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a b s t r a c t
It remains a challenge to remove anionic dyes under alkaline conditions. In this study, we studied the pH independent adsorption of anionic dyes on a surface-active cationic monomer, benzyl(methacryloyloxyethyl)
dimethylammonium chloride (BMDAC), which was used to decorate a self-ﬂoating adsorbent, BDSA. To compare
the pH adaptability, a traditional cationic monomer, methacrylatoethyl trimethyl ammonium chloride (MTAC),
which is similar to BMDAC in terms of its structure but does not contain aromatic groups, was used instead of
BMDAC to prepare another adsorbent, MDSA. Through comparison of characterization and adsorption experiments, we found that BDSA could maintain a high dye-removal efﬁciency under different pH conditions. The
AG25 removal rate was above 90% in the pH range of 2–10. In addition, BDSA showed outstanding recovery
and reutilization performance; its adsorption capacity remained above 80% after ﬁve cycles of use. The π-π stacking between the benzyl group in BDSA and the aromatic ring in the dye molecule was found to enhance the adsorption interaction, which was conﬁrmed by theoretical calculations. With its excellent adsorption capacity for
anionic dyes, high pH adaptability, easy separation ability and good reusability, BDSA is an ideal candidate for dye
wastewater treatment.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
According to statistics, approximately 27 million tons of dyeing efﬂuents are discharged into the environment every year worldwide,
out of which China accounts for 60%. Organic dyes are the main contaminants due to inappropriate handling and unsuccessful coloring of fabrics [1]. Without any treatment, dye-containing wastewater can cause
great damage to the ecological environment and organs in the human
body due to their carcinogenic and teratogenic properties [2]. Furthermore, the discharge of dyeing efﬂuents also reduces light penetration,
resulting in the formation of a black-odor water body. The removal of
dyes as nonbiodegradable compounds is an intractable problem faced
by the printing and dyeing industry. In recent years, many techniques
have been developed for dye decontamination from polluted water,
such as adsorption [3], coagulation/ﬂocculation [4], photocatalysis [5],
membrane separation [6] and electrochemical oxidation [7]. Among
Abbreviations: BMDAC, Benzyl(methacryloyloxyethyl)dimethylammonium chloride;
MTAC, Methacrylatoethyl trimethyl ammonium chloride; HGM, Hollow glass
microspheres; CCFA, Chitosan-coated ﬂoating adsorbent; BDSA, BMDAC-decorated selfﬂoating adsorbent; MDSA, MTAC-decorated self-ﬂoating adsorbent.
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these different techniques, adsorption has attracted increasing attention
because of its high efﬁciency, low cost and easy operation [8].
In the past few years, the choice and design of the molecular structure of adsorbents have been research hotspots because adsorbent
properties are decisive factors in the adsorption process [9]. A large
number of new materials, such as carbon materials, hydrogels, clays,
metal-organic frameworks (MOFs) and layered double hydroxides
(LDHs), have been successfully used for dye adsorption [10]. Although
various adsorbents exist, they mainly depend on electrostatic interactions or ion exchange to remove dyes from efﬂuents. As a result, the adsorption efﬁciency is greatly affected by the pH. The pH characteristics
of real dyeing efﬂuents are usually weakly or strongly alkaline with a
pH of 9–11 [11]. In this environment, it is difﬁcult to decontaminate anionic dyes using traditional adsorbents. Pascal S. Thue et al. synthesized
a new type of organic-inorganic hybrid clay adsorbent capable of removing Acid Red 1 and Acid Green 25 from aqueous solution. They
found that the adsorption efﬁciency for these two anionic dyes decreaed
from 262 mg·g−1 to 10 mg·g−1 and from 206 to 33 mg·g−1 with increasing pH from 2 to 10 [12]. Xue Tao et al. used glutamine-modiﬁed
chitosan magnetic composite microspheres to remove anionic dyes. In
their study, the Acid Green 25 uptake by the synthesized adsorbents decreased by more than half when the pH increased to 10, which was attributed to deprotonation and reduction of the positive surface charge
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(78 wt% in water), absolute ethanol (> 99.7%), sodium hydroxide
(NaOH) (> 97.0%), and potassium persulfate (K2O8S2) (> 99.0%) were
purchased from Aladdin Co. Ltd. (Shanghai, China). Chitosan (CS, 90%
deacetylation) and AG25 (> 99.7%) were obtained from Yuanye BioTechnology Co., Ltd. (Shanghai, China). HGMs (iM16K, 20 μm average
diameter) were supplied by 3 M™ Center (Minnesota, USA). The other
reagents were purchased from Chengdu Kelong Chemical Reagent Co.
Ltd. (Chengdu, China).

[13]. For the purpose of achieving excellent adsorption capacities, it is
unrealistic and uneconomical to adjust the pH over a wide range from
alkalinity to acidity because of the large amounts of dyeing efﬂuents
that require treatment. Therefore, the poor pH adaptability of adsorption materials is a main limitation to their application in real wastewater treatment.
Apart from electrostatic interactions, π-π stacking is also a crucial
mechanism in the process of adsorption since it can not only enhance
the adsorption afﬁnity, adsorption capacity and selectivity but is also
less affected by pH [14]. However, compared with electrostatic interactions, π-π stacking accounts for a relatively small proportion, and
the adsorbents still suffer from poor pH adaptability, which is attributed to the insufﬁcient number of corresponding functional groups,
such as aromatic rings. Therefore, we predict that enhancing π-π
stacking by introducing more aromatic groups can efﬁciently overcome this limitation.
In addition, recovery and reutilization are issues that should be
taken into consideration. To recycle adsorbents, magnetic materials
containing Fe3O4 nanoparticles have been widely used, which can
quickly separate the adsorbent from the aqueous solution under an
external magnetic ﬁeld [15]. Nevertheless, their low acid resistance
limits their application over a wide range of pH values. Self-ﬂoating
adsorbents with hollow glass microspheres (HGMs) as carriers can
compensate for this shortcoming. Yanyan An et al. successfully prepared a series of self-ﬂoating adsorbents with efﬁcient solid-liquid
separation ability for the removal of various dyes [16–18]. However,
there are some problems, such as poor adsorption performance and
poor pH adaptability, which are primarily due to the surface chemical
inertness of HGMs. Even through modiﬁcation, the chemical groups
introduced are inadequate for capturing more dye molecules. To resolve the above problems, a biodegradable natural polymer with
abundant amino and hydroxyl groups, chitosan, was coated onto
the surface of HGMs, thereby improving the modiﬁability of the
HGMs. In our previous study, surface-active monomers (benzyl
(methacryloyloxyethyl)dimethylammonium chloride, BMDAC) were
found to show unique physical and chemical properties due to the
amphiphilic structure of BMDAC and polymerizable vinyl double
bonds [19]. More importantly, the same equivalent aromatic groups
as cationic groups can be introduced by graft-copolymerization,
which can signiﬁcantly increase the proportion of the π-π stacking effect and reduce the dependence on the pH.
In this study, HGMs were coated with chitosan, and then self-ﬂoating
adsorbents were chemically modiﬁed by graft-copolymerization of acrylamide (AM) and BMDAC. To compare the pH adaptability, a traditional cationic monomer, methacrylatoethyl trimethyl ammonium
chloride (MTAC), which is similar to BMDAC in terms of its structure
but does not contain aromatic groups, was used to replace BMDAC to
prepare another adsorbent. We investigated and compared the adsorption performance of these two adsorbents for anionic dyes using Acid
Green 25 (AG25) as the representative dye. The pH adaptability of the
two adsorbents during the adsorption of AG25 was studied. Other
inﬂuencing factors including adsorbent dosage, initial AG25 concentration, interfering ions, time and reaction temperature were also taken
into consideration in a batch experiment. Moreover, the adsorption
mechanism, especially, the stable adsorption over a wide pH range,
was evaluated by instrumental analysis and theoretical calculations.
Lastly, closely related to practical application costs, the recovery and reutilization performance for novel adsorbents were assessed.

2.2. Synthetic procedures
HGMs (10 g) were added to 300 mL NaOH solution (0.5 mol/L). After
stirring for 1.5 h at 80 °C, the activated HGMs were obtained by ﬁltering,
repeated washing and drying.
Chitosan (1 g) was added to 100 mL of acetic acid (1 wt%). The mixture was then stirred at 30 °C until the chitosan was dissolved (approximately 5 h). Next, the activated HGMs (1 g) were added to 30 mL of the
above solution. After stirring for 8 h at 30 °C, the obtained products were
immersed in glutaraldehyde solution (1 wt%) to crosslink chitosan. The
reaction lasted for 12 h at 40 °C, after which chitosan- coated ﬂoating
adsorbents (CCFAs) were acquired.
Under a N2 atmosphere, CCFA (0.5 g) was uniformly dispersed in
100 mL water by rapid stirring. KPS (0.25 g) as an initiator was
added, followed by N2 purging for 5 min. Then AM (3 g) and
BMDAC (3 mL) were added dropwise into the above suspension. The
graft copolymerization was carried out at 50 °C for 3 h. The BMDACgrafted CCFA (BDSA) was successfully prepared after thoroughly
washing with acetone, ethanol and distilled water before ﬁnal drying
at 60 °C. In addition, MTAC-grafted CCFA (MDSA) was synthesized
by using the same process by replacing the surface-active monomers
with traditional cationic monomers.
2.3. Characterization
FTIR spectra were recorded with KBr pellets by a Nicolet iS5 infrared
spectrometer (Thermo Fisher Scientiﬁc, USA). XPS was performed using
a Thermo Scientiﬁc Escalab 250Xi spectrometer (Thermo Fisher Scientiﬁc, USA). XRD patterns were measured with a Bruker D8 Advance Xray diffractometer (Bruker, USA) in the range of 2θ = ~90° using graphite monochromatized Cu-Kα radiation. SEM images were acquired by a
Zeiss Supra55 electron microscope (Zeiss, German). The thermal decomposition characteristics for the adsorbents were determined by
thermogravimetric analysis (TGA) at a heating rate of 10 °C/min using
a PYRIS Diamond TG-DTA (Pekin Elmer, USA) under N2 atmosphere.
The speciﬁc surface area and porosity were characterized with an
ASAP 2460 (Micromeritics Instrument Corp., USA) using N2 as the
adsorption-desorption gas. The zeta potential was recorded by using a
Nano ZS 90 potential instrument (Malvern, UK).
2.4. Adsorption experiments
A stock solution of AG25 (2 g/L), which can be diluted to obtain
different concentrations of dye solution, was prepared in advance.
The adsorption experiment was conducted in a 200 mL conical ﬂask.
The volume of the dye solution was ﬁxed to 50 mL. After being
added to a certain amount of adsorbent, the pH of the system was adjusted by 0.1 mol/L HCl and NaOH. Then, conical ﬂasks were placed
into preheated shakers operating at a speed of 125 rpm. Preliminary
experiments indicated that the adsorption of AG25 can reach equilibrium within 120 mins. The residual concentration of the ﬁltrate was
measured by a TU-1901 spectrophotometer (Beijing General Instrument Co., Ltd., China) at a wavelength of 642 nm. The adsorption capacity (qe, mg/g) at equilibrium was determined based on the
following equation:

2. Materials and methods
2.1. Materials
BMDAC (60 wt% in water) and MTAC (78 wt% in water) were purchased from Zibo Wonderful Chemical Co., Ltd. (Zibo, China) and used
without further puriﬁcation. Acetic acid (> 99.5%), glutaraldehyde
2
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Fig. 1. Structure and synthesis of BDSA.

qe ¼

are attributed to the carbonyl groups of AM and the NH-CO(I) of chitosan, while the peaks due to BDSA were slightly shifted compared to
those of MDSA and CCFA, probably due to the benzyl group in BMDAC
[27,28]. The peak at 1640 cm−1 corresponds to the bending vibration
of -CH3, which is the characteristic absorption peak of MTAC, indicating
the success of MTAC grafting [29,30]. The peaks found at 718 cm−1 and
690 cm−1 are consistent with the benzene skeleton vibration of BMDAC,
indicating that the cationic monomer BMDAC was grafted onto BDSA.
X-ray photoelectron spectroscopy (XPS) is a commonly used analysis method for analyzing elements and chemical bonds on solid surfaces
via irradiation of the sample with X-rays to excite photoelectrons,
followed by the use of an energy analyzer to analyze the photoelectron
energy. We ﬁtted the N1s peaks of HGM, CCFA, MDSA, and BDSA. The
ﬁtting results are presented in Fig. 3. The peak in the N1s spectrum
was deconvoluted into two peaks. As observed in Fig. 3. (b), the peaks
located at binding energies of 408.26 eV and 405.16 eV belong to protonated -NH+
3 and -NH2, respectively, indicating that chitosan was successfully coated onto HGM. Under neutral or alkaline conditions, a large
number of the free amino groups in chitosan are positively charged and
insoluble in water. In contrast, these amino groups can be protonated
and dissolved in water under acidic conditions containing large
amounts of H+. During the synthesis of CCFA, chitosan was dissolved
in HAC, which resulted in protonation of the amino group on chitosan,
producing -NH+
3 . As shown in Fig. 3. (c) and Fig. 3. (d), compared with

ðC 0 −C e ÞV
M

where C0 and Ce (mg/L) are the dye concentrations before and after adsorption in the system, respectively; V (L) is the volume of the adsorbate
solution; and M (g) is the dry weight of the adsorbents.
2.5. Theoretical calculations
All models and calculations were performed at the BLYP/def2svp
level of theory, using the Orca 4.2.1 program [20]. To improve the calculation accuracy of the weak interaction, the atom-pairwise dispersion
correction with the Becke-Johnson damping scheme (D3BJ) was used
in the calculation [21,22]. In addition, the geometrical counterpoise correction (gCP) was adapted to correct this Basis Set Superposition Error
(BSSE) [23]. Symmetry-adapted perturbation theory (SAPT) was applied to analyze the optimized complexes, and the Psi4 1.3.2 program
was used to perform the calculations at the sSAPT0/jun-cc-pVDZ level.
Generally, this method can be used to obtain the interaction energy of
dispersion Edisp. Finally, to study the weak interactions present in the
system, IGM analysis was conducted through Multiwfn software, and
the graphical display of the analysis results was acquired with VMD
software [24].
2.6. Desorption and reutilization
The adsorbed materials were separated from the dye solutions and
immersed into 50 mL NaOH solution (0.1 mol/L). The desorption process was performed under adsorption conditions for 3 h. After desorption, the regeneration of adsorbents was completed in 50 mL HCl
solution (0.1 mol/L). The regenerated adsorbents could be used in the
next cycle of adsorption.
3. Results and discussion
3.1. Characterization of adsorbents
Fig. 1 shows the synthesis process and the surface molecular brush
structure of BDSA. First, CCFA was obtained by pretreatment of HGM
and crosslinking with chitosan in glutaraldehyde solution. Then, in a
N2 atmosphere, using KPS as the initiator, AM and BMDAC were
copolymerized onto the surface of CCFA to prepare the ﬁnal product
BDSA.
Fig. 2 shows the FTIR characterization results of HGM, CCFA, MDSA
and BDSA. The frequency bands observed at 793 cm−1 and 455 cm−1
are due to the symmetrical tensile and bending vibrations of Si–O
bonds, and the strong and broad peaks observed at 1035 cm−1 are
due to the anti-symmetric tensile vibration of Si-O-Si [25,26]. The absorption peaks due to MDSA and CCFA at approximately 1720 cm−1

Fig. 2. FTIR spectra of HGM, CCFA, MDSA and BDSA.
3
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Fig. 3. N1s XPS spectra of HGM (a),CCFA (b),MDSA(c) and BDSA(d).

temperature of 800 °C, the mass loss rate of HGM is very small, only
0.97%, indicating that the HGM structure at this temperature is still
very stable and difﬁcult to destroy. The mass of CCFA was found to basically not decrease within 25–200 °C, which was attributed to the extremely low water content of CCFA. The breakage of the main chain of
chitosan and the decomposition of organic matter results in a mass
loss of CCFA up to 4.3% in the range of 200–800 °C [33]. The mass loss
of the MDSA and BDSA particles consisted of three stages. The mass
loss occurring between 25–100 °C during the ﬁrst stage was mainly
due to the loss of water from the particles and the internal molecules.
Both MDSA and BDSA contain hydrophilic quaternary ammonium
groups, so both showed a larger weight loss than CFA in this temperature range. The hydrophobic benzyl group of BDSA resulted in a smaller
weight loss than that of MDSA in this range. The second stage was
100–200 °C. MDSA and BDSA showed no signiﬁcant mass loss in this
range, mainly because the water contained in the sample was basically
evaporated during the previous stage, and a temperature of 200 °C was
not high enough to decompose the functional groups in the sample. The
third stage was 200–800 °C. Within this temperature range, BDSA and
MDSA lost weight rapidly, which was mainly due to the amide in AM
forming an imide followed by decomposition with increasing temperature, the thermal decomposition of methyl groups on quaternary ammonium salts in cationic monomers, and the cleavage of the benzyl
group on BMDAC. The decomposition of the main chain of the polymer
led to a mass loss of BDSA, and the mass loss of MDSA no longer significantly decreased when the temperature increased to nearly 800 °C. The
above conclusions indicate that the MDSA and BDSA adsorbents were
successfully prepared and prove that the adsorbent can maintain the
relative integrity of its main chain structure at higher temperatures.
The excellent thermal stability of the adsorbent offers a greater

CCFA, the MDSA and BDSA peaks became signiﬁcantly more intense.
This is because when acrylamide was copolymerized with the cationic
monomers MTAC and BMDAC, protonated amino groups and quaternary ammonium groups were introduced into the adsorbents. The results obtained from XPS characterization can indicate the successful
synthesis of MDSA and BDSA [31,32].
Fig. 4 shows the thermogravimetric analysis (TGA) results obtained
for HGM, CCFA, MDSA and BDSA in the temperature range of 25–800 °C;
in addition, the thermal stability of the particles was studied. At a high

Fig. 4. TGA curves of HGM, CCFA, MDSA and BDSA.
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are shown in Fig. 6. The experimental conditions were as follows:
pH = 7; temperature = 40 °C; reaction time = 120 min; dye concentration = 100 mg/L. From the experimental data, it can be concluded that
at a low dosage, the removal efﬁciency was low, mainly due to insufﬁcient adsorption sites on the surface of the adsorbents. When the
BDSA dosage reached 0.6 mg/mL, the adsorption capacity and removal
efﬁciency of BDSA for AG25 reached a good level. As the adsorbent dosage continued to increase, the dye removal efﬁciency no longer improved. This may be because the adsorption sites reached saturation,
and the addition of excess adsorbent could result in the active sites on
the adsorbents being covered, thereby preventing further adsorption
and resulting in a waste of adsorbent. The optimal MDSA dose was signiﬁcantly higher than that of BDSA. The BDSA dosage required to
achieve the same effect was low, which offers notable advantages for
practical applications. BDSA showed a stronger ability to adsorb AG25
than MDSA. This may stem from the fact that both adsorbents exhibit
cationic properties and attract AG25 molecules. Moreover, π-π stacking
between the benzene rings of BDSA and AG25 enhanced the adsorption
efﬁciency.

potential advantage for practical applications compared to other adsorbents with poor thermal stability.
As shown in Fig. 5, the surface morphology of the particles can be observed with a scanning electron microscope. Fig. 5 (a) shows the unmodiﬁed HGM. The particle shape was relatively smooth and
spherical, and some debris, produced during the synthesis process,
was attached to the surface. The speciﬁc surface area of HGM was only
1.9513 m2/g, and the effect of encapsulating chitosan after acid treatment was not ideal in our experiment. Therefore, CCFA can be obtained
by treating HGM with a 0.5 mol/L NaOH solution, followed by coating
with chitosan and cross-linking with glutaraldehyde. The surface characteristics of CCFA are displayed in Fig. 5. (b). The CCFA surface was covered by a large number of sheet-like structures and protrusions, and the
surface roughness obviously increased, which facilitated the stable
grafting of polymerizing monomers. The surface morphologies of
MDSA and BDSA are illustrated in Fig. 5 (c) and Fig. 5 (d). Compared
with HGM, the surface roughness increased signiﬁcantly with the copolymerization of monomers, which can indicate the success of surface
grafting. Moreover, adsorption sites were added after grafting for easier
adsorption. The speciﬁc surface areas of MDSA and BDSA were determined to be 5.3643 m2/g and 3.1566 m2/g, respectively, which represented a signiﬁcant increase compared to HGM and could improve the
exposure to contaminants.

3.2.2. Comparison of pH adaptability
The adsorption efﬁciency of the adsorbent is greatly inﬂuenced by
pH. The zeta potential can be used to characterize the charge properties
on the surface of materials to evaluate the adsorption performance of
adsorbents for different pollutants. Fig. 6 (b) shows the removal efﬁciency and zeta potential obtained for MDSA and BDSA at different pH
values. For MDSA, as the pH value increased, the removal efﬁciency for
AG25 gradually decreased. This is mainly because the cationic monomer
MTAC on MDSA contains quaternary ammonium groups, whose

3.2. Adsorption experiment
3.2.1. Effect of the initial adsorbent dosage
The effect of the dosage on the dye removal efﬁciency and adsorption capacity was studied through batch experiments, and the results

Fig. 5. SEM images of HGM (a), CCFA (b), MDSA (c) and BDSA (d).
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cationic properties are more pronounced in acidic conditions; the protons on these quaternary ammonium groups are easily bound to OH−.
When the pH changed from 8 to 9, the zeta potential of MDSA was reversed, indicating that electrostatic interactions can only occur at a pH
below the zero potential point. In the pH range of 2–10, the removal efﬁciency of BDSA for AG25 was maintained at a high level, while the zeta
potential of BDSA slightly decreased with increasing pH but remained
positive. The dye removal efﬁciency of BDSA did not decrease with decreasing positive charge, similar to MDSA, indicating that π-π stacking
was the main adsorption mechanism of BDSA during the adsorption.
In addition, the electron cloud density of the benzyl group in BDSA is
high, which facilitates interaction with the protons of the quaternary
ammonium group. Therefore, the protons of the quaternary ammonium
group are not easily bound to OH− in solution, which makes it difﬁcult
to reduce the zeta potential. In summary, the benzyl group of BDSA
played a signiﬁcant role in adsorption.
3.2.3. Effect of metal ions
The adsorption performance of adsorbents for pollutants is easily
disturbed by coexisting metal ions. Therefore, the inﬂuence of interfering ions on the adsorption of AG25 by BDSA needs to be analyzed. As illustrated in Fig. 6. (c), when the concentration of Na+ and Mg2+
reached 50 mmol/L, the removal rate for AG25 by BDSA remained
above 97% and 95%, respectively. As the concentration of Cr3+ in the solution increased to more than 50 mmol/L, the removal efﬁciency was
below 50%. This is because Cr3+ is partially oxidized to Cr6+ under alkaline conditions; the charge of the two different valence chromium ions
is signiﬁcantly higher than that of Na+ and Cu2+, and it can interfere
with the adsorption of AG25 by BDSA. Therefore, BDSA showed an outstanding ability to selectively adsorb anionic dyes.
3.2.4. Adsorption isotherm studies
In this paper, we designed an adsorption isotherm experiment to explore the adsorption behavior of BDSA and MDSA. The experimental
data were ﬁtted by the Langmuir, Freundlich, Dubinin-Radushkevich
(D-R), and Temkin models. The nonlinear representations for several
adsorption isotherm equations are shown below:
qm K L C e
Langmuir model: qe ¼ 1þK
L Ce
1

Freundlich model: qe ¼ K F C e=n
Dubinin-Radushkevich (D-R) model: qe = elnQ D−KDε2
Temkin models:qe = KT ln f + KT ln Ce
where Ce (mg/L) is the amount of dye remaining in each liter of solution after 120 min of adsorption equilibrium time; qe (mg/g) is the adsorption capacity of the adsorbent after 120 min of adsorption
equilibrium time; qm (mg/g) is the theoretical maximum amount of
dye adsorbed per unit mass of adsorbent; KL is the Langmuir adsorption
isotherm constant representing the afﬁnity between the dye and cationic adsorbents; n is the heterogeneity factor in the Freundlich
model; KF is the Freundlich adsorption isotherm constant representing
the adsorption capacity of cationic adsorbents; QD (mg/g) is the amount
of dye adsorbed per unit mass of cationic adsorbent under theoretical
saturation; KD is the average adsorption free energy constant; KT is the
Temkin adsorption isotherm constant; f (L/min) is the equilibrium binding potential energy of the Temkin model related to the temperature
and the nature of the adsorbents; Ɛ is the Polanyi adsorption


potential,ε ¼ RT ln 1 þ C1e , in which R (J·mol−1·K−1) is the ideal gas
constant, and T (K) is the temperature [34–38]. The parameters extracted from linear ﬁtting according to the four models are listed in
Table 1.

Fig. 6. Effect of the initial adsorbent dosage on AG25 adsorption (a). Comparison of pH
adaptability on AG25 adsorption and the zeta potentials of MDSA and BDSA (b). Effect of
metal ions on AG25 adsorption (c).
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Table 1
Isotherm parameters for AG25 adsorption onto MDSA and BDSA.
Isotherms

Langmuir
qmax (mg/g)
KL × 10 (L/mg)
R2
Freundlich
KF (L/mg)
n
R2
D-R
QD (mg/g)
KP × 107 (mol2/kJ2)
R2
Temkin
f
KT (L/mg)
R2
Experimental data
qe (mg/g)

Adsorption
MDSA
40 °C

35 °C

30 °C

BDSA
40 °C

35 °C

30 °C

280.007
0.390
0.9744

277.778
0.489
0.9766

275.993
0.415
0.9786

344.8276
0.921
0.9691

333.3333
0.847
0.9682

322.5806
0.866
0.9746

74.3438
4.3898
0.9775

64.0587
3.8506
0.9893

58.0904
3.5613
0.9867

115.2842
5.0916
0.9517

99.4048
4.3668
0.9686

84.6807
3.7767
0.9748

206.377
4.142
0.4877

206.251
10.442
0.4985

206.597
16.899
0.5950

245.233
0.357
0.4252

242.935
0.912
0.4287

238.719
0.927
0.4480

5.931
33.803
0.8733

2.662
38.617
0.9073

1.759
41.745
0.9100

49.588
32.741
0.7873

14.568
38.211
0.8275

16.409
36.478
0.8478

260.9772

259.7782

259.2986

326.9245

322.6084

313.1954

i.e., the adsorption mechanism. Therefore, this paper analyses the adsorption kinetics for the adsorption of AG25 solution by MDSA and
BDSA at initial AG25 concentrations of 100 mg/L, 150 mg/L and
200 mg/L. As shown in Fig. 8, the rate at which AG25 was adsorbed by
MDSA and BDSA was very fast in the beginning and approached an adsorption equilibrium state after a short time. The high initial adsorption
speed can be attributed to the presence of a large number of polymer
molecular brushes on the synthetic adsorbent (as shown in Fig. 1),
which increases the chance of contact between the adsorbent and the
dye molecules in the solution, with stable adsorption of pollutants
achieved through π-π stacking between BDSA and AG25. [40]. The adsorption kinetics were ﬁtted using pseudo ﬁrst-order, pseudo secondorder and Elovich models. The nonlinear expressions of the kinetic
models are as follows:
Psuedo ﬁrst-order model(PFO): qt = qe(1 − e−k1t)

According to the parameters in Table 1, MDSA and BDSA showed a
high R2 for adsorption of AG25, and both could be ﬁtted well by the
Langmuir model and the Freundlich model, as shown by the ﬁtting
curves in Fig. 7. The results showed that both single-layer adsorption
and multilayer adsorption coverage played an important role in the adsorption process. In the Langmuir adsorption model, the theoretical
maximum equilibrium adsorption capacity qm of MDSA was determined
to be 277.778 mg/g at experimental temperatures of 30 °C, 35 °C and
40 °C, and the qm of BDSA was determined to be 322.582 mg/g
(30 °C), 333.333 mg/g (35 °C), 344.828 mg/g (40 °C). Compared with
MDSA, the adsorption capacity of BDSA was higher. KF reﬂects the
amount of dye adsorbed on the adsorbent and is called the adsorption
coefﬁcient.TheKFofBDSAwashigherthanthatofMDSAatdifferenttemperatures.Inaddition,1/nrepresentstheadsorptionstrengthofAG25ontothecationicadsorbents;1/n<1representsanormalLangmuirisothermand1/n>1
represents a two-waymechanism andcooperativeadsorption[39].The
largerthevalueofnis,thestrongertheinteractionbetweentheadsorbent
andtheadsorbedmolecule.Ingeneral,ann=2–10isconsideredaneasyabsorptionprocess;n<0.5referstoadifﬁcultadsorptionprocess.InTable1,the
nvalueofBDSAwashigherthanthatofMDSA,demonstratingthattheadsorptionstrengthofBDSAwassuperiortothatofMDSA;thenvaluesofBDSAand
MDSAwerebothgreaterthan2,indicatinganeasyabsorptionprocessforboth.
Within a certain range, the adsorption capacity of MDSA and BDSA
increased with increasing amount of AG25 molecules per unit volume,
and, as the amount of AG25 molecules per unit volume continued to increase, the rate of the increase in adsorption capacity gradually decreased. This result showed that MDSA and BDSA were more efﬁcient
in adsorbing low-concentration dyes. During the entire adsorption process, desorption occurs simultaneously to the adsorption. When adsorption equilibrium is reached, the rate at which the adsorbents adsorb the
dye molecules is equal to the rate at which the dye molecules desorb
from the adsorbents. According to the adsorption isotherm model, compared with MDSA, the maximum equilibrium adsorption capacity of
BDSA was higher, the adsorption process was favorable, and the ability
to interact with AG25 was stronger. This may be because in addition to
the electrostatic adsorption between the cationic monomer on the adsorbent and the anionic AG25 molecule, the π-π conjugate system between BDSA and AG25 makes it difﬁcult for the adsorbed dye
molecules to detach from the adsorbent, resulting in BDSA having a
higher adsorption capacity than MDSA.

q2 k t

2
Psuedo second-order model(PSO): qt ¼ q ke2 tþ1
e

Elovich model: qt ¼ β1 ln ðα⋅β⋅t Þ
where t (min) is the contact time between the adsorbent and the
adsorbing substance; qe (mg/g) is the amount of dye adsorbed per
unit mass of adsorbent in equilibrium time; qt (mg/g) is the amount of
dye adsorbed per unit mass of adsorbent at time t (minutes)；k1
(min−1) is the adsorption rate constant in the PFO model; k2 (g·mg−1·min−1) is the adsorption rate constant in the PSO model; α (g·mg−1·min−1) is the initial adsorption rate constant in the adsorption
kinetics equation of Elovich; β (mg/g) is the desorption rate constant
in the adsorption kinetics equation of Elovich [41–43]. The ﬁtting parameters of the four adsorption kinetic models are listed in Table 2.
According to the parameters in Table 2, compared with other adsorption kinetic models, the pseudo second-order model exhibited the
highest R2, indicating that the pollutant adsorption process by BDSA
and MDSA occurred on their respective surface and that a chemical process controlled the adsorption rate. The principle mechanism of adsorption is chemical adsorption, which is based on the shared electrons of
the π-π bond formed by the benzene ring in the dye molecule and the
benzyl group in the BDSA adsorbent. For MDSA, the adsorption process
is mainly achieved by electrostatic interactions with the anionic AG25
molecule. In addition, chemical adsorption is restricted to a layer of molecular adsorption formed after other physical adsorption layers are
produced. Fig. 8 shows that the adsorption rate was very fast at ﬁrst
and that the adsorption equilibrium was quickly reached within
10 min. This result showed that there was a strong interaction between
AG25 and the adsorbent and that a large number of polymer molecular
brushes existed on the MDSA and BDSA surfaces, resulting in a rapid

3.2.5. Adsorption kinetics studies
Adsorption kinetics can not only describe the rate of adsorption, but
also predict the speciﬁc steps of the chemical reaction process involved,
7
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Fig. 7. Study of the adsorption isotherms obtained for MDSA and BDSA at different temperatures. Langmuir ﬁtting at 40 °C (a); Langmuir ﬁtting at 35 °C (b); Langmuir ﬁtting at 30 °C (c);
Freundlich ﬁtting at 40 °C (d); Freundlich ﬁtting at 35 °C (e); Freundlich ﬁtting at 30 °C (f).

located on the exterior of the adsorbents; thus, the adsorption speed decreased during the later stage of adsorption. This structure not only
allowed for the adsorption reaction to occur quickly but also increased
the utilization of the adsorption sites.

adsorption. At the beginning of adsorption, the adsorption rate was
mainly controlled by the surface diffusion of the particles. As a result
of the long-term immersion of the adsorbent in the solution, swelling
occurred and the internal adsorption sites were exposed. However,
due to the hollow structure of MDSA and BDSA, the swelling rate decreased, and the internal adsorption sites could not be exposed in
large quantities. Therefore, most of the adsorption occurred during the
initial stage of adsorption, i.e., on the polymer molecular brushes

3.2.6. Adsorption mechanism
The adsorption mechanism of BDSA and MDSA was evaluated by
theoretical calculations. To clarify the interaction between adsorbents
8
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Fig. 8. Adsorption kinetic studies of MDSA (a) and BDSA(b).

Table 2
Kinetics parameters for AG25 adsorption onto MDSA and BDSA.
Concentration
Kinetic model
PFO model
qe1 (mg/g)
k1 × 10 (g·mg−1·min−1)
R2
PSO model
Qe2 (mg/g)
k2 × 10 (g·mg−1·min−1)
R2
Elovich model
α (g·mg−1·min−1)
β × 10 (g/mg)
R2
Experimental data
qmax (mg/g)

MDSA

BDSA

100 mg/L

150 mg/L

200 mg/L

100 mg/L

150 mg/L

200 mg/L

115.461
2.107
0.9708

159.077
2.076
0.973

207.554
2.030
0.9871

247.974
3.999
0.9996

273.455
2.416
0.9944

289.705
2.467
0.9985

120.241
0.038
0.9996

165.591
0.028
0.9997

214.754
0.024
0.9975

249.616
0.140
0.9999

281.362
0.026
0.999

296.308
0.030
0.9999

627.3726
0.119
0.9358

1180.2513
0.086
0.949

1769.0942
0.062
0.9458

617.4141
0.042
0.9109

2762.4927
0.045
0.9789

2534.3009
0.040
0.8757

121.862

167.455

213.4083

249.119

280.319

293.644

Units are kJ/mol
3.3. Regeneration and reusability of MDSA and BDSA

and dye molecules, SAPT analysis was carried out to better explore the
interaction properties. The SAPT results are shown in Table 3. The absolute value of Edisp between BDSA and AG25 was 199.373 kJ/mol,
which was much higher than the Edisp between MDSA and AG25.
The dispersion force was an attractive interaction between molecules,
mainly including van der Waals forces and π-π stacking. In the process
of the AG25 adsorption, the main reason for the large difference in the
dispersion energy of MDSA and BDSA was that the π-π interaction between the benzyl group of BDSA and the benzene ring of AG25 contributed most of the dispersion energy [44,45]. IGM analysis is often
used to analyze the interactions. Fig. 9(c) and (d) shows the results
of the IGM analysis after optimizing the system. As shown in Fig. 9
(c), the green part can be regarded as van der Waals interaction or
π-π stacking. There was a very wide and ﬂat isosurface domain between the benzene ring of BDSA and the aromatic ring of AG25,
which proves that there was a strong π-π interaction, while, only a
small area of isosurface domain appeared between MDSA and AG25
[46,47]. The combined results of SAPT analysis and IGM analysis
showed that during the adsorption of AG25 molecules by BDSA, in addition to electrostatic interactions, there was also a π-π stacking effect
between the benzyl group in the adsorbent and the aromatic ring in
the dye, leading to the formation of a π-π conjugate system. These
two mechanisms played a critical role in achieving efﬁcient and stable
adsorption of AG25 molecules by BDSA.

Recyclability is considered one of the important criteria for evaluating the adsorption performance and economic practicality of adsorbents
[48]. Fig. 10 shows the regeneration ability of BDSA and MDSA after adsorption of AG25. The samples were washed with a 0.1 mol/L NaOH solution, so that the AG25 molecule was detached from the respective
adsorbent. Under the strong alkaline condition of pH = 13, the π-π accumulation between BDSA and AG25 molecules was weakened, and the
zeta potentials of BDSA and MDSA were relatively low, which weakened
their cationic characteristics. Thus, the electrostatic attraction between
the adsorbents and AG25 molecules was affected. The combined effect
of these two aspects led to successful desorption. Then, BDSA was immersed in an acid solution for regeneration. After 5 repeated uses, the

Table 3
The decomposed SAPT energies of the two complexes examined.
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Complex

Eelec

Eexch

Eindu

Edisp

ΔE(SAPT0)

BDSA-AG25
MDSA-AG25

−238.223
−125.270

271.776
150.084

−70.910
−50.600

−199.373
−113.169

−236.730
−138.954
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Fig. 9. Optimized conformations of BDSA-AG25 (a) and MDSA-AG25 (b). Isosurfaces of BDSA-AG25 (c) and MDSA-AG25 (d).

AG25 removal rate of BDSA was maintained above 80%; however, the
removal efﬁciency of MDSA decreased to 76% after 5 cycles. Therefore,
the recycling performance of BDSA was better than that of MDSA. On
the one hand, this result can be attributed to the inactivation of some active sites during the cyclic processes, and on the other hand, this may be
due to desorption in the high-concentration alkali solution and regeneration in the acid solution, which can destroy the structure of the adsorbent itself. The above two aspects can lead to a reduction in the removal
efﬁciency after multiple cycles.

3.4. Comparison of the adsorption capacity of various adsorbents for AG25
According to the pH inﬂuence experiment and Langmuir adsorption
isotherm model, the suitable pH range of BDSA was 2–10, and the maximum adsorption capacity was 344.83 mg/g. Table 4 compares the adsorption capacity and pH dependence of BDSA with other adsorbents.
BDSA not only has a larger adsorption capacity but also showed a higher
pH adaptability. Therefore, BDSA is an outstanding adsorbent with good
development prospects.
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
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Fig. 10. Recovery efﬁciency of BDSA and MDSA for AG25 adsorption.

Table 4
The maximum adsorption capacity and suitable pH range for various adsorbents used to
remove AG25.
Adsorbent

Suitable pH range

qm(mg/g)

Reference

BDSA
GN -MnO2
Iron Oxide/rGO
TW
PANI
PANI/MMT
Fe-DC
CH/PANI
COS
KM40

2–10
2–5
2–3
1–2
2–10
2–10
4
2–6
10–12
7

344.83
324.26
185.20
123.46
41.71
51.02
243.90
240.40
34.10
30.49

This work
[49]
[50]
[51]
[52]
[52]
[53]
[54]
[55]
[56]

4. Conclusion
A new type of self-ﬂoating adsorbent with high pH adaptability was
synthesized in this study. We grafted BMDAC, MTAC and AM onto
chitosan-coated HGM, and prepared a BMDAC-grafted adsorbent, BDSA,
and an MTAC-grafted adsorbent, MDSA. Compared with MDSA, BDSA
could be used to efﬁciently adsorb the anionic dye AG25 through electrostatic interactions and π-π stacking. BDSA could enhance the pH adaptability of the adsorbent. The adsorbents could widely adapt to dye
wastewater with varying pH, and the self-ﬂoating ability of BDSA could
facilitate the solid-liquid separation after adsorption. According to adsorption isotherm equations and adsorption kinetics experiments, the
adsorption capacity of BDSA for AG25 could reach 344.8 mg/g, and the adsorption process reached equilibrium within 120 min. After 5 cycles of
use, the dye removal efﬁciency for BDSA could still be maintained above
80%. Finally, adsorbents that are less affected by pH are expected to contribute to the removal of dyes from different kinds of wastewaters.
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