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Removal of Methylene Blue by synthesized ECD-GO/Fe,O, composite
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ABSTRACT

In this study, sethylenediamine-p-cyclodextrin (ECD)-graphene oxide (GO) supermolecules were
synthesized using ECD and GO as starting materials. The magnetic nano-adsorbent (ECD-GO/
Fe,0,) was prepared by hydrothermal loading Fe,O, nanoparticles. Their structures and mag-
netic properties were characterized by Fourier transform infrared spectroscopy, thermogravimet-
ric analysis, transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM).
The results showed that the mass ratios of ECD, GO and Fe,O, nanoparticles were about 29.1%,
28.4% and 30.2%, respectively. TEM analysis showed that the ECD was spherical when loaded
onto the sheet GO surface, and the diameter of ECD-GO/Fe3O4 was about 60-70 nm. According to
VSM test, ECD-GO/Fe,O, exhibits superparamagnetic properties with a saturation magnetization
of 22 emu/g. The adsorbent was used for the removal of methylene blue (MB), and the adsorption
process was fitted using adsorption isothermal model and kinetic model. The results show that
the Freundlich model and pseudo-first-order model are more suitable to describe the adsorption
process of MB on ECDGO/Fe,O,. Among them, the adsorption capacity is 53 mg/g, and after four
cycles, the removal efficiency of MB is about 69%. The material has certain stability and durability,
and the removal process can be successfully applied to the treatment of wastewater containing MB.
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Adsorption

1. Introduction

In the past few decades, with the development of dyes
and dyeing industry in China, the problem of dye contam-
ination has been worsening [1,2]. It is worth noting that the
pollution caused by methylene blue (MB) and other cationic
dyes has become a major environmental problem [3]. MB,
which is mainly used as a colorant in cotton, wool and silk,
can cause eye and skin diseases and affect the respiratory
systems of living organisms [4]. The current methods used
to treat dye wastewater include adsorption, flocculation,
membrane separation and biological process [4-7]. Among
them, adsorption is considered to be one of the most pow-
erful wastewater treatment technologies because it is simple
to operate, economical, selective and reproducible [8,9].

* Corresponding authors.

Graphene oxide (GO) is water-soluble and has attracted
attention for effective water pollution control [10]. As an
important derivative of graphene material, the cost of
graphene oxide has been within the range of control due to
the improvement of the current preparation process. The
multiple functional groups (e.g., -O-, -OH, -C=0, -COOH)
and high surface area (about 2,630 m? g') of GO make
it a potential adsorbent for MB pollution [11]. It has been
reported that GO has more oxygen-rich functional groups
and active sites, which can bind to dye molecules through
electrostatic attraction and coordination [12,13]. However,
if it is used as an adsorbent alone, its effective specific sur-
face area will be reduced due to the m—m bond interaction
between adjacent layers in GO during the adsorption pro-
cess, thus reducing the adsorption capacity [14,15]. At the
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same time, the particle size of GO is very small, and the
adsorbed particles are difficult to separate, which will
cause health and environmental problems once exposed
to the environment [16,17].

B-cyclodextrin is a readily available, safe, clean and
biodegradable oligomer. On the one hand, the hydropho-
bic cavity structure of P-cyclodextrin can accommodate
smaller molecules. On the other hand, the rich hydroxyl
group in its outer cavity makes it hydrophilic and there-
fore easily modified by groups [18]. The primary amine of
ethylenediamine (-cyclodextrin (ECD) has a good chain
structure, which can be connected with carboxylic acids,
esters, anhydrides, aldehydes and ketones under mild con-
ditions [19]. It is also an effective intermediate layer for
the construction of graphene supramolecular structure.
However, the low mechanical strength of ECD limits its
application in the adsorption field. Therefore, according
to the characteristics of ECD and graphene, the combina-
tion of graphene and ECD can overcome these obstacles
and help to achieve the superposition of composite prop-
erties [17-20]. In addition, the addition of magnetic Fe,O,
can better realize the separation and reuse of the composite
adsorbent. Li et al. [21] synthesized Fe,O,/GON/CA-CDP
composite, which showed good adsorption capacity for
MB dye under electrostatic attraction, Lewis acid-Lewis
base interaction, host-guest supramolecular interaction and
m—7t interaction.

In this study, ethylenediamine-cyclodextrin (ECD) was
stably grafted onto the surface of GO nanoparticles by
supramolecular interaction [22] to prepare supramolecular
ECD-GO. On the one hand, the high specific surface energy
of GO nanoparticles could be reduced, and the defects of
uneven particle size distribution and poor biocompati-
bility caused by agglomeration could be avoided. On the
other hand, ECD is a kind of super molecular compound
that has a cavity, and can be used as a main body by clath-
rate “formed by the subject and object, through the ECD
by modifying the GO, for the first time the magnetic Fe, O,
nanoparticles load to ECD-GO, great use of graphene and
its functional properties and magnetic adsorbent of the
easy separation and recovery characteristics, ECD-GO/
Fe,O, composite adsorbent was prepared for easy separa-
tion and recovery. In the research process, in order to effec-
tively improve the adsorption capacity of ECD-GO/Fe,O,
for MB, the influence of acidity, adsorption time and initial
concentration on the adsorption performance of the adsor-
bent was explored to achieve the purpose of effectively
removing MB from wastewater.

2. Experimental details
2.1. Raw materials and reagents

Ethylenediamine-3-cyclodextrin ~ (ECD),  analytical
grade, was purchased from Shandong Binzhou Zhiyuan
Biotechnology Co., Ltd. Industrial grade graphene oxide
(JCGO-95-1-2.6) was procured from Nanjing Yakang
Nanotechnology Co., Ltd. Hydrazine hydrate was bought
from Shanghai Baika Chemical Technology Co., Ltd, and
polyethylene glycol (PEG) and other reagents were pro-
cured from Tianjin Zhiyuan Chemical Reagent Co., Ltd.

2.2. Static adsorption experiments of the composite

The adsorption capacity of ECD-GO/Fe,O, composite
for MB was evaluated by batch treatment in aqueous solu-
tion, and the adsorption process was fitted by Langmuir
and Freundlich isotherm models and pseudo-first-order
and pseudo-second-order kinetic models. For this purpose,
10 mg of complex was added to 40 mL of MB dye solution
(100 mg L7). Adjust the mixture to reach the right acid-
ity, stir for a while, then strain. The concentration of MB
dye at different time intervals was determined by UV-Vis
spectroscopy at A max (664 nm).

The adsorption capacity (7, mg g') and removal effi-
ciency (E) on the adsorbed MB were calculated by using
the following formulae:

. . (C,-C )V
Adsorption capacity: g, = ~—— (1)
m
. . (CO B Ce )
Removal efficiency: E = — x100% )
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where C and C, are the initial and equilibrium concentra-
tions of MB (mg L™), respectively, V is the volume of the
adsorption solution (L), and m is the mass of MB (g).

The Langmuir and Freundlich isotherm models are
represented by the Eq. (3) [23,24]:

quLCF

Langmuir model: g, = 1o KC
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where g, is the equilibrium adsorption amount of MB in the
aqueous solution by the ECD-GO/Fe,O, composite (mg g™),
g,, is the maximum equilibrium adsorption amount of MB
in the aqueous solution by the ECD-GO/Fe,O, composite
(mg g™), C, is the residual concentration of MB after equi-
librium adsorption under different conditions (mg L),
and k, is the Langmuir model binding constant (L mg™).

Freundlich model: g, = k,C." @

where g, is the equilibrium adsorption amount of MB
in the aqueous solution by the ECD-GO/Fe,0O, compos-
ite (mg g'), C, is the residual concentration of MB after
adsorption equilibrium under different conditions (mg L™),
k. is the Freundlich model adsorption equilibrium con-
stant (mg L™7), and n is the Freundlich model constant,
indicating the inhomogeneity constant.

The pseudo-first-order and pseudo-second-order kinetic

models are given by the Eq. (5) [25,26]:

Pseudo-first-order kinetic model: g, =g, (1 - e'k“) )

where g, is the equilibrium adsorption amount of MB in the
aqueous solution by the geopolymer (mg g™), g, is the equi-
librium adsorption amount of MB in the aqueous solution
by the ECD-GO/Fe,O, at different time intervals (mg g™), t is
the adsorption time (min), and k, is the pseudo-first-order
kinetic model constant (min™).
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Pseudo-second-order kinetic model: g, = % (6)
1+kyqt

where g, is the equilibrium adsorption amount of MB in the
aqueous solution by the geopolymer (mg g™), g, is the equi-
librium adsorption amount of MB in the aqueous solution
by the ECD-GO/Fe,O, at different time intervals (mg g™), t is
the adsorption time (min), and k, is the pseudo-second-order
kinetic model constant (g mg™ min™).

2.3. ECD-GO/Fe,O, composite preparation

150 mg of GO and 300 mL of deionized water were added
to a three-neck flask and sonicated for 2 h. Subsequently,
200 mg of KOH and 1.0 g of ECD were added. The mix-
ture was then placed in an oil bath at 80°C. Ammonia
(approximately 650 pL) and hydrazine hydrate (approx-
imately 150 pL) were supplied continuously dropwise,
and stirring was continued for 72 h. The precipitate
obtained was ECD-GO. Centrifugal washing was then
carried out with absolute ethanol to achieve neutrality.
The mixture was then dried to obtain pure ECD-GO [27].

0.1 g of the prepared ECD-GO powder, 0.5 g FeCl-6H,0,
1.0 g of PEG, and 50 mL ethylene glycol were added to a
beaker. The mixture was stirred for 2 h. Thereafter, 3.6 g of
anhydrous NaAc and 1.0 g of PEG were added. The solu-
tion was then sealed in a 100 mL Teflon-lined autoclave and
transferred into a 200°C drying oven for 16 h. After cool-
ing to room temperature, centrifugal washing with H,0
and absolute ethanol was performed to achieve neutral-
ity. The mixture was then dried to obtain ECD-GO/Fe O,.
The product preparation process is illustrated in Fig. 1.

3. Structure characterization
3.1. Fourier transform infrared spectroscopy (FT-IR) analysis

The KBr tablet method was used to obtain the infra-
red spectra (the mass ratio of the sample to KBr was 1:80).
The results are shown in Fig. 2.

As can be seen in Fig. 2a, 3,438 and 1,635 cm™ corre-
sponded to the vibrational absorption and stretching vibra-
tion peaks of -OH and C=0O, respectively. It can be judged
that these groups are functional groups in GO. 1,386 cm™!
corresponded to the stretching vibration peak of C-OH, and
1,077 and 1,152 cm™ corresponded to the stretching vibration

Ammonin,

GO ECD - GO

Fig. 1. [llustration of the synthesis process of ECD-GO/Fe,O,.

peaks of C-O. Compared with (a), curve (b) showed new
peaks at 2,922 and 2,360 cm™, attributable to the stretch-
ing vibration peaks of -CH,—. The peak at 1,027 cm™ cor-
responded to the stretching vibration peak of C-N on
ethylenediamine. In addition, the peak at 3,310 cm™ is con-
sistent with the tensile vibration peak of -NH- and -OH
at 3,438 cm™, and the intensity is significantly enhanced,
which proves that ECD has been loaded onto the GO sur-
face. Go forms strong hydrogen bonds with ECD groups.
During the adsorption process, ECD-GO has a synergis-
tic promotion effect on MB adsorption due to electrostatic
interaction with cationic dyes in water, van der Waals force
hydrogen bond interaction and stereoscopic effect. In Fig. 2c,
the lattice absorption peak of Fe-O appeared at 602 cm™,
indicating the formation of the ECD-GO/Fe,O, complex.

3.2. Thermogravimetric analysis (TGA)

The TGA curves of ECD-GO/Fe,O, were obtained
by heating the composite to 700°C at the heating rate of
100°C/min in air. The results are shown in Fig. 3.

From Fig. 3, it can be seen that the weight loss of
ECD-GO/Fe,O, at 110°C or below was approximately 3.1%
in the measured temperature range. The weight loss from
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Fig. 2. FT-IR spectra of (a) GO, (b) ECD-GO, and (c) ECD-GO/
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nanoparticle

ECD - GO/ Fe; 0



M. Zhao et al. / Desalination and Water Treatment 282 (2023) 258-264 261

110-260°C was approximately 29.1%, which was mainly
because of the decomposition of ethylene diamine cyclodex-
trin. Compared with (a), from 260-500°C, the loss in mass
was reduced by about 30.2%, corresponding to the corre-
sponding to the mass proportion of Fe,O,. The preliminary
conclusion that can be drawn is that the mass ratio of GO
was approximately 28.4% in ECD-GO/Fe,O,. Thus, the mass
ratios of ECD, GO, and Fe,O, nanoparticles in the composite
were approximately 29.1%, 28.4%, and 30.2%, respectively.

3.3. Transmission electron microscopy (TEM)

The electron acceleration voltage of TEM was 100 kV.
The TEM results for the composite are shown in Fig. 4.

As shown in Fig. 4a, ECD was assembled on the surface
of flaky graphene in the form of spheres, which confirmed
the successful synthesis of the ECD-GO supramolecu-
lar system. In Fig. 4b it can be observed that the ECD-GO/
Fe,O, morphology did not change significantly. The grain
size ranged from 60-70 nm.

3.4. Magnetic performance analysis

The magnetic properties of ECD-GO/Fe,O, were ana-
lyzed through vibrating sample magnetometry (VSM)

100

— ECD-G0/Fe,0,

40 =G0
e[ CD—-GO
304
20 T T T T T T |
100 200 300 400 500 600 700

Temperature (°C)

Fig. 3. TGA curves of (a) GO, (b) ECD-GO, and (c) E-CD-GO/
Fe,O,.

at room temperature. The results are demonstrated in
Fig. 5.

As can be observed in Fig. 5, the coercivity of both Fe,O,
and ECD-GO/Fe,O, nanoparticles was zero, proving that
they have superparamagnetic properties. The saturation
magnetization of Fe,O, was 62 emu g™ and that of ECD-GO/
Fe,O, was weakened to 22 emu g™ due to its interaction
with the non-magnetic material ECD-GO.

4. Adsorption properties of the composite toward MB
4.1. Adsorption isotherms

To study the adsorption mechanism of MB on the com-
plex, adsorption experiments were carried out at room tem-
perature with different initial MB concentrations (20, 40,
60, 80, 100, and 120 mg/L). The relationship between the
equilibrium adsorption amount and the equilibrium con-
centration can be obtained by adopting the Langmuir and
Freundlich models. The adsorption isotherm curves of MB
are illustrated in Fig. 6 (t =30 min, pH=7).

As can be seen from Fig. 6, the adsorbent removal rate of
MB increased with the additional amounts and then tended
to attain equilibrium. The saturated adsorption capacity
was approximately 53 mg/g. From the curves in the figure,

60
— Fe,0,

97— ECD-GO/Fe,0,

20

Magnetization (emu/g)

10000 0 10000 20000
Magnetic Field (kOe)

Fig. 5. Magnetization curves of nano-Fe,O, and ECD-GO/Fe,O,.

Fig. 4. TEM images of (a) ECD-GO and (b) ECD-GO/Fe,O,.
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the decorrelation coefficient of the Langmuir model was
R? = 0.85 and that of the Freundlich model was R* = 0.96.
The adsorption isotherm process was more in line with the
Freundlich equation and K, was positive, indicating that
the adsorption process was spontaneous at room tempera-
ture until the available exchangeable sites reached their
limits [28,29].

4.2. Adsorption kinetics

To analyze the adsorption rate of MB by the complex, its
static kinetics curves (Fig. 7) were obtained from the batch
experiments and analyzed using the pseudo-first-order
and pseudo-second-order equations.

As can be seen from Fig. 7, at the initial adsorption
stage, the surface of the composite exposed more active
sites, so the adsorption capacity increased rapidly. Further,
the initial concentration of MB in the solution was high,
which was favorable for adsorption. With the increase in
time, the rising trend gradually slowed down, and the

55
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g 35 Model FreundlichEXT
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Fig. 6. Adsorption isotherms curves of MB on the composite
(t=30min, pH =7).

60
50 +
40 -
- B Experimental data
IC\D 304 === pseudo-first order kinetics
bb === pseudo-second order kinetics
é Model pseudo—first—order
&f 20+ Equation y = a*(1 — exp(-b*x))
Reduced C 23.67608
10 4 Adj. R-Sq 0.94399
Value Standard
B a 53. 86649 4. 092
0 - B b 0.04592  0.01051
T T T T T T
0 20 40 60 80 100 120
t (min)

Fig. 7. Effect of adsorption time on MB removal by the composite.

adsorption capacity did not change significantly. This could
be because the surface of the complex was covered by the
adsorbed MB and the concentration gradient of MB between
the surface of the adsorbent and the solution was small,
which was unfavorable for adsorption. This trend of fast-to-
slow adsorption behavior has been extensively reported in
the literature [21,26,30]. Firstly, the experimental data were
used to dynamically fit the composite material, and then
the adsorption kinetics curve and kinetic parameters of mb
on the composite material were determined. According to
Fig. 7, the correlation coefficients of pseudo-first-order and
pseudo-second-order models are R* = 0.94 and R* = 0.91,
respectively. Therefore, the adsorption kinetic process is
more consistent with the pseudo-first-order equation.

4.3. Effect of pH on adsorption performance

The effect of solution pH on MB adsorption performance
is shown in Fig. 8, where it can be seen that the change in
pH value caused an evident change in MB removal. When
the pH of the solution was 8, its adsorption effect was the
best. MB is a cationic dye, and the hydroxyl, amino, and
carboxyl groups on GO and ECD are protonated, resulting
in electrostatic repulsion with the MB cations under acidic
conditions. In addition, high concentrations of H* compete
with MB ions for the adsorption sites [31], which is not
conducive to adsorption. When the pH was greater than
8, the adsorption capacity was reduced due to the influ-
ence of van der Waals forces and m—mt bonding interactions
during the adsorption process [32].

4.4. Recycling study

The reproducibility of the ECD-GO/Fe,O, complex is
one of the important indicators for evaluating its adsorp-
tion performance. The complex was recovered, soaked in
1 mol/L HCl solution for 5 h after adsorption, washed with
deionized water several times to remove residual HCI, dried
in vacuum, and then used for adsorption. The results are
illustrated in Fig. 9.

90

~ x
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T T
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3

50
40 +
30
20 1 1 1 1 1
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Fig. 8. Effect of pH on MB removal.
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Fig. 9. Cyclic utilization of ECD-GO/Fe,O, for MB removal.

It can be seen from Fig. 9 that the removal rate remained
at about 69% after four cycles, indicating that ECD-GO/
Fe,O, has high stability and durability.

5. Conclusion

In this study, ECD-GO supramolecules were synthe-
sized from ECD and GO, and Fe,O, nanoparticles were
loaded to obtain magnetic nanocomposite ECD-GO/Fe,O,.
Among the three synthetic materials, cyclodextrin and
graphene gradually decompose at a high temperature of
500°C, indicating that the materials have high stability and
durability. In addition, the mass percentages of the raw
materials were determined, and the mass ratios of ECD, GO
and nano Fe,O, were about 29.1%, 28.4% and 30.2%, respec-
tively. This shows that the three raw materials have uniform
quality and are ternary composite adsorbents. According
to the microstructure characterization and magnetic prop-
erty analysis, the Fe,O, particles show a spherical diame-
ter of 60-70 nm, which makes the composite maintain the
superparamagnetic properties of 22 egu g™'. ECD-GO/Fe O,
can remove 87.9% of MB at pH 8 through electrostatic inter-
action and hydrogen bonding with cationic dyes, and the
adsorption process occurs spontaneously at room tempera-
ture, which proves that the synthesized nanocomposites
can effectively treat MB-containing wastewater. Through
the above analysis and characterization, this experiment
fully demonstrated for the first time the successful load-
ing of Fe,O, with simple operation process and low energy
consumption on ECD-GO, which made the adsorbent
achieve better separation effect. Therefore, the green, envi-
ronmental and recyclable properties of graphene and its
derivatives are comprehensively realized.
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