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Abstract

In this study, we report a novel and simple technique to synthesize water-insoluble nanocomposite macromolecule com-
posed of graphene oxide (GO) nanosheets and f-cyclodextrin (f-CD) polymer. These nanocomposites were synthesized by
the one-pot precipitation polymerization process via polycondensation of f-CD with epichlorohydrin (ECH) in an aqueous
suspension of GO under alkaline condition. The obtained 3-CD polymer/GO (CDP-ECH/GO) were characterized by thermal
gravimetry, differential scanning calorimetry, infrared and Raman spectroscopies, high-resolution solid state *C NMR, X-ray
diffraction, electron microscopy (both SEM and TEM), and energy dispersive spectroscopy. Furthermore, the mechanism
of CDP-ECH/GO nanocomposites formation is also discussed depending on the type of mixing device that has been used
during polymerization. The swelling ratio of the nanocomposites as well as their absorption properties toward methylene
blue (MB), phenol (PN), 1-naphtol (1-NPH) and 2-naphtol (2-NPH) have been determined. Increasing the GO content in

the nanocomposites results in an increase of the adsorption capacity of the materials.
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Introduction

Carbohydrate macromolecules (polysaccharides) attract
the interest of researchers especially as they represent an
important group of biopolymers. Since monosaccharides
have multiple functional groups, polysaccharides can form
linear polymers (e.g., cellulose) or complex branched struc-
tures (e.g. glycogen) (Namazi et al. 2012). Polysaccharides
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perform numerous roles in living organisms, acting as
energy stores such as starch and as structural components
such as chitin in arthropods.

Among carbohydrate macromolecules, -CD (a derivative
of starch) have appealed significant interest in a broad range
of applications, because of their good biocompatibility, high
biodegradability, the presence of various functional groups
and notable capacity to form inclusion complexes with other
materials through host—guest interactions (Fenyvesi et al.
2005; Heydari et al. 2015, 2016, 2017a; Namazi and Heydari
2014; Namazi et al. 2014). Nowadays, several methods have
been developed to produce carbohydrate macromolecules
by polymerization of p-CD. The f-CD polymers have been
successfully employed in both industrial applications and
background research such as water treatment, separation
processes, food additives, packaging materials, environ-
mental science, textile industry, cosmetics, tissue engineer-
ing and drug delivery (Heydari et al. 2017b, c; Liu et al.
2014, 2016; Mocanu et al. 2001; Namazi and Heydari 2014;
Namazi et al. 2014; Singh et al. 2002). At present, consid-
erable attention is paid to investigation of the removal of
pollutants from wastewater using -CD polymers (Heydari
et al. 2017b; Liu et al. 2014; Morin-Crini and Crini 2013).
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For direct separation and purification purposes, it is, there-
fore, required to produce water-insoluble B-CD polymers
by polymerization reactions or by immobilizing the -CD
molecules on a solid support using grafting (Alsbaiee et al.
2016; Heydari and Sheibani 2015; Namazi et al. 2014). For
this aim, the main type of water-insoluble 3-CD polymer was
synthesized using epichlorohydrin (ECH) as a crosslinker.
ECH is the most frequently investigated crosslinking agent
for B-CD, and the reaction between these two species is the
most straightforward method for environmental applications
(Morin-Crini and Crini 2013). Nowadays, properties of the
B-CD polymer can be modified, including stability to heat,
shear forces, and ability to capture of guests. Two effective
ways are described in the literature, namely either chemi-
cal modification or integration of f-CD polymer with other
materials to form polymer composites (Heydari et al. 2016,
2017c; Heydari and Sheibani 2015, 2016; Namazi and Hey-
dari 2014; Namazi et al. 2014).

The discovery of polymer nanocomposites has opened
a novel dimension in the field of material science. So far,
numerous nanofillers have been used in the preparation of
polymer nanocomposites. Among them, graphene oxide
(GO) is known as a basis for the new type of carbon nano-
materials, which has attracted scientific interests due to
its excellent thermal, mechanical and electrical properties
(Allen et al. 2010; Eom et al. 2009; Lee et al. 2008; Yan
et al. 2017). The GO has a large number of oxygen groups,
such as hydroxyl, epoxide and carboxyl groups (He et al.
1998; Lerf et al. 1998). Therefore, this compound behaves
like an amphiphilic macromolecule with hydrophilic edges
and a hydrophobic basal plane. Unlike oxidation processes
of other carbonaceous materials, GO preparation is con-
siderably cost-effective (Chen et al. 2012a; Hummers and
Offeman 1958) and offers the potential for large-scale pro-
duction. Moreover, in comparison to other carbon-based
nanomaterials, GO seems to be an environmentally friendly
material including biocompatibility (Chen et al. 2012b). This
compound has attracted vast potential application not only
in mechanics (Lee et al. 2008) and electronics (Eom et al.
2009) but also in wastewater treatment (Guo et al. 2015a;
Zhao et al. 2011b). It has been used for the adsorption of
fluoride ions (Li et al. 2011), heavy metals (Deng et al. 2010;
Mishra and Ramaprabhu 2011; Yang et al. 2010a), dyes
(Gaffar et al. 2004; Prabaharan and Mano 2006; Ramesha
et al. 2011) and expresses a good adsorption property.

In the last decade, the research on graphene nanosheets/
B-CD hybrid increased significantly in many fields such
as electrocatalysis and electrochemical sensors (Guo et al.
2010, 2011a, b; Liu et al. 2011, 2012; Tan et al. 2010; Xu
et al. 2011). The p-CD-functionalized graphene nanosheets
are frequently used for molecule detection, e.g., dopamine,
doxorubicin, methotrexate and phenolic organic pollutants.
Lately, we reported on a water-insoluble -CD polymer/GO
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and p-CD polymer/reduced graphene oxide nanocompos-
ites. These nanocomposites were synthesized in the presence
of citric acid as a crosslinker through in situ melt polym-
erization. These compounds reveal higher electrochemical
response toward uric acid, dopamine and tyrosine (biomol-
ecules) in comparison with unmodified 3-CD polymer (Hey-
dari and Sheibani 2016).

Following our previous works in preparation of f-CD
polymers and their nanocomposites (Heydari et al. 2016,
2017b, c; Heydari and Sheibani 2015, 2016; Namazi and
Heydari 2014; Namazi et al. 2014), the current study focuses
on the preparation of CDP-ECH/GO nanocomposites using
a one-pot precipitation polymerization process with ECH
as crosslinker. The CDP-ECH/GO nanocomposites are syn-
thesized by nucleophilic addition reaction between hydroxyl
groups of B-CD and GO with ECH under alkaline condition.
Also, in particular the influence of reaction conditions and
GO content on the interaction between GO, B-CD and ECH
has been investigated in the prepared nanocomposites struc-
ture. Then, the structure and swelling behavior of resulting
nanocomposites were investigated by general methods. In
this study, we have also investigated the influence of the GO
content on the absorption of four model molecules such as
methylene blue (MB), phenol (PN), 1-naphtol (1-NPH) and
2-naphtol (2-NPH).

Experimental
Chemicals

Natural graphite powder (Fluka), p-CD (SDFCL, Mumbai),
potassium permanganate (KMnO,, Merck), sodium nitrate
(NaNO;, Merck), epichlorohydrin (ECH, Sigma-Aldrich),
sulfuric acid (H,SO,, Merck), hydrochloric acid (HCI,
Merck), ethanol (Merck), methylene blue (MB, Merck),
phenol (PN, Merck), 1-naphthol (1-NPH, Merck), 2-naph-
thol (2-NPH, Merck), hydrogen peroxide (H,O,, Mojallali,
Iran) and sodium hydroxide (NaOH, Mojallali, Iran) were all
purchased and used as received. Deionized water was used
throughout all experiments.

Synthesis of graphene oxide

Graphite oxide was prepared by oxidizing pristine graph-
ite according to the modified Hummer’s method (Heydari
and Sheibani 2016; Hong et al. 2012; Hummers and Offe-
man 1958). The achieved graphite oxide was suspended
in water (1 mg per 1 mL of water) and exfoliated to GO
nanosheets by using a titanium-alloy solid probe ultra-
sonicator (20 kHz, 400 W, Topsonic, Iran) set at 40%
intensity with 10 s/10 s ON/OFF pulses and a total of 2 h
ON time. The achieved GO dispersion was then subjected
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to centrifugation to remove any unexfoliated GO which
is usually present in a rather small amount. Finally, the
suspension was lyophilized with a Zirbus Freeze Drying
System to avoid collapse of the structure.

Synthesis of CDP-ECH/GO

Water-insoluble CDP-ECH/GO nanocomposites were syn-
thesized applying two procedures as described below. The
GO content was chosen as 0.3, 0.6, 1.2 and 2.4 (Wt%).

Path-1

In a thermostated reactor vessel, 3 g of p-CD was mixed
with 3 mL of GO solution. The ECH (2.1 mL) was added
at 50 °C with stirring during 4 min. The mixing was per-
formed under either sonication and magnetic stirring (Path
1-1) or only magnetic stirring (Path 1-2) to achieve a
homogeneous suspension. Then, 2.3 mL of aqueous NaOH
(40% w/w) was added dropwise under constant stirring at
50 °C during 45 min. It was observed that the viscosity of
the solution started to increase and a solid gel was formed
(Fig. 1a). The obtained solid gel was broken into particles,
soaked in 50 mL of water and stirring continued for 1 h
while cooling the product down to ambient temperature.
The alkaline medium was neutralized with HC] aqueous
solution and the product was washed numerous times with
ethanol and water. At last, soaked nanocomposites in water
were lyophilized with a Zirbus Freeze Drying System. The
final pure CDP-ECH/GOs were obtained as dark solids
(Fig. 1b).

A

‘ CDP-ECH/GO-3

CDP-ECH

N

CDP-ECH

CDP-ECH/GO-4 3 2 1

Fig. 1 a Photographs of CDP-ECH and CDP-ECH/GO-3 gels formed
during reaction. b Photographs of CDP-ECH, CDP-ECH/GO-1, 2, 3
and 4 nanocomposite powders

Path-2

3 g of f-CD and 3 mL of GO solution were mixed. ECH
(2.1 mL) was gradually added at 50 °C during stirring for
4 min. The mixture was mixed under magnetic stirring to
achieve a homogeneous GO suspension. 0.6 mL of aque-
ous NaOH solution (40% w/w) was added dropwise under
constant stirring at 50 °C during 15 min. The solution was
carried out under sonication for 30 min. Then, 1.7 mL of the
aqueous NaOH solution was added dropwise during 30 min.
It was observed that the viscosity of the solution gradually
increased until a solid gel was formed. Then, the solid gel
was purified using the procedure described for Path 1. The
final pure CDP-ECH/GO was obtained as a dark solid.

Synthesis of CDP-ECH

For comparison, 3-CDP-ECH (p-CD polymer without GO)
was also prepared as previously described (Garcia-Zubiri
et al. 2006) with some modifications. 6 g of f-CD and 6 mL
of water was mixed. 4.2 mL of ECH was added into the
solution and the obtained mixture was stirred. 4.2 mL of
aqueous NaOH was added dropwise under permanent stir-
ring at 50 °C during 45 min. The obtained solid gel (Fig. 1a)
was purified using the procedure described for Path 1. The
final pure CDP-ECH was obtained as a white solid (Fig. 1b).

Characterization of materials
Thermal analysis

Thermogravimetric measurements (TGA), differential
thermogravimetric analysis (DTG), differential scanning
calorimetry (DSC) and differential of differential scanning
calorimetry (DDSC) were performed on a 409 PG Netzsch
(Germany) instrument. Approximately 15 mg of the materi-
als were heated from 50 to 800 °C at a heating rate of 15 °C/
min under nitrogen atmosphere (flow rate of 50 mL/min).
Deconvolution of the DTG analysis curves was performed
by Origin Lab 2017 software and Gaussian bases.

ATR-FTIR analysis

The Fourier transform Infrared (FT-IR) (Brucker Tensor 27)
spectra of the prepared materials were measured at ambient
temperature by attenuated total reflection (ATR) mode.

High resolution solid state '*C NMR
The 'H-'3C CP MAS NMR measurements were performed
on a Varian 400 MHz NMR spectrometer (Palo Alto, CA,

USA). The high-resolution '*C NMR spectra were recorded
at a resonance frequency of approximately 100 MHz with

@ Springer



1302

Chemical Papers (2018) 72:1299-1313

the use of 4 mm ZrO, rotors and MAS frequency of 10 kHz
at ambient temperature. The spectra were recorded under
CP condition with 'H 90° pulse of 2,8 ps, contact time of
2 ms, acquisition time of 20 ms, SPINAL pulse high power
proton decoupling of 90 kHz, recycle delay of 8 s, and aver-
aging over 9000 scans. Chemical shifts were referenced to
tetramethyl silane using adamantane as an external standard.
The spectra were processed using MestReNova software.

Raman spectroscopy

The Raman measurements were performed on confocal
Raman microscope (alpha300 R+, Witec, Germany) using
50 x objective (NA = 0.8), laser excitation line 532 nm and
effective confocal pinhole size of 100 um. The mean Raman
spectrum was calculated by averaging of 2.500 spectra col-
lected from an area of 10 X 10 um?. The CCD integration
time for single spectrum was set to 200 ms.

XRD patterns

X-ray diffraction (XRD) patterns were achieved on a Phillips
X’Pert PRO equipped with CuKa radiation (4 = 1.54178 A)
under a voltage of 40 kV.

FE-SEM and EDS analyses

The surface morphology of lyophilized materials was
obtained by field emission-scanning electron microscopy
(FE-SEM, Sigma, Zeiss). The pictures were taken at an exci-
tation voltage of 15 kV. The local elemental composition of
the nanocomposites was determined by energy dispersive
spectroscopy (EDS) analysis with an EDAX Oxford instru-
ments attached to the SEM column.

TEM analysis

Transmission electron microscopy (TEM) analysis was
performed at a Zeiss EM10C (Germany) instrument using
an acceleration voltage of 100 kV, to observe the disper-
sion of GO sheets within the polymer matrix. The nano-
composites were firstly dispersed in water and the samples
were prepared by dropping diluted nanocomposites on the
Lacey support grid and dried in a vacuum oven an ambient
temperature.

Swelling properties

The classical gravimetric method was used to determine
swelling behavior of the materials. The dried materials (ca.
0.15 g) were immersed in water at 25 °C for selected time
intervals. The swelled materials were removed from the
water and then were weighed after the water on the surface
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was carefully and quickly wiped. The swelling ratio (g/g) of
the materials was calculated as follows:

(Wd - Ws)

S

W= % 100

where W is the swelling ratio of materials, W, and W,
are the weight of the materials before and after swelling,
respectively.

Adsorption test

The adsorption studies were conducted by batch equilib-
rium method. The CDP-ECH or CDP-ECH/GOs (0.1 g)
were mixed with 50 mL of MB, PN, 1-NPH and 2-NPH
solutions in glass flasks and the suspensions were stirred for
1, 1.5, 2.5 and 2.5 h, respectively, at 25 °C. After achieving
the adsorption equilibrium, the adsorbents were separated
from the solution by centrifugation. The concentrations of
MB, PN, 1-NPH and 2-NPH remnants in the solution were
recorded by a UV-Visible spectrophotometer (Cary50; Var-
ian, Australia) at 664 nm, 270 nm, 322 nm and 328 nm,
respectively. The removal percentage was calculated using
the following equation:

c,—-C
Removal (%) = 0 £ ) x 100
G
where C,, is initial concentration of sorbates (mg/L); and C,
is equilibrium concentration of sorbates, which was calcu-
lated according to calibration curves.

Results and discussion
Synthesis conditions

The synthesis process of CDP-ECH/GO is shown in
Scheme 1. The CDP-ECH/GO nanocomposite networks
were prepared using pristine f-CD as building block, GO
nanosheets as nanofiller and ECH as crosslinker. The p-CD
contains various number of hydroxyl groups with differ-
ent reactivity in two faces. The primary hydroxyl groups
of the B-CD cavity (OH-6) is often more nucleophilic than
the two secondary hydroxyl functions (OH-2 and OH-3),
which represent the main drawback when polymerization
is concerned. The order is OH-6 > OH-2 > OH-3 (Lofts-
son and Brewster 1996). The OH-6 (pK, being 15-16) is
more basic than the OH-2 and OH-3 (pK, ~ 12), so the
weak and strong alkaline conditions can be a reason for dif-
ferent reactivity of those. It is well known that under high
alkalinity (high NaOH concentration) most of the substi-
tution reactions occur on one side of this cavity (primary
face), while under low alkaline pH (NaOH < 5 wt%), only
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Scheme 1 Schematic illustration of the one-pot preparation of CDP-ECH/GO nanocomposites

the most acidic hydroxyl groups (OH-2 and OH-3) turn to
anions; so the substitution reactions occur on the two sides
(Pitha et al. 1990; Renard et al. 1997). On the other hand,
on the surface of GO many functional groups exist such as
hydroxyls (pK, 9.8) and carboxyls (pK, 4.3 and 6.6) (Chen
et al. 2013), which provide the anionic charge necessary for
the nucleophilic reactions, and also epoxy groups (C—-O-C)
which are known as the appropriate sites for the electrophilic
reactions. Many studies have shown that ECH reacts with
hydroxyl groups of GO under alkaline conditions which not
only increases the chemical activity of GO surface but also
provides suitable binding arms (Chen et al. 2016; Guo et al.
2015b; Liu et al. 2013; Qi et al. 2017; Wang et al. 2016).
In this research, to deprotonate all of the hydroxyl
groups in the f-CD and GO, we gradually increased the
concentration of NaOH to allow the hydroxyl groups of
GO (Chen et al. 2016; Guo et al. 2015b; Liu et al. 2013;

Qi et al. 2017; Wang et al. 2016) and p-CD with lower
nucleophilicty to react with ECH. Therefore, during the
synthesis procedure, ECH interacted with hydroxyl func-
tional groups on the GO surface to yield nanocomposite
with the covalent linkage between GO and CDP-ECH.
Another important factor for this reaction is accessibil-
ity of hydroxyl groups beside the ECH in starting reac-
tion when concentration of NaOH is low. In this case, the
hydroxyl groups with lower reactivity on B-CD and GO
can also react with ECH. Therefore, we can conclude that
the final structure depends on the conditions of mixing of
starting materials in this reaction. For this purpose, three
conditions were chosen to perform these reactions; details
are shown in Table 1. The products including a mixture
of crosslinked f-CD and GO joined by repeating glyceryl
units of polymerized ECH have been prepared (Scheme 1).
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Table 1 Different reaction conditions were used for the preparation of nanocomposites

Sample code GO Reaction conditions Yield (%)
content
(Wt%)

Path 1-1 CDP-ECH/GO-1 0.3 A mixture of 3-CD, GO and ECH carried out under sonication and magnetic stirring, 85
CDP-ECH/GO-2 0.6 then NaOH was added 86
CDP-ECH/GO-3 1.2 84
CDP-ECH/GO-4 2.4 74

Path 1-2 CDP-ECH/GO-P1-2 1.2

A mixture of $-CD, GO and ECH carried out under magnetic stirring, then NaOH was 72

added
Path2  CDP-ECH/GO-P2 1.2 One portion of NaOH was added to the mixture of -CD, GO and ECH then sonicated 74
and finally additional NaOH amount was added
TGA and DTG analyses 50 to 190 °C is due to a dehydration process of the water in

Evidence for the effect of GO content and reaction condition
on the structure of nanocomposites have been verified by the
DTG analysis. For this purpose, DTG curves and deconvolu-
tion computation of these curves from Origin software into
its two constituent peaks of CDP-ECH, CDP-ECH/GO-1, 2,
3 and 4, and also CDP-ECH/GO-3 CDP-ECH/GO-P1-2 and
CDP-ECH/GO-P2 (Fig. 2) have been compared. Figure 2
shows DTG and deconvoluted DTG curves of pure CDP-
ECH and its nanocomposites obtained by Path 1-1 with dif-
ferent amount of GO. Deconvoluted DTG curves show that
there are two decomposition temperatures in the CDP-ECH.
One mass loss due to decomposition of ECH polymer units
is around 320 °C, and the other is at approximately 374 °C,
which is related to the p-CD decomposition (Pratt et al.
2010). As depicted in Fig. 2, the height of peak appearing
at 320 °C decreases along with the increase of the GO con-
tent in the nanocomposites. The reason for this effect should
be due to the preparation of f-CD polymer nanocomposites
with GO as a nanofiller, and in the case of CDP-ECH/GO-3,
a highly homogeneous composite was obtained if compared
to other nanocomposites. Based on these results, the other
reaction conditions for testifying the mixing effect were cho-
sen for nanocomposites obtained by Path 1-1, Path 1-2 and
Path 2 and loaded 1.2% GO. For this aim, the DTG curves
of CDP-ECH/GO-3, CDP-ECH/GO-P1-2 and CDP-ECH/
GO-P2 have been compared (Fig. 2). From a comparison of
curves, it is concluded that the achieved CDP-ECH/GO-3 by
Path 1-1 which in initial the f-CD, GO and ECH mixture are
well homogeneized by sonicating and stirring exhibit better
results compared to the two other methods.

Owing to the satisfactory results achieved for com-
posite obtained by Path 1-1, further investigations were
performed with product prepared by this method. TGA
analysis of CDP-ECH, CDP-ECH/GO-1, 2, 3 and 4 have
been performed and results are presented in Fig. 3. Pure
CDP-ECH and its nanocomposites exhibit two main steps
of weight loss in TGA curve. The first step ranging from
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these rather hydrophilic polymers. The second weight loss
ranging from ~ 190 to 400 °C is assigned to the decom-
position of B-CD polymer. No noticeable changes occurred
in TGA curves of nanocomposites due to existence of the
groups with similar decomposition behavior, but there are
only shifts in second weight loss along with increase of GO
content, which are consistent with the results obtained from
DTG analysis.

DSC and DDSC analyses

Figure 4a, b illustrate DSC and DDSC curves of CDP-
ECH, CDP-ECH/GO-1, 2, 3 and 4. It is well known that
the DSC curve of a crystalline p-CD reveals two endother-
mic peaks which have appeared at its decomposition around
320 °C (Namazi and Heydari 2014). In the DSC curve of
CDP-ECH, an endothermic peak appeared at about 296 °C
that confirmed the formation of CDP-ECH from B-CD. As
shown in Fig. 4a, DSC records of the CDP-ECH/GO-1 and
2 contain an exothermic peak of the polymer decomposition
without noticeable changes compared to CDP-ECH, which
indicate preparation of composite with prevailing phase of
CDP-ECH units. Based on the DSC curves of CDP-ECH/
GO-3 and CDP-ECH/GO-4, the temperature peaks related to
decomposition of polymer unit were shifted to higher tem-
perature after mixing with GO. This phenomenon should be
due to the preparation of the nanocomposites in which the
interactions between the f-CD polymer and GO exist with
improved stability that corresponds to the results of DTG
and TGA. The DDSC curves of nanocomposites that are
shown in Fig. 4b are consistent with the results, which were
obtained from DSC.

ATR-FTIR analysis

Fourier-transform infrared spectroscopy was used to obtain
the information about the interactions between CDP-ECH
and GO nanosheets. Figure 5 represent the ATR-FTIR
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spectra of GO, CDP-ECH, CDP-ECH/GO-1 and CDP-
ECH/GO-3. The IR spectra of these compounds revealed a
strong absorption at 3400 cm™! attributed to the OH groups
and the stretching and bending vibrations of C—H bands at
2925-2880 and 1480-1280 cm™', respectively. In addition,
the stretching vibrations of C—O bands at 10301139 cm™!
and other adsorption peaks in the spectrum of CDP-ECH
appeared nearly at the same wavenumbers in the spectra of
CDP-ECH/GO-1 and 3. The similar peak-shaped vibration
of CDP-ECH and CDP-ECH/GOs implies that the nanocom-
posites keep the original characteristic structure of CDP-
ECH. However, the typical adsorption peaks of GO at 3407,
1734 and 1225 cm™! indicate the presence of hydroxyl, car-
boxylic and epoxy groups, respectively. These peaks were
absent in the spectra of CDP-ECH/GOs, due to be possibly
overlapped by other peaks, except the peak at 1734 cm™!
which appears in nanocomposites as a shoulder and confirms
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the presence of the C=0 stretching vibration of GO. These
results provide more evidence for the successful chemical
functionalization. According to the previous report, O—H
stretching vibration in nanocomposites could be shifted to
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a lower wavenumber through formation of hydrogen bond
between polymer and GO (Yang et al. 2010b), whereas, here
shifts to the CDP-ECH/GO structure are not seen. It may
indicate the presence of the covalent bonds between -CD,
GO nanosheets and ECH.

Solid-state '>C NMR analysis

NMR analysis was carried out by solid-state CP MAS '*C
NMR technique and the spectra measured for the CDP-ECH,
CDP-ECH/GO-3 and 4 are depicted in Fig. 6. In the spec-
trum of CDP-ECH, the resonances at range 50—110 ppm are
assigned to the C1-C6 carbons of the p-CD moiety (C1—
104.4 ppm, C4—81 ppm (as a shoulder), C2, 3, 5—around
72 ppm, C6—62.2 ppm) and of the glyceryl bridge carbons
connecting B-CD cavities (Crini et al. 1998; Heydari et al.
2016). A small sharp peak at 63.9 ppm is attributed to the
CH,OH carbons of the epichlorohydrin. In the single pulse
MAS 3C NMR spectrum of GO, three carbon resonances
at 130, 68 and 57 ppm assigned to non-oxygenated (sp?),
C-OH and C-O-C carbons, respectively, were reported
(Stankovich et al. 2007). Generally, all peaks mainly appear
as broad single peaks. No chemical shift changes were
observed in the spectra for CDP-ECH and its nanocompos-
ites after reaction of CDP-ECH with GO, which is probably
due to the overlapping of the new carbon peaks obtained
from the linkage between the polymer and GO with the car-
bon peaks of CDP-ECH. But not even carbon resonances of
GO were observed in the CP MAS '*C NMR spectra meas-
ured for CDP-ECH/GO nanocomposites. The absence of car-
bon resonance of GO could be due to the fully covered GO
sheets by networks of 3-CD polymer which indicates that the
nanocomposites have been formed. However, it is also pos-
sible that this absence is on account of too small amounts of
GO in nanocomposites and of very weak '*C NMR signal of

—— CDP-ECH
81 CDP-ECH/GO-3
—— CDP-ECH/GO-4

Intensity (arb.u.)

. J

T T T
200 150 100 50 0
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Fig.6 CP MAS '>C NMR spectra of CDP-ECH, CDP-ECH/GO-3
and 4



Chemical Papers (2018) 72:1299-1313

1307

GO (Stankovich et al. 2007). In spite of no new peaks were
observed in the NMR spectra measured for nanocompos-
ite samples, as compared with that of CDP-ECH, there is a
notable change of the shape of the spectra for nanocompos-
ite samples (Fig. 6). A better resolution of the C4 signal at
81 ppm as well as enhancement of carbon signals from the
region of 40-60 ppm is observed which according to (SDBS
Spectral Database for Organic Compounds http://sdbs.riod
b.aist.go.jp) corresponds to epichlorohydrin. Changes men-
tioned above indicate the formation of the CDP-ECH/GO
nanocomposites.

Raman spectroscopy

The Raman spectra of f-CD polymer and GO-nanocom-
posites are shown in Fig. 7. All samples conjugated with
GO display D and G Raman bands located at 1355 and
1590 cm™!, respectively. A broad 2D band of GO near
2700 cm™! is visible as well. The structural defects, edges
and functional groups of GO flakes activate the energy dis-
persive D band. The most prominent Raman band of pure
B-CD polymer belongs to symmetric and asymmetric CH
stretches and is located at 2800-3000 cm™". This particular
Raman band is visible in all measured samples and confirms
a presence of both B-CD polymer and GO in the nanocom-
posites. The other visible Raman bands include CH defor-
mation (1430-1480 cm™"), C—C and C-O single bonds (near
1100 cm™"), vibration band of glucose ring at 938 cm™! and
broad OH band between 3100 and 3600 cm™".

XRD patterns

Figure 8 shows the XRD patterns of the CDP-ECH/GO-1,
CDP-ECH/GO-3, CDP-ECH and GO. The graphite revealed
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Fig.7 Raman spectra of CDP-ECH, CDP-ECH/GO-1, 2, 3 and 4
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Fig.8 XRD patterns of GO, CDP-ECH, CDP-ECH/GO-1 and 3

a peak at 26.33° (a d-spacing of 0.33 nm) (Zhao et al. 2010),
while after oxidation and sonication, this peak disappears
completely and another peak appears at 10.78° (a d-spac-
ing of 0.85 nm) which confirms the successful preparation
of GO nanosheet in agreement with the references (Yang
et al. 2011). For the pure CDP-ECH, a broad peak is seen
at around 19.5°, which corresponds to the amorphous pat-
tern of the -CD polymer. The amorphous pattern appears
due to high crosslinking degree between B-CD and ECH.
The XRD patterns of the polymer nanocomposites prepared
using linking of GO with CDP-ECH (Fig. 8) show only the
diffraction peak of CDP-ECH while the peak related to GO
disappeared. Finally, these results exhibit that GO particles
were fully exfoliated into single sheets in the achieved poly-
mer nanocomposites.

FE-SEM and EDS analyses

The GO, CDP-ECH, CDP-ECH/GO-1 and CDP-ECH/
GO-3 were characterized using FE-SEM (Fig. 9a) to deter-
mine the resulting polymer surface and dispersion of GO
in the B-CD polymer. The CDP-ECH including numerous
B-CD units in its structure appears as porous with different
pore size, regular-shaped and extremely smooth, which
might be intimately related to presence of crosslinked
polymer networks. While B-CD consists of irregular
three-dimensional particles with a parallelogram shape
(Lee et al. 2006) this result reveals that the CDP-ECH was
successfully synthesized. As seen in Fig. 9a, CDP-ECH/
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Fig.9 a FE-SEM images and b EDS data of the CDP-ECH, GO, CDP-ECH/GO-1 and 3

GO-1 and 3 retained their original shape and structure of
CDP-ECH, containing well distributed and homogenized
nanolayers of GO in the composite.

The local chemical composition of GO, CDP-ECH, CDP-
ECH/GO-1 and CDP-ECH/GO-3 has been estimated from
EDS measurements. As seen in Fig. 9b, only the elements C
(62.85%) and O (37.15%) are present in pure CDP-ECH. The
performed EDS on GO indicates the presence of C (63.9%),
0 (30.1%) and S (6.0%). The EDS of CDP-ECH/GO-1 and
CDP-ECH/GO-3 also show only the presence of C (67.4 and
69.1%), and O (32.6 and 30.9%), respectively, and hence
confirm the high purity of prepared polymer nanocompos-
ites. Compared with the EDS spectrum of CDP-ECH, the
increase in the content of C and decrease in the amount of
O confirms the existence of GO nanofiller in the CDP-ECH/
GOs. Moreover, EDS spectrum of CDP-ECH/GO-3 shows
an increase in the content of C and the decrease of O ele-
ments in comparison with CDP-ECH/GO-1, confirming an
increase of GO amount in CDP-ECH/GO structure along
with the increase of primary GO (if considering all chemical
composition similar to local chemical composition).

@ Springer

TEM analysis

Transmission electron microscopy imaging was used to sup-
plementary investigation of the graphene oxide morphology
inside the $-CD polymer. It has to be stated that the observa-
tion was rather difficult especially due to powdery nature of
the materials which required the observation in dispersion
in a solvent which was consequently fixed to a carbon fibre
network. Therefore, higher magnification was impossible to
perform because of extensive heating of the sample lead-
ing to evaporation and hindrances regarding focusing. The
TEM images which we were able to collect of CDP-ECH
and its nanocomposites with different loadings amount of
GO are shown in Fig. 10. The TEM images illustrate the
flake-like shapes of CDP-ECH and its nanocomposites,
which corrugated and scrolled like crumpled silk veils. As
can be seen in Fig. 10, for the nanocomposites, the contrast
is approximately the same, indicating that the GO particles
are well dispersed throughout the polymer matrix so that an
exfoliated structure is obtained. Based on the TEM micro-
graphs along with XRD, FE-SEM and Raman results, we
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Fig. 10 TEM images of CDP-ECH, CDP-ECH/GO-1, 2, 3 and 4

can propose that a homogenised and exfoliated structure in
the nanocomposites was successfully obtained.

Swelling behaviors

The swelling capacities of CDP-ECH and CDP-ECH/
GOs to determine the effect of GO content on the swell-
ing behavior of polymers were tested and the outcomes
have been revealed in Fig. 11. Generally, it was shown that
the swelling ratio of polymers is rising with the increase
of GO content. The CDP-ECH revealed an equilibrium
swelling ratio of 508%, which increased to 564% after

the incorporation 0.3% of GO. We propose that it is due
to the presence of functional groups of CDP-ECH and
GO for water absorption in CDP-ECH/GO-1. However,
the swelling ratio decreased with the incorporation 0.6
and 1.2% of GO to 523 and 531% in the nanocompos-
ite, respectively. This is probably due to the crosslink-
ing action of the GO and much denser networks formed
in the CDP-ECH/GO nanocomposites. In this case, the
GO nanosheets act as crosslinking junctions that restrain
the swelling of the CDP-ECH/GO. On the other hand, the
increase in the swelling capacities of the nanocomposite
containing 2.4 wt% of GO is due to growth of the density
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Fig. 11 Swelling capacities of CDP-ECH and its nanocomposites in
water

of the hydrophilic groups in the polymer nanocomposite
networks.

Adsorption test

To testify further the existence and chemical activity of GO
in polymer nanocomposites, adsorption tests toward meth-
ylene blue (MB), phenol (PN, 1-naphthol (1-NPH) and
2-naphthol (2-NPH) were carried out with CDP-ECH/GO
as adsorbent. For comparison, CDP-ECH was also tested
under the same conditions.

The adsorption results are shown in Fig. 12, where in
each case, the portion of sorbate removed from the solu-
tion (removal percentage) against the CDP-ECH and CDP-
ECH/GOs is presented. As shown in Fig. 11, the CDP-
ECH adsorbs MB very slightly (as a model cationic dye)
due to quite hydrophilic characteristic of the adsorbate. It
is well known that MB is adsorbed by this polymer in the
first 30 min and then gradually went back into the solution
(Zhao et al. 2009). The adsorption of MB by all of the CDP-
ECH/GOs sharply increased compared to the CDP-ECH.
So, the adsorption quantity of p-CD polymer nanocompos-
ites increases along with the increase of initial GO load-
ing. The removal percentage of MB was enhanced from 8.1
to 92.2% when B-CD polymer contained 2.4% of GO. It is
inferred that for MB it is difficult to be absorbed by hydro-
phobic cavities of f-CD, but according to literature (Yang
et al. 2011) the GO nanosheets present in nanocomposites
can effectively adsorb the cationic MB through electrostatic
and the m—r stacking interactions. The absorption capacity
of 714 mg/g was reported for GO when the initial MB con-
centration was below 250 mg/L, the removal efficiency was
higher than 99% (Yang et al. 2011).

The adsorption of PN, 1-NPH and 2-NPH by CDP-ECH
and CDP-ECH/GO-1, 2, 3 and 4 are depicted in Fig. 12. The
experimental data show that the amount of 2-NPH absorbed
by CDP-ECH is higher than 1-NPH and these are higher
than that of PN. Naphthalene derivatives due to molecular
size are more suitable than phenol for the formation of p-CD
inclusion complex, thus, the adsorption toward naphthalene
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Fig. 12 Absorption of methylene blue (MB), phenol (PN), 1-naphthol (1-NPH) and 2-naphthol (2-NPH) by CDP-ECH and its nanocomposites
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derivatives are much higher than PN. On the other hand, the
2-NPH forms a more stable inclusion complex with 3-CD
in comparison with 1-NPH, due to the steric hindrance of
1-NPH. As illustrated in Fig. 12, the adsorption of these
sorbates by -CD polymer nanocomposites is higher than
B-CD polymer. So, adsorption of PN in the GO sheets of
nanocomposites seems is more important than that of 1-NPH
and 2-NPH. The main sorption mechanism of phenol and
naphthalene derivatives in the 3-CD polymer is inclusion
within the B-CD cavities and the polymer networks, conse-
quently, the existence of GO nanosheets in nanocomposites
represent additional sites for absorption of aromatic organic
molecules. It is well documented that the reason is due to the
n— interaction between graphene sheets and the adsorbed
materials and the absorption capacity of 133.8 and 346 mg/g
were reported for phenol and 1-naphthol, respectively (Li
et al. 2012; Pei et al. 2013; Wang et al. 2014; Zhao et al.
2011a). The adsorption capacity of 2-naphthol estimated
equal to the value of a corresponding amount of 1-naph-
thol (Pei et al. 2013). As a result, a synergic effect is found
for CDP-ECH/GO nanocomposites: the p-CD moieties, the
network structures and GO nanosheets which contribute to
the higher amount of absorbed guest molecules. The results
of adsorption tests confirmed the existence and chemical
activity of GO nanosheets in CDP-ECH/GO. In addition,
the results disclosed that the GO presence results in higher
adsorption ability of f-CD polymer, especially for cationic
adsorbates.

As seen in the Fig. 12, the experimental data show that
the amount of absorbed materials by nanocomposite which
prepared by Path 1-2 (CDP-ECH/GO-P1-2) is slightly
higher than that for both nanocomposite by path 1-1 (CDP-
ECH/GO-3) and also by path 2 (CDP-ECH/GO-P2). It dem-
onstrates the presence of the more covalent bonds between
p-CD, GO nanosheets and ECH and much denser networks
in the CDP-ECH/GO-3 in comparison with CDP-ECH/
GO-P1-2 and P2.

Conclusions

An environmentally friendly and facile method was devel-
oped to prepare macromolecule nanocomposites containing
B-CD and GO. The p-CD was successfully polymerized in
an aqueous solution of GO using ECH as a crosslinker. Both
structural and morphological analyses showed uniform dis-
tribution of GO in the polymer matrix through covalent link-
age. Due to the high surface area effect of GO and multi-site
characteristic of CDP-ECH in the obtained nanocomposites,
it can be concluded that CDP-ECH/GO acts as potential low-
cost and efficient sorbents for removal hazardous materials
from the environment. Consequently, the absorption into the
nanocomposites increased in comparison with CDP-ECH.

Therefore, these reported novel materials have a potential
to become biocompatible macromolecules for a variety of
technological applications, such as biomedical engineering,
construction engineering and hygienic products.
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