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KEYWORDS Abstract In this study, a novel carboxymethyl functionalized B-cyclodextrin-modified graphene
Graphene oxide; oxide (CM-B-CD-GO) adsorbent was designed and fabricated. The CM-B-CD-GO was applied
B-Cyclodextrin; to remove methylene blue (MB) from aqueous solutions. The adsorption mechanism was discussed
Carboxymethylated modifi- in detail through the study of pH effect, kinetics, and isotherm models. The adsorption of CM-§-
cation; CD-GO for MB displayed high removal rates at the pH range of 6.0-10.0, and the removal effi-
Adsorption; ciency is over 90% within 20 min. The pseudo-second-order model could well describe the kinetic
Methylene blue process of MB adsorption, and the adsorption was determined by the multi-step process. The max-

imum uptake capability of CM-B-CD-GO towards MB was 245.70 mg g~ ' at 25 °C according to
Langmuir isotherm model. A possible adsorption mechanism that electrostatic attraction, - inter-
action, and host-guest supramolecular interactions supported MB adsorption was proposed. The
adsorption capacity of CM-B-CD-GO showed no significant change after five cycles. The structure
and morphology of CM-B-CD-GO were characterized by XPS, FT-IR, TGA, PXRD, AFM, SEM,
zeta ({) potential determination, and Raman spectroscopy. This work provides valuable informa-
tion for the design of novel adsorbents that specifically and efficiently adsorb cationic dyes contam-
inants.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

- 1. Introduction
Corresponding authors.

E-mail addresses: huagingyang(@scu.edu.cn (H. Yang), lihuilab@ Nowadays, a huge amount of wastewater has flowed into the natural
sina.com (H. Li). water system along with rapid progress of different industries
Peer review under responsibility of King Saud University. (Geissen et al., 2015; Foroutan et al., 2019). The continuous quality
deterioration of natural water resources caused by organic pollutants
is a worldwide environmental concern (Alipour and Namazi, 2018;
" Shabaan et al., 2020). Organic cationic dyes, which are extensively
ELSEVIER Production and hosting by Elsevier used in papermaking, textile production, leather tanning and other

https://doi.org/10.1016/j.arabjc.2020.07.008
1878-5352 © 2020 Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.07.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:huaqingyang@scu.edu.cn
mailto:lihuilab@sina.com
mailto:lihuilab@sina.com
https://doi.org/10.1016/j.arabjc.2020.07.008
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.07.008
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fabrication of carboxymethyl functionalized B-cyclodextrin-modified graphene oxide 7021

industries, are harmful to humans and the environment due to their
high toxicity and environmental accumulation (Uddin et al., 2009;
Yao et al., 2019). Therefore, it is of great significance for environmen-
tal protection to remove cationic dyes from contaminated water
quickly and effectively.

Dyes can be removed from water systems through various meth-
ods, such as adsorption, photocatalysis, chemical degradation and
coagulation methods (Karimifard and Moghaddam, 2018; Cerron-
Calle et al., 2019; Zhang et al., 2019). Among these methods, adsorp-
tion is the most efficient approach in virtue of its easy operation, low
operation cost, and efficiency in dealing with various pollutants (Ali,
2012; Mahmoodi et al., 2013; P. Tang et al., 2019; Y. Tang et al.,
2019). Thus, it is necessary to prepare novel facile and efficient adsor-
bents for the efficient removal of cationic dyes.

Recently, graphene oxide (GO) has been widely investigated and
used to remove various contaminants (Rathore and Biswas, 2018;
Soleimani et al., 2018; Khadivi et al., 2019). The numerous oxygen-
containing functional groups such as carboxyl, hydroxyl and epoxy
groups of GO can act as active sites for pollutant adsorption. In addi-
tion, abundant m-conjugated aromatic fields exist in the basal plane of
GO, and -7 attractions can promote the interaction between GO and
compounds containing aromatic nucleus (Chen et al., 2015; Mogha
et al., 2020). However, the good dispersibility in aqueous solutions
makes it difficult to separate GO, thus limiting its practical usage in pol-
lution management. The modification of GO has been developed as a
promising method to address this defect (Kuila et al., 2012). There have
been some research reports on the application of GO modified with PEI
(Zhu et al., 2013) and octadecylamine (Mingqian et al., 2018) in the
adsorption of dye pollutants. B-Cyclodextrin (f-CD) is an environmen-
tally friendly cyclic oligosaccharide composed of several pyranose units
linked by glycosidic bond. The nonpolar cavity of B-CD can selectively
combine with organic pollutants to form a stable host-guest inclusion
complex. Moreover, the B-CD cavity features a high concentration of
hydroxyl group internally and externally and high activity, which enable
its grafting to various materials. B-CD has been widely used in pollutant
treatment because of its unique structural properties (Badruddoza et al.,
2017; P. Tang et al., 2019; Y. Tang et al., 2019). To date, many studies
have been conducted on B-CD-modified GO (Liu et al., 2014; Einafshar
et al., 2018). However, studies have rarely reported the further function-
alization of GO grafted with B-CD to adsorb specific dye pollutants.

Considering the unique properties of GO and -CD, a novel mate-
rial that simultaneously possesses two unique properties can be
obtained by modifying GO with B-CD. Notably, both B-CD and GO
contain many oxygen-containing functional groups, which allow the
new material to be further functionalized with carboxyl groups. Thus,
we propose to prepare anionic adsorption material based on GO and
B-CD to improve the removal efficiency of cationic dye pollutants.
In this study, carboxymethylated B-CD-modified GO (CM-B-CD-
GO) adsorbent, an easily separable material, was fabricated in two
steps. We expect the resulting electronegative adsorption material
CM-B-CD-GO features excellent removal capability for the model
cationic dye methylene blue (MB) because of the carboxymethylation.
This study aimed at investigating the adsorption behavior and mecha-
nism involved in the removal of MB by CM-B-CD-GO. The perfor-
mance of CM-B-CD-GO were evaluated by studying the effects of
pH value on the removal efficiency, adsorption kinetics, adsorbent iso-
therms, and regeneration capability. The possible adsorption mecha-
nism was further analyzed by performing X-ray photoelectron
spectroscopy (XPS). This work provides valuable information for the
efficient removal of cationic dye contaminants from aqueous solutions.

2. Experimental section

2.1. Materials

Commercially available GO was purchased from Hengqiu
Tech. Inc (Jiangsu, China). B-CD (purity > 99%) was

obtained from Chron Chemicals (Chengdu, China). Hexam-
ethylene diisocyanate (HDI) was obtained from Aladdin
(Shanghai, China). Chloroacetic acid and MB trihydrate (pu-
rity > 99%) were purchased from Huaxia Reagent Co., Ltd
(Chengdu, China).

2.2. Preparation of CM-p-CD-GO

The preparation of CM-B-CD-GO included two main steps.
First, the GO powder was ultrasonically dispersed in 50 mL
DMF (10 mg ml™") for 1 h. Then 1.78 g HDI (10 mM) and
2 drops of the catalyst Tin 2-ethylhexanoate were added.
The suspension was refluxed in nitrogen atmosphere for 3 h
at 80 °C. After dissolving 9.08 g B-CD (8 mM) in 50 mL
DMF and adding two drops of Tin 2-ethylhexanoate, f-CD
solution was added dropwise to the GO suspension. The mix-
ture was further refluxed in nitrogen atmosphere for 3.5 h at 70
°C. The reaction product (-CD-GO) was obtained by filtra-
tion and washing with DMF, and then drying in vacuum at
60 °C for 12 h.

Secondly, the obtained B-CD-GO powder was further sub-
jected to carboxyl functionalization. 0.5 g B-CD-GO powder
was dispersed in 50 mL DMF, and then added with 0.5 g
NaOH and 0.167 g chloroacetic acid. The mixture was stirred
at 50 °C for 12 h. Finally, the filtered solid was rinsed several
times with DMF, ultrapure water, and ethanol, and then dried
in a laboratory vacuum at 60 °C for 12 h.

2.3. Adsorption experiments

The batch adsorption of MB on adsorbent (B-CD-GO and
CM-B-CD-GO) were realized by a conical flask equipped with
magnetic stirrers (25 °C, agitation speed 500 r/min). Under
magnetic stirring, target adsorbent was dispersed into the
dye solution (20-200 mg L~! for MB) for a certain time.
HCI and NaOH solutions were used to adjust the solution
pH to 2.0-10.0. At MB concentrations of 100 mg L', adsorp-
tion kinetics was studied at 25 °C, 35 °C and 45 °C. At a cer-
tain designed time, the adsorbents were filtered with a 0.45 um
inorganic membrane filter, whereas remnant dye was quanti-
fied via an ultraviolet detector (UV-1800, Japan) at the maxi-
mum absorbance (Amax: 665 nm for MB). Three parallel
experiments were carried out in all the tests. The removal effi-
ciency of dyes and adsorption capacity (g, mg/g) of adsorbent
can be evaluated using Eqgs. (1) and (2), respectively:

Cy—C

T’x 100% (1)

Removal efficiency =

. (Co—C)V 2)

m

where Cy and C; are the initial and residual concentrations
(mg L") of the pollutants in the stock solution and filtrate,
respectively. V' (L) is the solution volume, and m (g) is the
adsorbent weight.

2.4. Desorption and reusability

For desorption and reusable study, CM-B-CD-GO was first
saturated with a MB solution (100 mg L™") for 3 h under mag-
netic stirring. The adsorbent dosage was 0.5 mg mL~'. After
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saturation, the solid was separated by filtration, and the MB in
the filtrate was quantified by a UV detector. The absorbents
were regenerated by immersion in ethanol at 500 r/min for
1 h, and then rinsed with ultrapure water. The absorbents were
recovered after vacuum drying at 60 °C. The same adsorbent
was repeatedly adsorbed/desorbed cycle five times.

2.5. Characterization

The structure and morphology of CM-B-CD-GO were charac-
terized by XPS, Fourier transform infrared spectroscopy
(FT-IR), thermal gravimetric analysis (TGA), Raman spec-
troscopy, powder X-ray diffraction (PXRD) patterns, atomic
force microscopy (AFM) and scanning electron microscopy
(SEM). The instrument model and measure conditions were
provided in Supplementary Information (SI). The zeta ({)
potential was measured by a NanoBrook Omni analyzer
(Brookhaven, USA).

3. Results and discussion

3.1. Remarkable removal of MB by CM--CD-GO

The removal of MB, a common cationic dye, by B-CD-
modified GO has been studied. However, previous studies
involved low removal efficiency and required long equilibrium
time (Liu et al., 2014; Rathour et al., 2019). Given the cationic
nature of MB, we hypothesized that the preparation of an
anionic material can improve the removal efficiency of MB.

In this study, chloroacetic acid was used for carboxymethyl
functionalization to prepare a novel material for improving the
MB removal efficiency. Scheme 1 illustrates the synthesis pro-
cedure of CM-B-CD-GO. First, the —N=—=C=—=0 groups of
HDI reacted with the oxygen-containing functional group of
GO and the hydroxyl group of B-CD to covalently graft -
CD onto GO to prepare B-CD-GO. Second, the car-
boxymethyl functionalization of B-CD-GO with chloroacetic
acid occurred. The electronegative adsorption material CM-
B-CD-GO was prepared. Since it was rich in carboxyl groups,
we predicted that CM-B-CD-GO features excellent removal
capability for MB.

The removal performance of B-CD-GO and CM-B-CD-GO
toward MB were examined at a pH of 7 and a temperature of
25 °C. As shown in Fig. la, the removal efficiency of CM-p-
CD-GO was significantly higher than that of B-CD-GO.
Approximately 89.3% of MB was adsorbed on CM-B-CD-
GO at 15 min and reached equilibrium after 20 min. The

GO B-CD-GO

WA : co : HDI

Scheme 1

U

removal rate was 93.8%, and the equilibrium adsorption
capacity reached 187.60 mg g '. Meanwhile, p-CD-GO
adsorbed 22.1% MB under the same conditions. Under similar
pH and temperature conditions, the equilibrium adsorption
capacity of CM-B-CD-GO obtained in this work was higher
than that of graphene oxide material modified by f-CD previ-
ously reported; furthermore, the adsorption equilibrium time
was significantly faster than those of the materials (Liu et al.,
2014; Rathour et al., 2019). These results indicated that B-
CD-GO carboxymethylation increased the number of adsorp-
tion sites, and the CM-B-CD-GO displayed more ultrafast
adsorption properties than f-CD-GO. In view of the signifi-
cant removal performance of CM-B-CD-GO on MB, we fur-
ther explored its adsorption mechanism by determining the
influence of pH value of solution on the removal efficiency,
kinetics for adsorption processes, adsorption isotherms, and
recycling.

3.2. Effect of pH on adsorption

Solution pH is considered as an important factor in cationic
dyes adsorption. Thus, we examined the effect of pH on
adsorption. It can be seen from Fig. 1b, MB uptake by f-
CD-GO was slightly influenced by pH and exhibited poor
adsorption capacity. Nevertheless, the influence of pH became
significant when B-CD-GO was carboxymethylated. The sorp-
tion capacity of CM-B-CD-GO for MB increased considerably
with pH, and then reached equilibrium at pH 6.0 (removal effi-
ciency 98%). Thus, the solution pH was not adjusted in the
adsorption experiment. These phenomena might be associated
with the presence of numerous carboxyl groups on CM-B-CD-
GO. With the increase of pH, the carboxyl groups were depro-
tonated and showed strong negative electricity. Thus, they
could interact with additional cationic MB and achieve a high
removal efficiency.

To further explain the effect of pH value of solution on the
removal efficiency, we measured the zeta potentials at different
pH (Fig. 1c). The B-CD-GO exhibited a positive charge in the
pH range of 2.0-7.0 because its hydroxyl groups were proto-
nated. Furthermore, the existence of electrostatic repulsion
might hinder the adsorption of B-CD-GO to MB. At
pH > 7, B-CD-GO was negatively charged, and its adsorption
capacity was slightly enhanced with a maximum of 53%. How-
ever, CM-B-CD-GO demonstrated a more negative surface
zeta potential compared with B-CD-GO. The zeta potential
of CM-B-CD-GO was negative at the pH range of 3.0-10.0,
gradually enhanced with the increase of pH, and finally

. 'y
% Y
CICH,COOH u n
s
L$ ¥ *
CM-B-CD-GO
: B-CD \ : CICH,COOH

Ilustration for the synthesis procedure of CM-B-CD-GO.
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(a) Removal rate of MB from an aqueous solution on B-CD-GO and CM-B-CD-GO (100 mg L' MB, 0.5 mg mL~" adsorbent

dose, T = 25°C, pH = 7.0)., (b) Effect of pH on removal rate of MB (100 mg L' MB, 0.5 mg mL ™! adsorbent dose, T = 25°C,t = 3 h),
(c) zeta-potential curve of B-CD-GO and CM-B-CD-GO in the solution.

remained relatively stable (-21.40 = 2.22 mV) between pH 6—
10. The strongest negative charge (—23.58 + 0.79 mV) was
observed at pH 7. In terms of electrostaticity, the anionic
CM-B-CD-GO is better than B-CD-GO in adsorption of catio-
nic adsorbate MB. These results further indicated that electro-
static forces play a crucial role in the efficient adsorption, and
CM-B-CD-GO is suitable for a wide pH range.

3.3. Adsorption kinetics

To fully elucidate the physical chemistry process, we systemat-
ically studied adsorption kinetics. Pseudo-first-order and
pseudo-second-order models were applied to explore the
adsorption mechanism by estimating the removal rate and
kinetic parameters (Kausar et al., 2016). The expressions of
pseudo-first-order (Eq. (3)) and pseudo-second-order (Eq.
(4)) models in nonlinear forms used in this study were as
follows:

q, = q,[1 — exp(—ki1)] 3)

2
q, kzl
S e L 4
ql 1+q€k2f ( )

where ¢. and ¢, are the uptake capacity (mg g~") at equilibrium
and at time ¢, respectively; k; (min~') is the pseudo-first-order
rate constant; k, (g [mg-min]™') is the pseudo-second-order
rate constant.

Figs. 2a and S1 shows the nonlinear and linear plots of
kinetics models, respectively. The kinetic constants were sum-
marized in Table 1. As presented in Fig. 2a, the adsorption
capacity of CM-B-CD-GO occurred rapidly and reached equi-
librium at 20 min, which can be attributed to the abundant car-
boxyl functional groups on CM-B-CD-GO. Furthermore, this
phenomenon indicated the minimal mass transfer resistance in
the adsorption process and the strong affinity of CM-B-CD-
GO for MB dye (Liu et al., 2014). As shown in Table 1, the
equilibrium adsorption (ge, ca1) of the pseudo-first-order model
was inconsistent with the experimental data, and the R? values
were relatively low. By contrast, the equilibrium adsorption
(ge. ca1) calculated by the pseudo-second-order model were con-
sistent with the measured values with R* > 0.998. These result



7024

L. Zhao et al.

(@)

200

160

120

q¢ (mg g'l)

m 25°C

e 35°C

80 A 45°C

Pseudo-second-order model
. - - - - Pseudo-first-order model
40 T T T T T T T T T T T T T

0 10 20 30 40 50 60

(b) t (min)

210
180—- /:?-/.‘?: —

150 -

120+

q¢ (mg g‘l)

90 -
14 m 25°C

e 35°C
604 A 45°C

30 — r — .
1 2 3 4 5 6 7 8
472 1/2)

(min

Fig. 2 (a) Adsorption kinetics plots fitted with pseudo-first-
order and pseudo second-order model and (b) intraparticle
diffusion model for the adsorption of MB onto CM-B-CD-GO
(100 mg L=' MB, 0.5 mg mL~" adsorbent dose, pH = 7.0).

indicated that the adsorption process accorded with the
pseudo-second-order model. These findings implied that the
removal of MB by CM-B-CD-GO was related to chemisorp-
tion, suggesting that electronic sharing and transfer might exist
between the adsorbent and MB.

To further investigate the rate-controlling steps in adsorp-
tion process, the intraparticle diffusion model was used to ana-
lyze the kinetic results. The intraparticle diffusion model
proposed by Weber can be expressed as follows (Weber and
Morris, 1963):

q, = k({ill/z + Ci (5)

where kg; (mg g~' min~%%) is the rate constant at stage i, and

intercept C; is proportional to the thickness of boundary layer.
Fig. 2b presents the plot of ¢, versus ¢'/? for intraparticle trans-
port. Table 2 presents the values of k4; and C;.

As shown in Fig. 2b and Table 2, the ¢t/ plot presents
three stages, indicating the high complexity of the adsorption
process. The ¢-7'/? plot of the adsorption of MB by CM-p-
CD-GO in aqueous phase includes a large intercept and does
not pass through the origin. These phenomenal means that
another rate-control step existed besides intraparticle diffusion
(Chen et al., 2003; Cheung et al., 2007). The first sharp portion
represented film diffusion. At this stage, MB diffused rapidly
from the bulk solution to the surface of CM-B-CD-GO and
then interacted with the active sites and was adsorbed. The sec-
ond linear portion indicates a gradual adsorption process. The
intraparticle diffusion occurred with the MB transferred from
the surface of CM-B-CD-GO to the functional group in the
pores and intraparticle spaces of adsorbent. At the third stage,
the slope of the fitting curve was approach to zero due to the
reduced availability of active sites, which indicated that the
adsorption process reached equilibrium. As the adsorption
reaction proceeded, the boundary layer thickness increased.
When ionic interacted to form a thick adsorption layer, the
adsorption sites on CM-B-CD-GO were nearly saturated,
and the adsorption rate would depend on the intraparticle dif-
fusion of MB. The larger C value indicates the relatively high
boundary layer thickness, that is, mass transfer resistance is
larger.

In consideration of the kinetics results, the efficient remove
process of MB by CM-B-CD-GO was concordant with the
pseudo-second-order model. The process included film diffu-
sion, intraparticle diffusion, and equilibrium stages. The
adsorption rate of the overall process was multi-step
dependent.

3.4. Adsorption isotherms

The distribution of adsorbate molecules in the adsorption pro-
cess can be described by equilibrium adsorption isotherms,
which is very important for the investigation of adsorption
mechanism. Langmuir and Freundlich models are commonly
employed isotherms. The nonlinear Langmuir (Eq. [6]) and
Freundlich (Eq. [7]) models are presented as follows:

KLq Ce
_ m 6
“=17K,.C, (6)
q. = K C)/" (7)

where q. (mg g~ ') is the amount of dyes adsorbed onto the
adsorbent at equilibrium; C. (mg L™') is the equilibrium

Table 1 Comparison of pseudo first and second order kinetics model constants.

Jeexp (ME/g) Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Qe cal (Mg/g) ki (min™") R® Qe.cal (ME/) k, (g/mg min) R®
25 °C 187.63 176.37 0.5852 0.9631 191.64 0.0041 0.9990
35°C 194.48 182.96 0.7256 0.9512 196.34 0.0053 0.9989
45°C 196.88 187.15 0.8033 0.9486 199.48 0.0060 0.9987
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Table 2 Intraparticle model parameters for the adsorption of MB on CM-3-CD-GO.

Stage 1 Stage 2 Stage 3

kai C R® kas G, R? ka3 (o} R’
25 °C 61.41 21.82 0.9437 13.06 127.49 0.8170 1.88 172.86 0.9737
35°C 59.19 38.64 0.9033 9.39 147.36 0.9072 1.28 184.07 0.9912
45 °C 58.72 47.22 0.9043 11.03 147.51 0.9996 1.28 187.00 0.9888

concentration of adsorbate; q,, (mg g~ ) is the theoretical max-
imum adsorption capacity; K; (L mg~') is a Langmuir adsorp-
tion constant; Ky is the Freundlich isotherm constant, and 7 is
the heterogeneity factor related to adsorption intensity.

Fig. S2 shows the nonlinear fitting curves of Langmuir and
Freundlich adsorption isotherms of MB, and the specific fitting
constants are summarized in Table 3. The R? value of the
Langmuir model was higher than 0.97. That is, the adsorption
process of CM-B-CD-GO to MB could be described by Lang-
muir model than Freundlich model. This result also implies
that MB adsorption was monolayer adsorption, and that once
a site was occupied by a dye, it could not absorb other mole-
cules. The maximum q, value was calculated as 245.70 mg g~
at 25 °C from the Langmuir model. Although the adsorption
capacity of CM-B-CD-GO was weaker than that of blank
GO, but it was high in the modified GO materials
(Table S1). In addition, the value of Ry that provided in SI
varied between 0 and 1 (Table S2), signifying the favorability
of the adsorption process. This result proves that CM-B-CD-
GO was a favorable candidate for the MB removal. The 1/n
value obtained from Freundlich isotherm model was less than
1, indicating that MB was easily adsorbed onto the CM-B-CD-
GO.

The effects of temperature on the adsorption of MB onto
CM-B-CD-GO were studied at 25 °C, 35 °C, and 45 °C to
determine the adsorption nature. The thermodynamic param-
eters (Gibbs free energy AG®, enthalpy AH® and entropy AS°)
were calculated using the following,

AG® = AH® — TAS® (8)
—AH"1 AS°
ln(Kg):TerT )

<1000 - Ky - molecular weight of adsorbate - [adsoz"bale}())

e

Y
(10)
where R is the gas constant (8.314 J mol~! K), T (K) is abso-
lute temperature, and K9 is the thermodynamic equilibrium

constant that is dimensionless (Lima et al., 2019), v is the coef-
ficient ofactivity (dimensionless) and was assumed to be 1 in

this study, [Adsorbate]® is the standard concentration of the
adsorbate (1 mol L™"), K; (L mg™') is a Langmuir adsorption
constant.

According to Table 4, the negative AG values indicates that
the adsorption behavior of CM-B-CD-GO with respect to MB
should be a spontaneous reaction. From the positive AH val-
ues, the adsorption was an endothermic process, and the
increase of temperature could promote the adsorption. And
it shows that the adsorption process of CM-B-CD-GO to
MB possessed chemisorption mechanism. The positive value
of AS values implies the increment randomness on the solid/-
solution interface during adsorption. These results indicated
that adsorption becomes more favorable at increased
temperature.

3.5. Adsorption mechanism

The results of adsorption studies at different pH showed that
the removal rate of MB by CM-B-CD-GO increased as the
pH and achieved equilibrium after pH 6 was obtained. It indi-
cated that the enhancement of the electronegativity of CM-f3-
CD-GO was beneficial to adsorbing the positively charged
MB, which suggested that electrostatic force drives the adsorp-
tion process to a large extent.

As shown in Fig. 3¢, the peak of amine (399.90 eV) and N ™"
species (401.64 eV) appeared in the high-resolution N1s spec-
trum of CM-B-CD-GO after MB adsorption. This phe-
nomenon indicated that MB was adsorbed onto the
adsorbent surface, and electronic transfer occurred between
the amine and N species of MB and the surface of CM-f-
CD-GO (Sui et al., 2013). Figs. 3a and b show the high-
resolution XPS spectra of Cls and Ols of CM-B-CD-GO
before and after MB adsorption. The calculated data are pre-
sented in Table S3. The high-resolution Cls spectra indicated
changes in the O—C=—0/N—C=0 groups evidenced by the
decreased relative peak intensity compared with those before
MB adsorption. In the Ols spectra, the area of C=O/
O—C=0 decreased from 42.61 at% to 30.39 at% after MB
adsorption. These changes indicated that MB chemisorption
followed the electronic sharing and transfer from these groups
to MB and the carboxyl groups was the active sites. Thus, the
overall adsorption process was that MB molecule was first

Table 3 Parameters for Langmuir and Freundlich isotherms model.

Langmuir Freundlich

qm (Mg/g) Ky (L/mg) R’ K n R
25 °C 245.70 2.35 0.9904 141.50 6.53 0.8293
35°C 260.61 3.40 0.9906 158.11 7.26 0.7707
45 °C 252.44 3.71 0.9771 154.03 7.33 0.7373
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Table 4 Thermodynamic parameters for the adsorption of
MB on CM-B-CD-GO.

AG (kJ/mol) AH (kJ/mol) AS (J/mol K)
25°C —34.01
35°C ~35.76 18.10 174.88
45 °C —37.51

attracted onto the surface of CM-B-CD-GO by electrostatic
action, and further the electron sharing and transfer between
the functional groups (—COOH and —OH) and MB occurred.

The area of C—C/C=C in high-resolution Cls spectra
diminished from 37.84 at% to 32.49 at% after MB adsorption.
This phenomenon indicates the m-m interaction between the
aromatic ring of MB and the skeleton sheet of CM-B-CD-
GO (Liu et al., 2014). Many organic compounds containing
phenyl groups can enter the cavity of B-CD through the
supramolecular interaction between the host and guest
(Wang and Zhou, 2007; Jiang et al., 2019). Thus, the inclusion
interaction was speculated to also promote the removal of MB
by CM-B-CD-GO.

Considering these results, we speculated that the efficient
removal of MB by CM-B-CD-GO may be mainly attributed
to electrostatic attraction, whereas m-m interaction and host—
guest supramolecular interactions also occurred (Fig. 4).

3.6. Desorption and reusability

The excellent recycling performance is expected because it is
more conducive to the practical application of adsorbents.
Thus, the reusability of CM-B-CD-GO was evaluated by using
ethanol as eluent. As shown in Fig. 5, the removal rate

decreased from 98.63% to 82.64%, and the adsorption capac-
ity gradually decreased from 197.26 to 165.25 mg g~ ! after five
consecutive cycles. This slight decrease in adsorption capacity
might be due to the loss of active sites. According to these
results, the reusability of CM-B-CD-GO was relatively high.

3.7. Characterization of CM--CD-GO

The chemical composition and typical functional group were
inspected by XPS analysis. As shown in Fig. 6 and Table S4,
the peaks located at 284.6, 531.6, and 398.6 eV represented
Cls, Ols, and Nls, respectively. The emerging N1s peak and
the increasing of C/O value compared with those of GO
proved that B-CD was connected to GO by HDI. The high-
resolution Cls and Ols XPS spectra were depicted in Fig. 7,
and the calculated data were shown in Table S3. The Cls spec-
tra fitted the four peaks centered at 284.60 (C—C/C=C),
286.56 (C—O0), 287.13 (C=0), and 288.16 (O—C=O0) eV.
For the Cls spectra, the appearance of N—C—O peaks at
288.40 eV indicated that B-CD was successfully anchored onto
GO. The —N=C=—0 of HDI reacted with the hydroxyl
groups of B-CD and epoxide and carboxyl groups of GO,
respectively. In addition, in the Cls spectra of CM-B-CD-
GO, the area of O-C—0O/N—C=0 was 12.95 at%, which is
higher than that of B-CD-GO, indicating the successful intro-
duction of carboxyl groups. Furthermore, in the Ols spectra,
the relative C—0/O—C=—=0 oxygen atomic content in CM-f3-
CD-GO became considerably higher than that in GO. Oppo-
site trends were observed in C—O/C—OH oxygen atomic.
These results suggested that the CM-B-CD-GO was success-
fully prepared.

The FT-IR spectra of the materials were depicted in
Fig. 8A. The typical peaks of GO are the stretching vibration
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(a) Cls, (b) Ols and (c) Nl1s high-resolution XPS spectra of CM-B-CD-GO before and after treatment with MB solution.
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Fig. 5 Reusability of CM-B-CD-GO for MB adsorption.

absorption bands of carbonyl (~1401 cm™'), carboxyl
(~1735 em™') and hydroxyl (~3407 cm™') groups. The band
at 1626 cm ™! may belong to the skeletal vibrations of aromatic
C=C bonds. The C—O stretching in alkoxy group and epoxy
group appearance at 1222 and 1057 cm ™", respectively (Geng
et al., 2019). The characteristic peaks of B-CD are R-1, 4-
bond skeleton vibration (~942 em™!), glycoside (C—O—C)
(~1029 ecm™') and asymmetric C—H stretching vibration
(~2924 cm™ ") (Einafshar et al., 2018). The broad absorption
band at 3407 cm~! shifted and weakened after modifying
GO with B-CD, which might be result from the peaks superpo-
sition of O—H and N—H groups. Compared with HDI, the
characteristic peaks of —CH,— appeared at 2933 and
2857 cm~! for the prepared materials, while band at
2253 cm~!' (—N=C=0) disappeared. Furthermore, compared
with GO, the emerging peaks at 1620 and 1577 cm ™' could be
attributed to the vibration superposition of —OCONH— and
—CONH— groups. The new band at 1255 cm~! belong to

Cls
Ols
Ni1s
< CM-B-CD-GO
g
g
g
E
B-CD-GO
GO
" 1 L 1 " 1 s
800 600 400 200 0
Binding energy (eV)

Fig. 6  XPS wide spectra of GO, B-CD-GO and CM-B-CD-GO.

the vibrational peaks of C—O—C in the —OCONH— group.
In addition, the peak of glycosidic bond of B-CD appeared
in the spectrum of CM-B-CD-GO. The IR spectra of CM-§-
CD-GO and B-CD-GO were similar, while the carboxyl peak
was masked because of their weakness. Therefore, these results
further prove the successful introduction of B-CD onto GO.
TGA curves of materials were shown in Figs. 8B and S3.
Weight loss in B-CD-GO occurred in four steps, whereas five
weight loss steps were observed in the CM-B-CD-GO curve.
The decomposition of water molecules and oxygen-
containing functional groups corresponded to the two stages
at 30-100 °C and 100-214 °C, respectively. The weight loss
of approximately 13.32% at 214-291 °C was assigned to the
pyrolysis of the attached acetic acid functional groups. The
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weight loss regions at 291-389 °C and 389-509 °C for CM--
CD-GO was due to the decomposition of B-CD and HDI,
respectively. These results further indicated the successful
grafting of B-CD onto GO and carboxymethylation of f-
CD-GO.

As shown in Fig. 8C, the Raman spectrum of GO has two
featured peaks at 1356 cm™! (D band) and 1603 cm™! (G
band). The extent of disorder could be investigated by the
intensity ratio of D (Ip) and G (Ig) bands (Dinda and Saha,
2015). After B-CD modified GO, the Ip/Ig ratio increased
from 0.85 to 0.90, demonstrating that B-CD has been intro-
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(a) Cls and (b) Ols high-resolution XPS spectra of GO, B-CD-GO and CM-B-CD-GO.

duced into the sp? carbon network of GO. Further car-
boxymethylation of B-CD-GO led to more enhancement of
Ip/Ig ratio (0.96), which resulted in the increase of the edges
and defects of the absorbent. This change provided more
adsorption sites for MB and made CM-B-CD-GO have excel-
lent adsorption capacity. Fig. 8D shows the XRD pattern, the
intense diffraction peak of GO at 20 = 9.46° with a d spacing
of 0.93 nm suggests that GO is rich in oxygen-containing func-
tional groups (Kong et al., 2019). However, after introducing
B-CD onto GO, this peak significantly reduced in intensity
and shifted to a low angle (20 = 7.67°) with an interlayer
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Fig. 8 (A) FT-IR spectra of CM-B-CD-GO, B-CD-GO, chloroacetic acid, HDI, GO, and B-CD; (B) TGA curves of B-CD, GO, B-CD-

GO, and CM-B-CD-GO; (C) Raman spectra and (D) XRD pattern of GO, B-CD-GO, and CM-B-CD-GO.

distance of 1.15 nm. The increase in interlayer spacing allowed
the adsorbent to capture more adsorbate that lead to an effi-
cient adsorption performance (Mingqian et al., 2018). As for
B-CD-GO and CM-B-CD-GO, a broad peak at 23.63°
(d = 0.38 nm) was observed. This result suggested that several
oxygenated groups of GO had been reduced due to the intro-
duction of new functional groups. Moreover, the XRD
patterns implied an amorphous state after the interaction of
B-CD with GO.

GO and CM-B-CD-GO was characterized by AFM (Eigler
et al., 2014; Shearer et al., 2016) and the detail AFM images
were shown in Fig. 9. Both GO and CM-B-CD-GO were sheet
structures and GO was folded. The height profiles showed that
the thickness of single GO was 1.14 nm, the thickness of three
layers at the fold was 3.46 nm, and the thickness of CM-B-CD-
GO was 1.92 nm. These results indicated that the thickness of

GO increased with the modification of B-CD. The SEM images
in Fig. S4 present the microstructure of GO and CM-B-CD-
GO. The surface of GO was smooth and the edges was
wrinkled (Priya et al., 2018; Ghislandi et al., 2015). CM-f-
CD-GO exhibited substantially rougher surface and a thicker
layer, and the size was smaller than GO. These microstructural
changes were advantageous to MB adsorb onto the surface of
adsorbent.

4. Conclusions

In this study, an anionic carboxymethyl functionalized p-CD-modified
GO (CM-B-CD-GO) adsorbent for efficiently adsorbing the cationic
dye MB from aqueous solutions was fabricated. CM-B-CD-GO
showed remarkable adsorption capacities due to the presence of car-
boxyl functions. The adsorption of MB by CM-B-CD-GO was a rapid
process, in which more than 90% of MB could be adsorbed within
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Fig. 9 AFM image of (a) GO and (b) CM-B-CD-GO, the height profile of (a) GO and (b) CM-B-CD-GO.

20 min. CM-B-CD-GO could be applied over a wide range of pH. The
mechanism study confirmed that the effective adsorption of CM-f-
CD-GO towards MB was driven by the combination of several inter-
actions, among which the electrostatic interaction plays a major role.
Kinetics studies demonstrated that the adsorption processes of CM-
B-CD-GO with respect to MB could be well described by the
pseudo-second-order model, and that the overall process was multi-
step-dependent. The cationic dye MB was deposited on the surface
of CM-B-CD-GO form a monolayer adsorption, and the adsorption
process could occurred spontaneously. Therefore, CM-B-CD-GO is a
promising adsorbent in practical application.
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