Fig. S3 (ESIT). Both
PST-CA-G and PST-CA-S contained only two elements, ie.,
C and O, and the content of O in PST-CA-S is 34.89%, which
is higher than that in PST-CA-G, indicating that PST-CA-S
contains more O-containing functional groups. Also, Fig. S3
(ESIt) show that the new elements N, S, and Cl appeared in

3364 | Mater. Adv, 2023, 4, 3356-3368

both PST-CA-G and PST-CA-S after the adsorption of MB with
elemental weights of N: 1.25%, S: 5.28%, and Cl: 0.77% and N:
6.96%, S: 25.11%, and Cl: 1.10%, respectively. The presence of
N, S, and Cl elements confirmed that MB was successfully
adsorbed on PST-CA-G and PST-CA-S, and that PST-CA-S has a
superior adsorption capacity.

Mechanism hypothesis. The exploration of the adsorption
mechanism is an important guideline for the study of the
adsorption process. The results of adsorption experiments
showed that the prepared adsorbents PST-CA-G and PST-CA-S
had a good adsorption performance for MB, and it was specu-
lated by data fitting that the adsorption process may involve
chemisorption. The possible adsorption mechanisms proposed
based on the above analysis are shown in Fig. 7. Electrostatic
interaction between MB and the carboxyl groups appeared in
PST-CA-G and PST-CA-S. It is presumed that electrostatic inter-
action played a key role in driving the adsorption process based
on the effect of pH change of MB solution on the adsorption
performance of PST-CA-G and PST-CA-S. Additionally, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic diagram of the adsorption mechanism of MB on PST-
CA-G and PST-CA-S.

hydroxyl groups contained in PST-CA-G and PST-CA-S can
generate hydrogen bonding interaction with MB, which is also
an important interaction to promote the adsorption of MB on
PST-CA-G and PST-CA-S.

Infrared spectroscopic analysis. To investigate the adsorp-
tion mechanism of PST-CA-G and PST-CA-S on MB, FT-IR
analysis was performed on the samples before and after
adsorption, as shown in Fig. 8. In the case of the unoccupied
PST-CA-G and PST-CA-S absorbents, the absorption peaks at
3464 cm ' corresponded to the stretching vibration of the
hydroxyl group, and the absorption peak at 1743 cm ™' is
attributed to the stretching vibration of C=O in the ester
group. After the adsorption of MB, new characteristic peaks
corresponding to stretching vibrations of C=N (1599 c¢cm™")
and aromatic C-H (861 cm™ ') appeared in the FT-IR spectra.
Also, the appearance of these characteristic peaks indicated
that MB was successfully adsorbed on PST-CA-G and PST-CA-S.
In addition, the intensity of both the hydroxyl peak at
3464 cm™" and the C—O0 peak at 1743 cm™ " was significantly
weakened and blue-shifted after the adsorption of MB. These
changes indicate that the O-containing functional groups in
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Fig. 8 FT-IR spectra of PST-CA-G and PST-CA-S before and after the
adsorption of MB.
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PST-CA-G and PST-CA-S played an important role in the adsorp-
tion process, suggesting that there may be electrostatic inter-
actions between PST-CA-G and PST-CA-S and MB and hydrogen
bonding interactions. In addition, the intensity of the C=0
characteristic peak of PST-CA-S at 1743 cm ™' diminished more
than that of PST-CA-G, which may be due to the better adsorp-
tion performance of PST-CA-S on MB. Overall, the adsorption
processes on PST-CA-G and PST-CA-S for MB may be dominated
by chemisorption.

XPS analysis. To further investigate the adsorption mecha-
nism of PST-CA-G and PST-CA-S for MB, XPS analysis was
performed on the samples before and after adsorption.
As shown in Fig. 9(a) and (b) and Table 4, N 1s and S 2p peaks
appeared in the XPS full spectra of PST-CA-G and PST-CA-S after
the adsorption of MB compared to that before the adsorption,
indicating that MB was successfully adsorbed on their surfaces.
In addition, the adsorption mechanism was further analyzed
using the high-resolution XPS spectra of C 1s. As shown
in Fig. 9(c) and (d), the high-resolution XPS spectra of C 1s of
PST-CA-G and PST-CA-S can be divided into three peaks corres-
ponding to C-C bond (285.28 eV and 285.18 eV), C-OH bond
(286.78 eV and 286.74 eV), and O-C=0 bond (289.28 eV and
289.16 eV), respectively. The binding energies of the C-C, C-OH
and O-C—O0 bonds in PST-CA-G shifted to 285.12 eV, 286.26 eV
and 288.74 eV after the adsorption of MB, respectively. Alter-
natively, the binding energies of the C-C, C-OH and O-C=0
bonds in PST-CA-S shifted to 284.98 eV, 286.18 eV and
288.67 €V, respectively. The results indicated that the O-
containing functional groups in PST-CA-G and PST-CA-S inter-
acted with MB during the adsorption process, which is also
consistent with the FT-IR results.

Computational simulation analysis. To further elucidate the
adsorption mechanism of PST-CA-G and PST-CA-S for MB, DFT
simulations were performed and PST-CA-G and PST-CA-S were
unified into one model, i.e., PST-CA. Firstly, the adsorption
energy was calculated and the results are shown in Table 5.
The total energy of PST-CA-MB was —4921.0061 Ha, the energy
of PST-CA was —3738.3405 Ha, and the energy of MB was
—1182.6151 Ha. The calculated adsorption energy of PST-CA
for MB was —132.1565 kJ mol'. IGMH analysis was performed
based on this to determine the interaction between PST-CA-G
and PST-CA-S with MB, as shown in Fig. 10. The interaction
regions are mostly green, indicating that there is strong van der
Waals interactions between PST-CA-G and PST-CA-S and MB.
In addition, a few regions show a distinct blue color, which can
5be attributed to the hydrogen bonding interaction between N-H-C
in MB and the hydroxyl groups in PST-CA-G and PST-CA-S as well
as the electrostatic interaction with the carboxyl groups.

Comparison with other adsorbents

To accurately evaluate the adsorption performance of PST-CA-G
and PST-CA-S, their adsorption capacities were compared with
other types of starch-based adsorbents for MB, and the relevant
data are shown in Table 6. After careful comparison, we
believe that due to the adsorption capacities of PST-CA-G and
PST-CA-S, they have good potential for future application.
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respectively.

Table 4 Elemental content of PST-CA-G and PST-CA-S before and after
adsorption of MB

Material C 1s (%) O 15 (%) N 1s (%) S 2p (%)
PST-CA-G 66.50 33.50 — —
PST-CA-G-MB 69.71 29.26 0.88 0.15
PST-CA-S 72.73 27.27 — —
PST-CA-S-MB 69.54 26.41 2.86 1.19

Regeneration and reuse of adsorbent and versatility testing

In practical industrial applications, the reusability perfor-
mance of the adsorbent is a very important index from the
perspective of cost effectiveness. As shown in Fig. S4 (ESIT),
the adsorption capacity of PST-CA-G and PST-CA-S gradually
decreased with an increase in the cycle regeneration. This may
be caused by the fact that the desorption process was not
carried out completely, resulting in some MB appearing in the

288 286 284 282

Binding energy (eV)

292 290 280

(a) and (b) Full scan and (c) and (d) high-resolution spectra of C 1s of XPS before and after the adsorption of MB by PST-CA-G and PST-CA-S,

adsorbent and occupying some of the adsorption sites, finally
affecting the adsorption performance of the adsorbent.
In addition, the functional groups on the adsorbent surface
were lost during each adsorption-desorption process, and the
adsorbent was also lost during repeated washing with ultra-
pure water, leading to a gradual decrease in the adsorption
capacity of the adsorbent. After five adsorption-desorption cycles,
the adsorption capacities of PST-CA-G and PST-CA-S decreased
from 168.27 mg ¢ ' and 178.40 mg g~ ' to 147.87 mg g ' and
161.46 mg g ' for MB, and the adsorption removal rates
remained above 70% and 80%, respectively, indicating that
PST-CA-G and PST-CA-S have good reusability and practical
application potential.

To study the adsorption performance of PST-CA-G and PST-
CA-S for different types of dyes, MB, CR, MG, TZ and RB were
selected as the target dyes. The specific operation steps and
conditions of the adsorption experiments are shown in Fig. S5

Table 5 Adsorption energy of MB on PST-CA calculated by the first principles approach

PST-CA-MB Total energy (Ha) PST-CA Energy (Ha)

MB energy (Ha)

Adsorption energy (Ha) Adsorption energy (k] mol ")

—4921.0061 —3738.3405

3366 | Mater. Adv, 2023, 4, 3356-3368

—1182.6151

—0.0505 —132.1565

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of the maximum adsorption capacity of PST-CA-G and PST-CA-S with other starch-based adsorbents for MB

Material Adsorption capacity (mg g™ ") Ref.
Hierarchically porous activated starbons 891.0 19

Starch phosphate carbamate 62.52 20
Starch-based hydrogels 2967.66 21

Starch with 2-carboxyethyl acrylate 16.28 22

Porous wheat starch 16.86 23

Starch cross-linked trimetaphosphate 42.70 24

Starch based amphoteric hydrogel 133.65 25
Cassava starch-based hydrogel 417.0 26
ZnO/Cassava starch-based hydrogel 74.0 27
Polyethyleneimine-grafted starch 383.14 28
Clinoptilolite/starch/CoFe,0, 31.81 29
Sodium alginate/graphene oxide/nanocrystalline cellulose 10% NC in a matrix of SA/GO 30
Montmorillonite-reduced graphene oxide composite aerogel 450.90 31

A porous monolith polysaccharide-based adsorbent aerogel 105.18 32
Modified palygorskite 527.22 33

Porous 3D network rectorite/chitosan gels 162.6 34
PST-CA-G 381.67 This work
PST-CA-S 882.96 This work

(ESIt). The adsorption performance of PST-CA-G and PST-CA-S
was better for the cationic dyes MB, MG and RB, with adsorp-
tion and removal rates of more than 70%. In contrast, the
adsorption performance for the anionic dyes CR and TZ was
poor, with adsorption and removal rates of less than 40%.
The above-mentioned results indicate that both PST-CA-G and
PST-CA-S have a good adsorption performance for cationic
dyes, which is probably because the positively charged cationic
dyes are more likely to interact electrostatically with the
carboxyl groups on the surfaces of PST-CA-G and PST-CA-S,
and this interaction is dominant in the adsorption process.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(For more information on the comparison of their adsorption
performance, please refer to the ESI,t Fig. S6).

Conclusions

In summary, we prepared PST via the freezing method, and
then synthesized two CA/PST composite adsorbents, i.e., PST-
CA-G and PST-CA-S, via dry and wet methods, respectively.
The adsorption performance, adsorption behavior and adsorp-
tion mechanism of PST-CA-G and PST-CA-S on MB were
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systematically studied. The maximum theoretical adsorption
capacities of PST-CA-G and PST-CA-S were 381.67 mg g ' and
882.96 mg g ' for MB at 30 °C with an increase in pH and
contact time, respectively. Particularly, the adsorption removal
rates for PST-CA-G and PST-CA-S remained above 70% and
80%, respectively, after five adsorption-desorption cycles, indi-
cating that they both have good reusability. Therefore, this
work shows that the synthesized PST-CA adsorbent has good
adsorption performance and can treat various types of dye
wastewater. These remarkable results highlight the potential
use of porous composite adsorbents to treat different dye
wastewaters. In the future, its application in other pollutant
areas can also be continued to be developed.
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