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Abstract  In this paper, a novel graphene oxide/β-
cyclodextrin composite (GO/β-CD) adsorbent was 
synthesized for the effective simultaneous removal 
of dyes. GO and GO/β-CD were characterized using 
BET, SEM, FT-IR, Raman, and XRD techniques. 
GO/β-CD has a BET specific surface area of 0.25 
m2/g. The surface of GO/β-CD contains a significant 
number of reactive groups, such as carboxyl groups, 
which enable the effective adsorption of methylene 
blue (MB). The adsorption of GO/β-CD on methylene 
blue (MB) in aqueous solution was also investigated 

kinetically and thermodynamically. The kinetic and 
thermodynamic parameters of the reaction were 
calculated. Based on the experimental results, the 
adsorption reaction was determined to be a spontane-
ous endothermic reaction. The adsorption of MB on 
GO/β-CD best fit the Langmuir model based on the 
results of the adsorption isotherm model fitting. The 
maximum adsorption capacity of the composite was 
434.78  mg/g. The GO/β-CD adsorbent was highly 
efficient at adsorbing cationic dyes, and its perfor-
mance remained consistently high after six cycles. 
Thus, GO/β-CD offers the advantages of nontoxicity, 
excellent adsorption and regeneration properties, and 
great potential for treating real and simulated waste-
water from various industries.

Keywords  Absorbent · β-cyclodextrin · Graphene 
oxide · Methylene blue

1  Introduction

With the acceleration of economic development and 
urbanization, sewage discharge from industries such 
as printing and dyeing is seriously polluting the 
environment. Azo dyes present in wastewater from 
the textile, dyeing, and leather industries are being 
released into natural water bodies. This leads to envi-
ronmental degradation and serious health damage 
through the food chain. Through investigations, more 
than 10,000 dyes are being produced worldwide, 
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generating 700,000 tons of dye wastewater (Samsami 
et  al., 2020). Among them, methylene blue (MB) is 
widely used for dyeing products such as cotton, paper, 
and wool. Due to its high chromaticity, even at low 
concentrations in water, it can impede plant photosyn-
thesis, reduce the oxygen content of water bodies, and 
inhibit the reproduction and growth of aquatic plants 
and animals. Due to its aromatic ring structure and 
the presence of nitrogen and sulfur, methylene blue is 
carcinogenic and nonbiodegradable (Din et al., 2021; 
Raees et  al., 2021), which can lead to bioconcentra-
tion. Prolonged contact with human skin can result 
in structural and functional changes in human cells, 
potentially causing lesions and cancers (Yu et  al., 
2021). Ingestion can lead to an increased heart rate, 
vomiting, nausea, jaundice, tissue necrosis, and limb 
paralysis and has a significant impact on the ecosys-
tem (Rápó & Tonk, 2021).

Currently, treatment methods for this class of dye 
wastewater include coagulation, adsorption, advanced 
oxidation, membrane, and biological methods (Rápó 
& Tonk, 2021). However, most of these methods have 
limitations, such as generating toxic sludge and incur-
ring high operation and maintenance costs. Among 
these methods, adsorption has been widely recog-
nized as a cost-effective technique for treating dye 
wastewater (Abd El Salam, 2023; Koçak et al., 2024; 
Sadiq et  al., 2021). The commonly used adsorbents 
include activated carbon, natural clay, anionic resin, 
and silica gel. Nevertheless, these adsorbents have 
certain limitations, such as a slow absorption rate, 
small adsorption capacity, and high energy consump-
tion during regeneration (Nguyen et al., 2021; Osagie 
et al., 2021). Consequently, the advancement of effi-
cient adsorbents is crucial not only for improving the 
removal efficiency of dye-containing wastewater and 
reducing both treatment duration and costs but also 
for attaining effective, cost-efficient, and sustainable 
water pollution management.

In recent years, cyclodextrin polymers have 
been applied for environmental remediation. 
β-Cyclodextrin (β-CD) is a cyclic macromolecule 
with a unique conical cavity containing seven α-(1,4)-
linked glycosyl units (Ching et  al., 2022). The car-
bon‒hydrogen bonds in the cyclodextrin molecule 
are connected by acetal-oxygen ether rings. The cav-
ity exhibits hydrophobic properties due to the car-
bon‒hydrogen bonding force, allowing it to accom-
modate small molecules of various particle sizes. The 

outer cavity of β-CD is hydrophilic. Its unique cone-
shaped structure comprises 7 C6 position primary 
hydroxyl groups in the upper part and 14 C2 and C3 
position secondary hydroxyl groups in the lower part. 
The hydroxyl functional group is relatively active, 
making it hydrophobic and suitable as an active site 
for chemical modification (Xu et  al., 2022). At the 
same time, cyclodextrins are low-cost, nontoxic, and 
biodegradable.

However, cyclodextrins are difficult to apply 
directly because of their high solubility in water. 
Cyclodextrins and their derivatives are frequently 
polymerized with cross-linking agents containing 
bifunctional or multifunctional groups to produce 
cyclodextrin-cross-linking polymers (Li et  al., 2022; 
Ozelcaglayan & Parker, 2023). Nonetheless, polym-
erization solely with cross-linking agents reduces 
the adsorption capacity of cyclodextrin polymers. 
On the other hand, cyclodextrin polymers obtained 
by using epichlorohydrin as a cross-linking agent 
have a relatively high cyclodextrin mole fraction and 
form a three-dimensional reticular spatial structure. 
Still, their mechanical strength is not optimal, which 
limits their application. Additionally, flexible cross-
linkers, such as citric acid, are easily entangled due to 
the flexibility of their molecular chains. This results 
in the nonporous structure of cyclodextrin polymers, 
which have a small specific surface area and slow 
mass transfer rate, making it difficult to achieve the 
desired adsorption effect (H. Demircan Ozelcaglayan 
et al., 2024; Liu et al., 2011). Although cyclodextrin 
polymers are inexpensive and highly regenerative, 
most cyclodextrin polymers currently in use are non-
porous and have a specific surface area of less than 10 
m2·g⁻1 (Crini & Morcellet, 2002; Jemli et al., 2024). 
It has been shown that introducing carriers into poly-
mers facilitates the formation of pores, increasing the 
specific surface area and improving the adsorption 
capacity. For example, Muhammad Usman (Usman 
et  al., 2021) synthesized a new adsorbent, nitrilotri-
acetic acid β-cyclodextrin chitosan (NTA-β-CD-CS), 
using chitosan as a carrier with a high specific sur-
face area. This adsorbent was used for the effective 
simultaneous removal of dyes and heavy metals. 
The maximum adsorption capacities for Hg(II), MB, 
and methyl orange (MO) were 178.3, 162.6, and 
132.5 mg/g, respectively.

Graphene oxide (GO) is a novel two-dimensional 
carbon nanomaterial with a high specific surface 
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area and abundant oxygen-containing groups (e.g., 
carboxyl, hydroxyl, epoxy) (Bahadi et  al., 2024; 
Chowdhury et  al., 2013). The introduction of oxy-
gen-containing functional groups has endowed gra-
phene oxide with rich chemical properties, making 
it easy to synthesize composites with various func-
tions as a carrier. Moreover, the GO surface is nega-
tively charged and has a high adsorption capacity for 
cationic dyes such as methylene blue. The adsorption 
mechanism mainly includes hydrogen bonding, elec-
trostatic interactions, and π-π interactions (Shi et al., 
2022; Yilmaz, 2022); therefore, in the present study, 
we used GO as a carrier with β-CD for the synthesis 
of graphene oxide/β-cyclodextrin composites (GO/B-
CD). The inclusion of GO aims to overcome the tech-
nical problem of spatial collapse due to the intertwin-
ing of polymer molecular chains. This results in the 
formation of an adsorbent with a high specific surface 
area, microporous structure, and ultrahigh adsorption 
capacity for cationic dyes (Z. Yang et  al., 2021; L. 
Fu et  al., 2015). The structural and functional char-
acteristics of the efficient adsorbent GO/β-CD were 
systematically investigated using scanning electron 
microscopy (SEM), Fourier-transform infrared spec-
troscopy (FT-IR), Brunauer–Emmett–Teller (BET) 
analysis, Raman spectroscopy, and X-ray diffraction 
(XRD). A comprehensive elucidation of the adsorp-
tion mechanisms was achieved by integrating insights 
from adsorption kinetics, thermodynamics, and iso-
therm models. This study is intended to offer theo-
retical underpinning for the application of cyclodex-
trin polymers and the effective removal of dyes from 
aqueous systems.

2 � Experiments

2.1 � Experimental Reagents

β-Cyclodextrin (β-CD > 99.9%) was purchased from 
Adamas Reagent Ltd., China. Graphene oxide (GO) 
was purchased from Shenzhen Guoheng Technol-
ogy Co. Epichlorohydrin (EPI) was purchased from 
Guangzhou Jiangshun Chemical Co. Methylene blue 
(MB) was purchased from Tianjin Damao Chemical 
Reagent Factory in Tianjin, China. Hydrochloric acid 
(HCl), sodium hydroxide (NaOH), and anhydrous 
ethanol (CH3CH2OH) were purchased from Laiyang 
Kangtai Chemical Co. All other chemicals were of 

analytical purity and used during the experiments 
without further purification.

2.2 � Preparation of GO/β‑CD Composites

The in  situ modification method was employed for 
the synthesis of GO/β-CD composites. 15 g of β-CD, 
50 mL of NaOH solution (20% w/w), and 35 mL of 
epichlorohydrin were added to mixture beaker. Then, 
2.25  g of graphene oxide was mixed in homogene-
ously and stirred at 70 °C until a paste was formed. 
The material was washed several times with deion-
ized water until it reached a neutral pH. Additionally, 
residual epichlorohydrin in the synthetic material 
was eliminated through repeated washing. GO/β-CD 
composites obtained after vacuum freeze-drying were 
crushed and sieved with a 60-mesh sieve. The synthe-
sis mechanism is shown in Fig. 1.

2.3 � Characterization

Scanning electron microscopy (SEM) images of the 
GO and GO/β-CD composites were acquired using 
a cold-field emission scanning electron microscope 
(Model JSM-7500F). The adsorbent’s surface func-
tional groups were analysed using a Thermo Fisher 
Scientific Fourier transform infrared spectrometer 
(Nicolet iS5). The specific surface area was deter-
mined using Micro’s Specific Surface and Porosity 
Analyser (ASAP 2460 3.01). GO/β-CD was also char-
acterized using a Horiba Scientific confocal micro-
scope Raman spectrometer (LabRAM HR model). 
The crystal structure of GO/β-CD was investigated 
using a PANalytical X-ray diffractometer (PANalyti-
cal X-pert).

2.4 � Adsorption Experiments

First, the adsorption effects of the β-CD, GO, and 
GO/β-CD composites were compared under the 
same conditions. β-CD, GO, and GO/β-CD compos-
ites weighing 0.01 g each were added to 50 mL of a 
100  mg/L methylene blue solution. The composites 
were then placed in a thermostatic water bath shak-
ing chamber at 25 °C and 180 r/min for 30 min. The 
supernatants were centrifuged, and the absorbance 
values were measured at the maximum absorption 
wavelength of 664 nm. The concentration of MB was 
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determined based on the calibration curve (Figure 
S1).

In addition to the type of adsorbent, various 
parameters directly influence the adsorption perfor-
mance of MB. The optimal adsorption conditions for 
this adsorbent were determined by varying one fac-
tor while keeping the others constant. These factors 
included the adsorbent dosage (0.0030  g, 0.0060  g, 
0.0090  g, 0.0120  g, 0.0150  g, 0.0180  g, 0.0200  g, 
0.0400 g, 0.0600 g), the pH of the MB solution (2, 4, 
6, 8, 10, 12), temperature (20 °C, 30 °C, 40 °C, 50 °C, 
60  °C, 70  °C), initial MB concentration (100 mg/L, 
150 mg/L, 200 mg/L), and contact time (30 s, 1 min, 
5 min, 10 min, 30 min, 40 min, 60 min).

2.5 � Adsorption Isotherm Studies

2.5.1 � Langmuir Adsorption Isotherm

The Langmuir isothermal adsorption model is based 
on two fundamental assumptions. First, it is assumed 
that the surface of the adsorbent is homogeneous. 
Second, the adsorption energy at each adsorption site 

is assumed to be identical. Additionally, the model 
assumes that the adsorption process occurs in a mon-
olayer. After a film of adsorbed molecules forms on 
the surface of the adsorbent, the adsorption capacity 
of the adsorbent reaches an equilibrium where the 
adsorption rate of the adsorbent is equal to the des-
orption rate. On the surface of the adsorbent, there 
is no adsorption transfer phenomenon between the 
adsorption sites. In other words, each adsorption site 
can contain only one adsorbate molecule (Zakaria 
et  al., 2022; Zhao et  al., 2021). The Langmuir iso-
thermal adsorption model is shown in Eq. (1).

qe	� Adsorption equilibrium capacity (mg/g)
qmax	� Theoretical maximum adsorption capacity 

(mg/g)
Ce	� Mass concentration at adsorption equilibrium 

(mg/L)
KL	�  Langmuir adsorption parameters

(1)
1

qe
=

1

qmax

+
1

Ce

(

1

qmaxKL

)

Fig. 1   Schematic diagram displaying the main steps used for β-CD/GO synthesis
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2.5.2 � Freundlich Adsorption Isotherms

The Freundlich isothermal isotherms (Eq.  2) is an 
empirical equation that reflects the reversibility of 
adsorption and the infinite nature of the adsorption 
process. The relationship between the amount of 
adsorption obtained on a nonuniform surface and the 
heat of adsorption, as derived from adsorption theory, 
aligns well with the Freundlich adsorption isotherm 
(Gunes et al., 2021).

KF, 1/nFreundlich adsorption parameters

2.5.3 � Temkin Isothermal Adsorption

The Temkin isotherm reflects both the type of adsor-
bent and the interactions between adsorbates. This 
model assumes that; (1) interactions between the 
adsorbent and adsorbent mass result in a linear 
decrease in the heat of adsorption and in the coating 
of all the molecules on the adsorbent surface, and (2) 
the surface binding energy of the adsorbent is homo-
geneous and maximized. The isothermal adsorption 
model can be expressed by the following Eq. (3) and 
Eq. (4) (Javed et al., 2021; Nayak et al., 2022):

KT	� the Temkin constant (L/mol)
B1	� The Temkin constant related to the heat of 

adsorption (J/mol)
R	� ideal gas constant, 8.314 J/(mol-K)
T	� the absolute temperature (K)

2.5.4 � Dubinin–Radushkevich Isothermal Adsorption

Based on the study of the adsorption mechanism, 
Dubinin et al. proposed the use of the adsorption poten-
tial and introduced a new theory of microporous filling. 
The adsorption potential refers to the amount of work 
required to attract 1  mol of gas from the main phase 
to the adsorbed phase. The molecular-level adsorption 

(2)lnqe = lnKF +
1

n
lnCe

(3)qe = B
1
lnKT + B

1
lnCe

(4)B
1
=

RT

b

mechanism on a microporous adsorbent is theoretically 
distinct from that on a surface due to the close arrange-
ment of the pore walls and the overlap of adsorption 
potentials. The Dubinin–Radushkevich adsorption 
theory suggests that the adsorption surface is nonho-
mogeneous. The outcome of this equation determines 
whether the adsorption process is physical or chemi-
cal (A. Wang et al., 2021). The Dubinin–Radushkevich 
isothermal adsorption model is expressed as in Eq. (5), 
Eq. (6), Eq. (7) (Toan et al., 2023):

KD	� Adsorption constant related to the mean free 
energy of the adsorption process (mol2/kJ2)

M	� Saturated (monolayer) adsorption capacity 
(mol/g)

ε	� adsorption potential
T	� Adsorption reaction temperature (K)

E represents the free energy of adsorption, and the 
adsorption characteristics can be determined based on 
its magnitude. When the energy (E) is between 8 and 
16  kJ/mol, the process is an ion exchange. An E less 
than 8  kJ/mol is considered as physisorption, while 
E greater than 16  kJ/mol indicates the reaction is 
chemisorption.

2.6 � Adsorption Kinetics

2.6.1 � First Order Kinetic Model

Lagergren’s first-order rate equation, which is based 
on the amount of solid adsorbed, is the most used 
equation. The basic assumption of the first-order 
kinetic equation is that the diffusion step deter-
mines the adsorption process. It also assumes that 
there is a direct relationship between the rate of 
adsorption and the difference between the amount 
of adsorbed substance and the equilibrium amount 
at any given moment (S. Yang et al., 2019a, 2019b). 

(5)lnQe = lnQm − KDε
2

(6)ε = RTln

(

1 +
1

Ce

)

(7)E =
1

√

2K
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The expression for the first-order kinetic equation is 
shown in Eq. (8) (Habila et al., 2022).

k1	� Quasiprimary kinetic rate parameter (min−1)
qe	� Adsorption of MB by GO/β-CD at equilibrium 

(mg/g)
qt	� Adsorption of GO/β-CD on MB at time t (mg/g)

2.6.2 � Second Order Kinetic Model

The second order kinetic model suggests that the 
efficiency of adsorption is determined by the pro-
cesses of electron sharing and transfer between the 
adsorbent and adsorbate. The basic assumption of 
the second order reaction kinetic equation is that 
the rate of adsorption is determined by the square of 
the number of adsorbed vacancies on the adsorbent 
surface in the unoccupied state (Bucur et al., 2021; 
Rajendran et  al., 2022). The second order reaction 
kinetic equation is shown in Eq. (9).

k2second order kinetic rate parameter (min−1)

2.6.3 � Kinetic Equation for Intraparticle Diffusion

The kinetic equation for intraparticle diffusion 
assumes that the resistance of liquid film diffusion 
is negligible or has only a minor impact during the 
initial phase of adsorption. It is primarily concen-
trated at the boundaries of the adsorbent particles. 
The diffusion behaviour of particles in water is the 
main controlling factor for the adsorption behaviour 
of pollutants, regardless of the adsorption time and 
location. Adsorption of an adsorbent from the liquid 
phase to the solid phase is a reversible reaction that 
reaches two-phase equilibrium (Lin et  al., 2019). 
The kinetic equation for intraparticle diffusion is 
shown in Eq. (10) (L. Zhu et al., 2019).

kid	� the intraparticle diffusion parameter

(8)ln(qe − qt) = lnqe −
kI

2.303
t

(9)
t

qt
=

1

k
2
q2
e

+
1

qe
t

(10)qt = kidt
0.5 + C

C	� boundary layer constant

2.6.4 � Bangham Model

The Bangham model (Eq.  11) is now commonly 
used to describe the mechanisms of pore diffu-
sion. If the kinetic experimental data are fitted with 
this equation as a straight line and the line passes 
through the origin, the diffusion is controlled by 
internal diffusion. Conversely, a weak linear rela-
tionship would indicate that adsorbate diffusion 
within the pore is not the only step limiting the 
velocity. Membrane diffusion and intrapore diffu-
sion play important roles in all stages of adsorption 
separation (Rezakazemi & Shirazian, 2019; Zghal 
et al., 2023).

qe	� t juncture (min) adsorption capacity per unit 
mass of adsorbent (mg/g)

m	� concentration of adsorbent in solution (g/L)

2.7 � Thermodynamic Study of Adsorption

The change in the thermodynamic parameter Gibbs 
free energy for the adsorption reaction was calcu-
lated according to the following Eq.  (12), (13), (14) 
(Parimelazhagan et al., 2022).

ΔG	� Gibbs free energy of the adsorption process 
(kJ/mol)

ΔH	� free braizing variation in the adsorption pro-
cess (kJ/mol)

ΔS	� the first change in the adsorption process, J/
(mol·K)

Kc	� equilibrium constant (L/g)

(11)loglog

[

C
0

C
0
− qtm

]

= log

[

k
0
m

2.303

]

+ �logt

(12)lnKc = −
ΔH

RT
+

ΔS

R

(13)Kc =
CAe

Ce

(14)ΔG = −RTlnKc
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R	� ideal gas constant, assumed to be 8.314  J/
(mol·K)

T	� the absolute temperature (K)

2.8 � Regeneration

For regeneration and recovery analyses, 50  mg/g of 
adsorbent was initially added to a solution of MB 
(25 mg/g) and stirred at 25  °C for 24 h. Once satu-
rated, the adsorbent was regenerated by immersing 
it in 50  mL of desorbent (varied between ionized 
water, anhydrous ethanol, hydrochloric acid solu-
tion, or sodium hydroxide) for 6 h. The desorbent was 
extracted using a filtered syringe to obtain the absorb-
ance value. The concentration of MB in the desorbent 
was calculated and compared with the other desor-
bents. Higher concentration of MB in the desorbent 
means more MB could be recovered. The desorbent 
with the best desorption effect was then selected 
to study its regeneration capacity. The regenerated 
adsorbent was separated and washed with deionized 
water for reuse. About six adsorption–desorption 
cycles were studied for this purpose.

3 � Results and Discussion

3.1 � Characterization and Analysis of GO/β‑CD 
Composites

The morphology and structure of the graphene oxide 
(GO) and GO/β-CD composites were observed using 
scanning electron microscopy, as depicted in Fig. 2. 
GO exhibits a typical lamellar fold structure (Fan 
et al., 2020), which is dense and possesses a relatively 
smooth surface. The GO/β-CD composite still retain 
some of the GO folds but was significantly reduced. 
The folds are present in graphene oxide to maintain 
stability, while the folds are weakened in GO/β-CD, 
indicating that GO/β-CD is more stable than graphene 
oxide (Jun Wang et al., 2014). GO/β-CD has a porous 
sponge-like shape, and the surface has been suc-
cessfully incorporated with crystals of β-CD, which 
have an irregular blocky shape. β-CD cross-linking 
increased the distance between the graphene oxide 
layers, which theoretically had a positive adsorp-
tion effect. The nitrogen adsorption and desorption 
isotherms of the GO/β-CD composites are shown 

in Fig. S2. The results indicate that the adsorption 
of GO/β-CD composites is a type II adsorption as a 
monolayer macroporous adsorption, which is consist-
ent with the average pore size of 95 nm (Table S1). 
The specific surface area can reach up to 0.25 m2/g. 
A high specific surface area provides more active 
sites for capturing and immobilizing MB. Further-
more, an increased number of active sites facilitates 
greater contact with and adsorption of target mol-
ecules, reduces diffusion limitations, and accelerates 
the adsorption process.

Figure 3 shows a prominent diffraction peak near 
2θ of 8.85° for the crystalline surface of graphene 
oxide (001), suggesting that the graphene oxide was 
not fully reduced during the material synthesis. The 
XRD peaks of graphene oxide are relatively sharp, 
indicating a shorter-ordered structure and thinner 
thickness. The characteristic diffraction peaks of 
β-CD appeared at 2θ values of 13.62°, 17.83°, and 
20.60° (Tene et al., 2022). The peak at 2θ of 42.40° 
is attributed to the insertion of cyclodextrin deriva-
tives into the intermediate layer of graphene oxide. 
A β-CD molecule contains seven reactive hydroxyl 
groups that can react simultaneously with the epoxy 
groups on the surface or edges of the graphene 
oxide molecule. The reaction results in an expan-
sion of the spacing within the intermediate layer. 
Ultimately, the bonding of graphene oxide nanopar-
ticles results in the formation of a complex, long-
range, ordered structure at various angles (Z. Yang 
et al., 2021).

Raman analysis is a highly effective technique 
for characterizing carbon materials. The GO and 
GO/β-CD composites were analysed using Raman 
spectroscopy. Both the GO and GO/β-CD compos-
ites in Fig. 4 exhibit obvious D and G characteristic 
peaks. The D and G peaks are both Raman character-
istic peaks of carbon atoms. The former represents the 
defects and disorder of the carbon atom crystals in the 
sp3 orbitals, which usually appear near 1350  cm−1; 
the latter represents the vibrational defects and dis-
order of the carbon atoms in the sp2 orbitals, which 
usually appear near 1600 cm−1 (De Figueiredo Neves 
et  al., 2020). The D/G intensity ratio (ID/IG), which 
characterizes the ratio of sp2/sp3 carbon atoms, is an 
important factor in determining the degree of disorder 
in graphite(Borandeh et  al., 2021). The ID/IG value 
of GO is 1.15, while that of GO/β-CD is 1.23. These 
results indicate that GO/β-CD has more structural 
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defects than GO. In addition, Raman spectral analy-
sis of GO/β-CD showed a blueshift (~ 4 cm−1) in the 
G-band compared to that of GO, which may be attrib-
uted to the reduction in the number of graphene lay-
ers (Ferrari, 2007).

The changes in the surface functional groups of 
graphene oxide (GO), beta-cyclodextrin (β-CD), and 
GO/β-CD were analysed using FT-IR spectroscopy. As 
shown in Fig. 5, 1060 cm−1 represents the C-O stretching 

vibration in the epoxy group, 1733  cm−1 corresponds 
to the C = O stretching vibration in the carboxyl group, 
and the peak at 3396 cm−1 corresponds to the stretching 
vibration of -OH (Al-Yaari & Saleh, 2023). In the FT-IR 
spectrum of β-CD, the peak at 950  cm−1 corresponds 
to the α-1,4-glucose bond, the peak at 1055  cm−1 cor-
responds to the C-O stretching vibration, and the peak 
at 1661 cm−1 corresponds to the C = O stretching vibra-
tion (G. Zhu et al., 2021). Comparison between the FTIR 

Fig. 2   SEM images for; 
(a) GO (magnified 1,500 
times); (b) GO (magnified 
12,000 times); (c) GO/β-CD 
(magnified 1,500 times); 
(d) GO/β-CD e (magnified 
12,000 times)

Fig. 3   GO/β-CD composite 
XRD pattern
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spectra revealed the characteristic peaks of both GO 
and β-CD at 1052  cm−1 and 1725  cm−1 were notably 
reduced. This suggests that β-CD was primarily attached 
to the surface of GO through reactions involving carboxyl 
and epoxy groups, resulting in the creation of active car-
boxyl group sites. Therefore, abundant hydroxyl groups 
were observed on the surface of the composite. It was 
reported that the ionization of hydroxyl groups produces 
hydrogen ions, which readily combine with the cations 
of MB (C. Fu et al., 2019). Therefore, GO/β-CD could 
strongly adsorbs MB.

3.2 � Optimisation of Adsorption Conditions for 
GO/β‑CD Composites

3.2.1 � Adsorption Capacity of β‑CD, GO and GO/
β‑CD Composites

As shown in Fig. 6, the MB adsorption capacities of 
pure β-CD and GO were 15.39 mg/g and 215.35 mg/g, 
respectively. In contrast, the adsorption capacity of 
the GO/β-CD composite reached 401.84 mg/g, which 
was significantly greater than the previously reported 

Fig. 4   Raman diagram 
of GO and the GO/β-CD 
composites

Fig. 5   FT-IR diagram 
of GO, β-CD, and the 
GO/β-CD composite
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composites (Jawad et  al., 2021; Usman et  al., 2021). 
GO adsorption occurs mainly through abundant func-
tional groups that enhanced its adsorption effective-
ness (Zainal et al., 2021). After composite formation, 
the GO/β-CD composite exhibited numerous cavities 
and folded structures, resulting in a larger specific sur-
face area (Table S1). It retains the original abundant 
functional groups of GO and introduces a significant 
number of effective carboxylate active sites during the 
reaction process. Consequently, the composite mate-
rial demonstrates enhanced adsorption of MB due 
to the abundance of functional groups and effective 
adsorption sites.

3.2.2 � Effects of GO/β‑CD Composite Dosage 
on the Adsorption Performance

As shown in Fig.  7, with increasing dosage, the 
removal of MB by the GO/β-CD composites initially 
increased and then stabilized, while the adsorption 
amount continuously decreased. This is because 
the increase in the amount of GO/β-CD composite 
provides more total amount of active sites, leading 
to an increased removal rate. However, the amount 
of MB that could be removed was limited, result-
ing in a plateau in the removal rate. The adsorption 
capacity exhibited an inverse trend with the dosing 
amount, attributed to the abundance of active sites 
and the substantial adsorption capacity that remained 

underutilized in low concentrations of the MB solu-
tion (Dong et al., 2023). Therefore, a GO/β-CD com-
posite dose of 0.012  g was selected for the subse-
quent experiments.

3.2.3 � Effects of pH on the Adsorption Performance

The MB adsorption by GO/β-CD composites was 
influenced by pH, as depicted in Fig.  8. When the 
pH increased from 2 to 6, the removal rate increased 
from 64.41% to 95.39%, and the adsorption amount 
increased from 268.39 mg/g to 397.45 mg/g. Subse-
quently, as the pH continued to increase up to pH 
12, the removal rate and adsorption capacity of MB 
remained unchanged. The relatively low removal of 
methylene blue (MB) by GO/β-CD in acidic environ-
ment may be attributed to the competition between 
H+ ions in the solution and MB for the adsorption 
sites. At the same time, the hydroxyl and carboxyl 
groups in the GO/β-CD composites were protonated, 
leading to electrostatic repulsion with the cationic 
dye MB, resulting in decreased adsorption perfor-
mance. After the increase in pH, the hydroxyl and 
carboxyl groups were deprotonated, leading to the 
disappearance of cationic electrostatic repulsion 
with MB (Jawad et al., 2021). Therefore, GO/β-CD 
composites were more effective at adsorbing MB in 
neutral to alkaline environments.

Fig. 6   Comparison of the 
MB adsorption by β-CD, 
GO and GO/β-CD compos-
ites at 0.2 g/L GO/β-CD 
composites, pH = 6, 25℃, 
30 min and 100 mg/L MB 
concentration
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3.2.4 � Effects of Temperature on the Adsorption 
Performance

The effect of temperature on the adsorption of MB 
dye by GO/β-CD composites is shown in Fig. 9. With 
increasing temperature, the removal rate and adsorp-
tion capacity initially increased and then remained 
unchanged. When the temperature increased from 
20 °C to 40 °C, the removal rate of MB by GO/β-CD 
composites increased from 81.47% to 97.13%, and 
the adsorption capacity increased from 339.46 mg/g 
to 404.71  mg/g. Thereafter, the removal rate and 

adsorption capacity remained basically unchanged. 
The experimental results showed that the process of 
MB adsorption by GO/β-CD composites is a heat 
absorption process (Dong et al., 2023).

3.2.5 � Effects of Initial MB Concentration and time 
on Adsorption Performance

As shown in Fig. 10, with increasing initial concen-
tration of MB and the contact time, the removal per-
centage increased. The removal rate and adsorption 
amount of MB by the GO/β-CD composites increased 

Fig. 7   Effect of dosage of 
the GO/β-CD composite 
on the MB adsorption at 
pH = 6, 25℃, 30 min and 
100 mg/L MB concentration
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Fig. 8   Effect of pH on 
the MB adsorption of the 
GO/β-CD composites at 
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gradually and finally stabilized. However, at high ini-
tial concentration of MB, the increasing trend of the 
removal rate with time was not distinct especially 
after 30  min. This implies that the adsorption sites 
of the GO/β-CD composites were specific, and the 
adsorption capacity of MB was restricted. When the 
initial concentration of the dyes increased, more mol-
ecules could be adsorbed on the composite material, 
leading to the establishment of equilibrium faster (Xu 
et al., 2022). Therefore, the equilibrium time for high 
concentration MB adsorption over GO/β-CD com-
posites was 30  min, while the adsorption saturation 
capacity of the GO/β-CD composites was approxi-
mately 450 mg/g.

3.3 � Adsorption Isotherm

The fitting of the adsorption experiments conducted 
at 25 °C with the Langmuir, Freundlich, Temkin, and 
Dubinin‒Radushkevich adsorption isotherms are 
depicted in Fig. 11, and the corresponding parameters 
are listed in Table 1.

From Table  1, the Langmuir-type adsorption iso-
therm is considered as the most ideal adsorption 
model for GO/β-CD composites on MB due to the 
highest fitting correlation coefficient (R2). Hence, the 
adsorption process could be taken as monomolecular 
layer adsorption. After the adsorbent adsorbs MB mol-
ecules, the MB molecules do not undergo any transfer 

or movement between the adsorption sites, and there 
is no mutual interaction between the MB molecules. 
The theoretical maximum adsorption capacity of the 
composite was calculated using the Langmuir model 
to be 434.78  mg/g, which significantly surpassed 
the adsorption capacities of MB by other adsorbents 
documented in the literature (Table  2). This excep-
tional performance can be attributed to the carboxy-
late active sites created by the epoxy carboxylation 
reaction of GO combined with β-CD, as well as the 
numerous functional groups present in the composite 
that enable it to adsorb a substantial quantity of MB. 
Although the Freundlich model is not strongly corre-
lated as compared to the Langmuir model, it is worth 
mentioning the parameters associated with its adsorp-
tion mechanism. The parameter n reflects the difficulty 
of the adsorption reaction. When n equals to 3.79, 
which is greater than 1, the adsorption reaction pro-
ceeds smoothly under the given conditions. Moreover, 
the free energy of adsorption of the composites based 
on the Dubinin‒Radushkevich (D-R) model was 
calculated to be greater than 16  kJ/mol, indicating a 
chemisorption process.

3.4 � Adsorption Kinetics

Kinetic models were fitted to the adsorption data, and 
the results and related parameters obtained are shown 
in Fig. 12 and Table 3.

Fig. 9   Effect of tempera-
ture on the MB adsorption 
of the GO/β-CD composites 
at 0.2 g/L GO/β-CD com-
posites, pH = 6, 30 min and 
100 mg/L MB concentra-
tion
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Table  3 shows that the second kinetic model 
MB by GO/β-CD composites gave the best fitting 
R2 = 0.9988, indicating a significant correlation. This 
means, the adsorption of MB by GO/β-CD com-
posites involves chemical adsorption as the primary 
process, accompanied by physical adsorption. The 
internal diffusion curve consists of three parts. In 
the first stage, the adsorption reaction occurred rap-
idly, transferring the adsorbate from the liquid phase 
to the surface of the GO/β-CD composite due to the 

boundary layer diffusion, a process also referred to as 
surface mass transfer. The second segment reflects the 
macropore diffusion process within the particles, and 
the third segment (30 ~ 60 min) reflects the diffusion 
of the adsorbate within the mesopores and micropo-
res. As the second segment lasts longer than the first 
one, it can be said that the diffusion of the adsorbent 
within the particles was dominated by macroporous 
diffusion, which was consistent with the conclusion 
obtained from the BET characterization. The fit to 

Fig. 10   Effect of contact 
time and initial concen-
tration of MB at 0.2 g/L 
GO/β-CD composites, 
pH = 6, 25℃(a) removal 
rate; and (b) adsorption 
capacity

25

40

55

70

85

100

0 10 20 30 40 50 60

Re
m
ov

al
ra
te

(%
)

t (min)

100mg/g

150mg/g

200mg/g

100

150

200

250

300

350

400

450

500

0 20 40 60 80

A
ds
or
pt
io
n
ca
pa
ci
ty

(m
g/
g)

t (min)

100mg/g

150mg/g

200mg/g

a

b

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 Water Air Soil Pollut          (2025) 236:56    56   Page 14 of 21

Vol:. (1234567890)

Bangham’s model equation is also high, R2 = 0.9855, 
indicating a good fit, but the fit line did not pass 
through the origin. This suggests that the adsorption 
of MB by the GO/β-CD composites was primarily 
controlled by macroporous diffusion.

3.5 � Adsorption Thermodynamic

The thermodynamic model fitting and related param-
eters for the adsorption of MB by GO/β-CD com-
posites are shown in Fig. S3 and Table  4. Analysis 
of Fig. S5 and Table 4 reveals that the ΔG value for 
the MB dye adsorbed by the GO/β-CD composites 
is negative, indicating that the reaction occurs spon-
taneously. As the temperature increases, the absolute 
value of ΔG increases, leading to a greater tendency 
for the reaction to proceed spontaneously. A positive 
value of the reaction entropy ΔS indicates an increase 
in the degree of disorder at the solid‒liquid interface 
during the adsorption of MB by GO/β-CD compos-
ites. A positive value of ΔH indicates that the adsorp-
tion of MB by GO/β-CD composites is an endother-
mic reaction.

3.6 � Adsorption Mechanism

To promote the generation of stable polymers with 
superior porosity and adsorbed three-dimensional 
structures, a new preparation technique was applied. 
The β-CD polymer obtained by using epichlorohydrin 
as a cross-linking agent under alkaline conditions 
overcame the disadvantage of β-CD’s susceptibil-
ity to water solubility. By utilizing an esterification 
reaction, the cyclodextrin polymer was loaded onto 
graphene oxide to address the technical challenge of 
spatial collapse resulting from the interweaving of 
polymer molecular chains. This process led to the 
formation of a microporous structure with a high spe-
cific surface area. The large number of pores provided 
abundant active sites and channels, which promoted 
the adsorption of β-CD/GO on MB (refer to Fig. 1c 
and 1d). Furthermore, as shown by FTIR (Fig. 4), the 
surface of β-CD/GO is covered in a great deal of car-
boxyl groups. One of the most important variables in 
the cationic dye adsorption process is the electrostatic 
interaction between the -COOH group of β-CD/GO 
and the cationic dye molecules (C. Fu et  al., 2019). 
According to earlier research (X. Liu et  al., 2019; 
Jingjing Wang et  al., 2019), there is a good chance 

Fig. 11   (a) Langmuir-type adsorption isotherm model fit; (b) Freundlich-
type adsorption isotherm model fit; (c) Temkin-type adsorption isotherm 
model fit; (d) Dubinin‒Radushkevich-type adsorption isotherm model fit
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that β-CD/GO and cationic dye molecules will inter-
act through hydrogen bonding and π-π interactions. 
As MB molecules approach the surface of GO, the 
interaction between the conjugated π-electron sys-
tems of MB and the unperturbed graphene regions 
on GO facilitates π-π conjugation. This interaction 
promotes the planar alignment of MB molecules on 
the GO surface, allowing for π-electron cloud over-
lap and consequently enhancing intermolecular sta-
bility. Furthermore, the hydroxyl (-OH) and carboxyl 
(-COOH) groups on the GO surface can function as 
hydrogen bond donors, while the nitrogen atoms in 
MB serve as hydrogen bond acceptors. Thus, as MB 
molecules approach the GO surface, hydrogen bond-
ing interactions between the -OH or -COOH groups 
of GO and the nitrogen atoms of MB are established, 
thereby augmenting the adsorption capacity of MB 

on the GO surface. Lastly, β-CD’s distinct qualities 
enable it to encapsulate organic dye impurities and 
create distinct "host–guest" complexes because of 
its hydrophobic and nonpolar inner cavity (Alsbaiee 
et al., 2016; Qu et al., 2020). To create encapsulated 
complexes, the β-CD component of β-CD/GO can 
thus use "host–guest" supramolecular interactions 
to trap MB organic molecules as "guest" substances 
in its inner cavity. This phenomenon conforms  with 
additional reports found in the literature (Chen et al., 
2020; Ozelcaglayan & Parker, 2023).

3.7 � Analysis of the Number of Recycling Cycles for 
the Adsorption of MB

From an economic perspective, the recovery and the 
reuse of adsorbents are crucial stages of the adsorption 

Table 1   Adsorption 
Isotherm Model Parameters

Adsorption isotherm model Parametric Value

Langmuir adsorption isotherm equation y = 0.0015x + 0.0023
qmax (mg/g) 434.7826
Kl (L/mg) 3.45E-06
R2 0.9927

Freundlich adsorption isotherm equation y = 0.2637x + 5.2859
KF (mg/g-(1/mg)1/n) 197.5319
n 3.7922
R2 0.8832

Temkin adsorption isotherm equation y = 67.821x + 232.35
KT (L/mol) 30.7503
B1 67.8210
R2 0.9758

Dubinin‒Radushkevich adsorption isotherm equation y = -6E-08x-6.7158
Qm (mol/g) 1.21E-03
KD (mol2/g) 6E-08
R2 0.9014
E (kJ/mol) 2886.8360

Table 2   Comparison of Maximum Monolayer Capacity for MB on the Other Adsorbents

Adsorbents Qm (mg/g) References

Nitrilotriacetic acid β-Cyclodextrin-Chitosan (NTA-β-CD-CS) 163 (Usman et al., 2021)
Dragon Fruit Peel Activated Carbon (DFPAC) 195 (Jawad et al., 2021)
Magnetic activated carbon (MACz) 156 (Yağmur & Kaya, 2021)
Magnetic alginate/rice husk 274 (Alver et al., 2020)
Carbon nanotubes-based polymer nanocomposites 189 (Gan et al., 2020)
GO/β-CD 435 This study
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method. Therefore, the adsorbents in the system 
should be properly processed to facilitate the recov-
ery of GO/β-CD. As seen from Fig. 13, the desorption 
capacity of the four desorbents are decreasing in the 
following order: ethanol > HCl > water > NaOH. Des-
orption of water is ineffective due to the chemisorp-
tion of GO/β-CD on MB. Moreover, the adsorption of 
GO/β-CD on MB is not ion exchange but is dominated 
by chemical bonding forces, as discussed in Sect. 3.3. 
Therefore, the desorption effect of ethanol is better, 
while the desorption effect of acid‒base solution is 
worse (Dai et al., 2021). Moreover, ethanol was more 
readily available and less toxic, so ethanol was selected 
as the desorption agent for subsequent desorption 
experiments.

The GO/β-CD composite can be recycled, and 
the removal rate of MB decreased from 88.39% to 
69.30% after five cycles of adsorption and desorption 
as shown in Fig.  14. This is because the adsorption 
of MB by GO/β-CD occurs via chemisorption. Dur-
ing the desorption process, ethanol breaks the binding 
bond between the GO/β-CD groups and the cationic 
dye MB. The dye molecules are not completely des-
orbed during the desorption process, leaving some 
residue. Additionally, there is a loss of composite 
material in the process of desorption and recycling, 
leading to a decrease in the efficiency of adsorption 
(H. Yang et al., 2019a, 2019b). However, the signifi-
cant regeneration performance of the adsorbent and 
contaminants must be determined by a stable adsorp-
tion–desorption process. Therefore, the adsorp-
tion–desorption of the GO/β-CD composite was eval-
uated. As shown in Fig. 14, the removal performance 
of MB slightly decreased after six adsorption‒des-
orption cycles. This suggests that GO/β-CD requires 
a proper regeneration step to restore the desired 
removal performance and has good reusability, mak-
ing it a cost-effective and efficient adsorbent for the 
simultaneous treatment of wastewater. Moreover, the 
incorporation of graphene oxide improved the specific 
surface area of the adsorbent, increased the chemical 
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Table 3   Adsorption 
Kinetics Model Parameters

Adsorption kinetic modelling Parameters Value

quasiprimary kinetic model Adsorption kinetic equation y = -0.0186x + 5.3377
K1 (min−1) 0.04284
qe (mg/g) 208.0337
R2 0.8835

quasisecondary kinetic model Adsorption kinetic equation y = 0.0026x + 0.0036
K2 (g/(mg-min)) 384.6154
H (g/(mg-min)) 1.88E-04
R2 0.9988

Intraparticle diffusion modelling Adsorption kinetic equation y = 23.801x + 215.06
Kid (mg/(g-min−0.5)) 23.801
C (mg/g) 215.06
R2 0.9358

Bangham model Adsorption kinetic equation y = 0.2594x-0.4579
α 0.2594
K0 (mL/(g/L)) 3.3433
R2 0.9855

Table 4   Adsorption 
Thermodynamic Modelling 
Parameters

T(K) Kc ΔG (KJ/mol) ΔS (J/mol/k) ΔH(KJ/mol) Adsorption equation R2

293 4.3970 -3607.5301 6.7975 1.1482 y = -0.1381x + 0.8176 0.9188
303 12.5746 -6377.6587
313 33.8419 -9164.4326
323 72.1121 -11488.8300
333 86.0572 -12,333.9775
343 92.4211 -12,907.8165

Fig. 13   MB desorption 
from composite materials 
by different desorbents at 
0.2 g/L Adsorption-satu-
rated GO/β-CD composites, 
pH = 6, 25℃, 30 h, HCl and 
NaOH 0.1 mol/L, Ethanol 
99.5%
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stability and hydrophobicity of the adsorbent, and 
facilitated the reuse of GO/β-CD composites.

4 � Conclusion

I. In this study, ethylene oxide was used as a cross-
linking agent to synthesize GO/β-CD composites. The 
composites were characterized by SEM, BET, FTIR, 
XRD, and Raman spectroscopy, which revealed that 
the materials had numerous pores and folds and that 
β-CD was successfully attached to the surface of GO. 
The adsorption process of the composites was pri-
marily influenced by the adsorption of monomolecu-
lar layers of macropores. GO/β-CD exhibited a signif-
icant number of functional groups on its surface, and 
a considerable amount of effective carboxylate active 
sites were introduced. The composites possessed a 
rich array of adsorption sites, with multiple pores and 
defects, displaying a disordered and intertwined state. 
The defects present a messy and interlaced state.

ii. The results of a one-factor experiment showed 
that the dosage of the GO/β-CD composite was posi-
tively correlated with the adsorption of methylene 
blue. The higher the dosage is, the greater the removal 
rate due to the excellent adsorption performance of 
the composite material, resulting in vacant adsorption 
sites in low-concentration solutions. With increas-
ing temperature and contact time, the adsorption of 
methylene blue on GO/β-CD initially increased and 

then stabilized. Similarly, for the initial concentration 
of methylene blue, there was an initial increase fol-
lowed by stabilization. For the initial concentration 
of methylene blue, the higher the concentration was, 
the lower the removal rate of the composite material. 
This is mainly because the adsorption capacity of the 
composite material is fixed. The adsorption of meth-
ylene blue by GO/β-CD in neutral and alkaline envi-
ronments is effective, while its efficiency is slightly 
reduced in acidic environments.

iii. Through adsorption isotherm, adsorption kinet-
ics, and adsorption thermodynamics models fitting, 
the following conclusions were drawn: the adsorption 
of MB by the GO/β-CD composite was attributed to 
the adsorption of the monomolecular layer, and the 
adsorption was dominated by chemical adsorption 
accompanied by physical adsorption. The epoxy car-
boxylation reaction of GO and β-CD branching pro-
duces carboxylated active sites and many functional 
groups, so that the composite material has a large 
adsorption capacity. The diffusion within the particles 
is dominated by macroporous diffusion, which is the 
main influence on the diffusion of MB in the particles. 
The intraparticle diffusion is primarily influenced by 
macroporous diffusion, which is a key factor affecting 
the adsorption rate.

Therefore, GO/β-CD composites have great poten-
tial as an adsorbent and play a crucial role in the 
adsorption treatment of dye wastewater. In the future, 
we will optimise the adsorbent materials, further 

Fig. 14   Reuse of GO/β-CD 
composites for MB adsorp-
tion at 0.2 g/L GO/β-CD 
composites, pH = 6, 25℃, 
30 min and 100 mg/L MB 
concentration
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explore the adsorption mechanism, and investigate 
the application of the adsorbent in real water bodies. 
And we will expand the application field of GO/β-CD, 
which is widely used in the removal of pollutants from 
wastewater, environmental remediation and waste-
water treatment facilities. However, the commerciali-
zation of GO/β-CD composites will face challenges 
related to cost and large-scale production. Future 
research should focus on optimizing the production 
process, improving material properties, and exploring 
emerging markets and applications to improve indus-
trial scalability and applicability.
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