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ABSTRACT: Carbon nanotubes (CNTs) and graphene were separately incorporated into the cross-linked network of styrene—divinyl-
benzene composites via in situ suspension polymerization. The prepared copolymers were first chloromethylated and then aminated
with trimethylamine to obtain ion exchange resins (IERs). The CNTs-based and graphene-based composites exhibited good dispersion
throughout the polymer matrix with strong interaction within the network. Remarkable enhancement in antiswelling properties and
thermal stabilities confirmed that graphene showed better compatibility and stronger interfacial adhesion than CNTs. The structural
and thermal properties of the CNTs-based and graphene-based IERs were also significantly improved even at low loadings of 0.4 wt

% compared with those when no CNTs and graphene were added. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41234.
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INTRODUCTION

Various carbon nanomaterials including fullerene, single/multiwall
carbon nanotubes (CNTs), and graphene have attracted considerable
attention in recent years because of their extraordinary mechanical,
electrical, and thermal properties." Among them, CNTs and gra-
phene are the representative ones with one and two-dimensional
nanostructure for prospective applications in solar cells, supercapaci-
tors, batteries, and polymer nanocomposites.*”” Attention in poly-
mer research in the past two decades has also been focused on the
development of nanocomposites to enhance multifunctional proper-
ties of neat polymeric matrices using carbon nanomaterial reinforce-
ments, which strongly depend on the good dispersion of nanofillers
and interfacial action within the polymeric matrix.

Different techniques have been developed to achieve good dis-
persion, including surfactant stabilized mixing, emulsion poly-
merization, solvent-based exfoliation, and sonication-induced
polymerization.*™"" Generally, the chemical functionalized car-
bon materials are considered to be promising reinforcing mate-
rials for polymer composite, such as polymer-grafted CNTs/
graphene and graphene oxide.''™™ Among these items, CNTs
were the most popular material for fabricating the composites.
He et al. reported that the functionalized CNTs—polystyrene
composites were synthesized by nitroxide mediated polymeriza-
tion."” Lagoudas et al. found a similar percolation threshold in
the prepared CNTs/epoxy composites, and the thermal conduc-
tivity of the composites was increased by 5.5% with the electri-
cal conductivity increased by 10 orders of magnitude.'® It has
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been demonstrated that graphene oxide (GO) could be stably
dispersed in the emulsion or microemulsion polymerization.'”'®
However, polymer/GO composites were hardly formed when
GO was added to the monomer solution. Additional reduction
step was required using hydrazine as chemical reducing agent in
the multistep procedure.

Herein, we report a novel method for the synthesis of carbon
nanomaterial-based copolymer of styrene—divinylbenzene com-
posite using in situ suspension polymerization without any sur-
factant. The composites are prepared by solution-phase
premixing of CNTs or graphene in styrene monomer, followed
by the in situ suspension polymerization. Obtained composites
should be compatible with the polymer matrix to avoid the
agglomeration of carbon nanomaterials and potential microscopic
phase separation in the composites. Furthermore, due to the
good dispersion of carbon nanomaterials, CNTs/graphene were
involved in forming a continuous polymer network with strong
interaction within the surrounding polymer matrix. Meanwhile,
the prepared ion exchange resins (IERs) composites with subse-
quent chloromethylation and amination steps showed enhanced
structural and thermal stability compared to the conventional
IER even at extremely low graphene loadings of 0.4 wt %.

EXPERIMENTAL

Materials
Styrene (Sinopharm Chemical Reagent, 99%) and DVB (Sigma-
Aldrich Chemicals, technical grade, 80%) were washed by
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NaOH solution (5 wt %) thrice to remove inhibitors, then
washed again with deionized water, stirred over magnesium sul-
fate overnight and then over calcium hydride, distilled, and
stored under nitrogen atmosphere at 4°C. The purification of
radical initiator benzoyl peroxide (BPO, Sinopharm Chemical
Reagent, 98%) was carried out by recrystallization from metha-
nol solution. Chloromethyl ethylether (96%) was purchased
from Tokyo Chemical Industry. Other chemicals, including gela-
tin (CP), zinc chloride (ZnCl,, AR), tetrahydrofuran (THE, AR),
trimethylamine hydrochloride (98%), and 1,2-dichloroethane
(99%) were purchased from Sinopharm Chemical Reagent, and
were used as received. Pristine CNTs (JCMT-90, 90%) and gra-
phene (JCGNP-15-10, 99.5%) were purchased from Nanjing
JCNANO Technology, which were calcined to remove amor-
phous carbon at 110°C for 1 h in air.

Synthesis of the CNTs-Based and Graphene-Based IER
Composites

CNTs or graphene were suspended in 10 mL styrene monomer,
and then ultrasonicated for 10 min to obtain the required disper-
sions. Then 2.5 g gelatin were dissolved in 200 mL deionized
water at 40°C. The monomer mixture consisted of 45.3 g styrene,
4.4 ¢ DVB, and 0.5 g BPO. The suspension polymerization was
carried out in the presence of CNTs and graphene separately at
the organic-aqueous interface with whole-process stirring in a
500 mL round-bottom flask. After 30 min preblending at 40°C,
raised temperature gradually to 70°C, and maintained for 1 h.
The polymerization occurred and proceeded at 80-83°C for 6 h
and then at 95-97°C for 4 h. The 0.4 wt % CNTP and GEP com-
posites precipitated out as beads, which was then separated and
washed by hot deionized water. The obtained composites were
dried at 90°C and designated as 0.4-CNTP and 0.4-GEP.

Styrene—divinylbenzene crosslinked copolymer beads were also
synthesized with the same reagents and condition except the
addition of graphene for comparison. The polymer was desig-
nated as PS-DVB.

The Friedel-Craft reaction was used to introduce chloromethyl
groups to the crosslinking network of the polymer composites.
The composite (25.0 g) and chloromethyl ethylether (75 mL)
were mixed to swell the cross-linked polymer for 2 h at room
temperature. Then, ZnCl, (9.6 g) was added to the mixture in
two batches. The reaction was allowed to proceed at 38-40°C
for 10 h. The chloromethylation products were washed by ace-
tone and dried until a constant weight was reached.

The chloromethylation products (designated as 0.4-CNTP-Cl,
0.4-GEP-Cl, and PS-DVB-Cl) were immersed in 1,2-dichloro-
ethane to swell for 2 h. Trimethylamine hydrochloride was
added to the resulting products in three batches and the reac-
tion ran for 6 h at 30°C. After the reaction, the mixture was
diluted with deionized water and NaOH solution in sequence.
The final products were dried at 50°C until a constant weight
was reached. Schematic diagram of reaction steps involved in
the preparation of CNTs-based and graphene-based composites
is demonstrated in Scheme 1.

CNTs-based and graphene-based composites IER and PS-DVB
IER in hydroxylic form obtained after amination reactions were
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designated as 0.4-CNTP-OH, 0.4-GEP-OH, and PS-DVB-OH,
respectively. In this study, all the copolymers with a crosslinking
density (CD) of 6% were controlled and presented according to
the following equation."®

m(DVB)

WXIOO% (1)

CD (%) =
Characterizations and Measurements
Scanning electron microscopy (SEM, Philips XL30E) was used
to observe the general size and morphology of the polymer
beads. The polymer composites bead samples were coated with
a thin layer of gold on the surface. The pressure during scan-
ning was 5.2 X 10~° MPa and the accelerated voltage was 5 kV.

The Raman spectra were collected with LabRam-1B micro-
Raman spectrometer (Jobin Yvon Instrument), using the He—Ne
laser excitation line at 632.8 nm. Acquisition time was 30 s with
a final laser power of about 3 mW at the sample surface.

The X-ray diffraction (XRD) measurements were performed on
a Bruker D8 Advanced Diffractometer equipped with Cu Ko
radiation (4=0.154 nm, 40 kV, 40 mA) at a scanning rate of
0.4°/min within a 20 range of 5°-80°.

The functional groups were examined by Fourier transformed
infrared (FTIR) spectrum using a Nicolet 5700 spectrometer
(ThermokElectron, Madison, WI). The sample was pulverized
and then diluted in dried KBr to obtain a homogeneous mix-
ture with a 1 : 49 sample-to-KBr ratio. The spectra were
recorded from KBr pellets at a range of 4000-400 cm ™' with 32
scans and a resolution of 4 cm™ ' by subtracting the background
spectrum from subsequent spectra, and such difference spectra
are reported herein.

Thermo-gravimetric analyses (TGA) were performed on a TA
Instruments SDT Q600 TGA thermo-gravimetric analyzer from
room temperature to 900°C at a heating rate of 10°C/min
under a dynamic (100 mL/min) air atmosphere. The differential
scanning calorimetry (DSC) cycling curves were measured with
DSC Q2000 (TA Instruments-Waters LLC). The procedures of
each DSC run were as follows: heat from room temperature to
200°C, then hold isothermal at 200°C for 5 min, cooling equili-
brated to 50°C, and then heat from 50 to 160°C. Samples of
approximately 7-9 mg in these examination were weighed with
a precision of 0.01 mg aluminum pans prior to analysis. The
temperature scanning rate for all cycles was 10°C/min in
50 mL/min N, as the purge gas. All the measurements were
repeated at least three times.

The swelling properties were determined through the proce-
dures given below. The polymer was immersed in the deionized
water for 24 h and dried at 60°C for 72 h. The volume was
measured and recorded before and after the drying process as
V4 and Vp, respectively. Besides, the polymer was immersed in
deionized water, NaOH solution (1 mol/L) and tetrahydrofuran
(THF) for 24 h, then the volume was recorded as V,. The dry
resin volume (Vg,,) and swelling capacity in the solution (SR)
of the polymer beads were calculated as follow equations:*

\%
Vdry ZVL:IXVA (2)
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Scheme 1. Schematic diagram of reaction steps involved in the preparation of CNTs-based and graphene-based composites. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Vi~ Vay X 100%
dry

SR (%)= (3)
For evaluating the catalytic performance of the resins, total ion-
exchange capacity (IEC) was measured according to National
Standard of People’s Republic of China GB/T 5760-2000, which
describes the determination of the exchange capacity of anion-
exchange resins in hydroxylic form.*' The methodology was as
follows: the sample was first pretreated according to National
Standard of People’s Republic of China GB/T 5476. Then, it was
washed with HCI aqueous solution (2 mol/L), deionized water,
and NaOH aqueous solution (2 mol/L) in sequence. The pre-
pared sample was measured and soaked in 100 mL standard
HCI solution at 40°C for 2 h, than 25 mL soaked solution was
subsequently titrated with standard NaOH solution using phe-
nolphthalein as the indicator. The IEC (Q, mmol/g) was calcu-
lated according to Eq. (4).

_ 100C1 _4C2 Vt

 W(1-A) )

where ¢; is the molar concentration of standard HCI solution,
¢, is the molar concentration of standard NaOH solution.
The volume of the titrating solution of NaOH was recorded
as V,, while W is the weight of the prepared IER samples. A
is the moisture content of the IER sample measured by
National Standard of People’s Republic of China GB/T 5759-
2000.
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RESULTS AND DISCUSSION

Morphology of PS-DVB, CNTs-Based and Graphene-Based
Nanocomposites

The CNTs-based and graphene-based nanocomposites were pre-
pared separately via a modified surfactant-free in situ suspension
polymerization of styrene, divinylbenzene, and carbon nanomate-
rials. The quality of the carbon nanomaterials dispersion in the
monomer before polymerization not only affects the further dis-
persion in the polymer matrix, but also directly correlates with
their effectiveness for improving thermal, antiswelling, and other
properties. The dispersion stability against van der Waals aggrega-
tion of CNTs and graphene in deionized water and styrene
monomer were compared in Figure 1. Figure 1(A) shows the
vials containing CNTs or graphene at a concentration of 0.1 mg/
mL after 10 min ultrasonication immediately, and Figure 1(B)
shows the photos of the vials standing for 24 h. Although some
particulates in the graphene suspensions settled at the bottom of
the vials over 24 h, it still appears that graphene shows better dis-
persion behavior than CNTs. Moreover, in the styrene suspen-
sion, graphene stayed homogenous at least for 12 h. The
probability of such enhanced dispersion of graphene could result
in high stability, and the equilibrium aggregation of the materials
would be also reduced. The highly stable graphene suspension in
monomer is possibly due to strong interactions between graphene
and monomer, thus favoring the homogeneity of the beads dur-
ing the suspension polymerization.
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Figure 1. Photographs of (A) CNTs and graphene dispersions in deion-

Q)

ized water with 10 min ultrasonication and (B) then photographed after
24 h; (C) CNTs and graphene dispersions in styrene with 10 min ultraso-
24 h. All with
[CNTs] = 0.1 mg/mL or [graphene] =0.1 mg/mL. [Color figure can be

nication, and (D) then photographed after

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2 presents the SEM micrographs of the CNTP IER, GEP
IER, and PS-DVB IER in chloric and hydroxylic form. The
good dispersion of graphene in the solution was retained in the
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polymer composites. By suspension polymerization, graphene
was proximately homogeneous dispersing in the monomer and
bound in polymer crosslinked structure gradually with the ele-
vated temperature. Therefore, the graphene-based nanocompo-
sites resulted in very fine beads with resembling bare PS-DVB
system, and the size of the beads was in the same range of 400—
600 pm. Comparing the SEM images, the surface morphology
of the as-prepared IER beads clearly shows the graphene-based
polymer beads could be more effectively to form into spherical
shape with much smoother surface than CNTs-based polymer
beads during the polymerization. This visual effect is due to dif-
ferent dispersion of CNTs and graphene in the polymer matrix.
CNTs facilitate aggregation in bundles, leading to poor and
inhomogeneous distribution in the polymer and a limited inter-
facial adhesion between the CNTs and the polymer.

Properties of PS-DVB, CNTs-Based and Graphene-Based IER
The Raman spectra of CNTs, graphene, PS-DVB, CNTs-based
and graphene-based composites are plotted in Figure 3. Typically,
Raman spectroscopy is the state of art to investigate the structure
defects in CNTs and graphene by monitoring the D- and G-
band.*? The D-peak, which occurs at ~1350 cm ™', is the finger
print of defects since it is associated with hexagonal framework
defects or sp’ carbon, while the G-peak at ~1580 cm™ ' is due to
the inplane bond stretching motion of sp® carbon. Besides, the
spectra also exhibit another characteristic peak appeared at
~2680 cm~' (2D-band). All the recorded spectra were fitted
using Lorentzian lineshapes and the intensity ratios of D/G were
calculated from the fitted curve parameter.”* >

As shown in Figure 3, the composites display the prominent
peaks at ~1350, ~1580, and 2680 cm ™' with some characteristic

Figure 2. SEM photos of PS-DVB and nanocomposites beads: (a) PS-DVB; (b) PS-DVB-Cl; (c) PS-DVB-OH; (d) 0.4-CNTP; (e) 0.4-CNTP-Cl; (f) 0.4-

CNTP-OH; (g) 0.4-GEP; (h) 0.4-GEP-Cl; (i) 0.4-GEP-OH.
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= crosslinked polymer matrix. For comparison, the 0.4-CNTP and
:: (© 0.4-GEP composites present the similar XRD patterns as that of
= PS-DVB, indicating the good dispersion of CNTs or graphene
2 sheets in the polymer matrix. However, the center position of
7] . .
= the peaks shift up and the peaks become wide and weak, appa-
(b) rently it could be due to the interaction between the polymer
— "\A-*. chains and carbon nanomaterials,® which is in line with the
(a) \ ﬂ Raman results.
FTIR spectroscopy is performed on the crosslinked, chlorome-

T T T T T T T T T T T T -
0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm')
Figure 3. Raman spectra of pristine CNTs, pristine graphene, PS-DVB
and nanocomposites: (A), (a) pristine CNTs, (b) PS-DVB, (c) 0.4-CNTP;
(B), (a) pristine graphene, (b) PS-DVB, (c) 0.4-GEP. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

peaks of the polymer structure. Since the Ip/I; ratio is 1.59 for
pristine CNTs and 0.84 for pristine graphene, the D/G intensity
ratio apparently from pristine graphene to the
graphene-based composite (Ip/I; : 1.62), suggesting a carbon
transformation of sp’~domain to sp’-domain and formation of
covalent bonds between polymer and graphene induced by poly-
merization.”®*” In Figure 3(B), the 0.4-GEP composite shows a
G-peak shift from 1578 to 1581 cm™ ', indicating the electron
transfer from graphene to the polymer chains with strong inter-
actions.”® It can be assumed that during the suspension polymer-
ization of 0.4-GEP, graphene could effectively tether with the
polymer chain radicals or initiator fragments and penetrate into
the polymer network,*"*
polymer matrix and enhanced interaction between the graphene
and the polymer network. With comparison of 0.4-CNTP (Ip/Ig
: 1.58) and 0.4-GEP composites, the Raman spectra confirm that
graphene enable the stronger chemical interaction within the
polymer matrix than CNTs.

increases

which leads to well dispersion in the

From the XRD patterns in Figure 4, PS-DVB shows broad peaks
at ~9.2° and 19.0°, revealing its amorphous feature of the
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thylated, and aminated polymer samples, shown in Figure 5.
The overall spectra for the CNTs-based and graphene-based
composites were quite similar. After chloromethylation, the
samples showed the absorption peaks at 1265 and 676 cm ™',
which were attributed to the inplane bending vibration of aro-
matic C-H in Ph—-CH,Cl groups and C-Cl stretching vibra-
tion."”” Concomitantly, the weak shoulder peaks at ~1421 cm™'
were assigned to the bending vibration of C-H in chloromethyl
(—=CH,CI) groups. After amination, all the chlorine-containing
groups disappeared and new peaks at ~976 cm™ ' attributed to
C-N stretching were clearly observed. Besides, the peaks at
~1630 cm™' corresponds to O-H inplane bending vibration.
All these results confirmed the existence of -N"(CH;);OH "~
groups grafted on the polymer chains in successful chlorome-
thylation and amination step.*"'~>’

To the authors’ knowledge, some studies have focused on the
nonoxidative stability (in N, or Ar) and comparatively little
data exists on the oxidative stability of the carbon nanomateri-
als composites. In this study, TGA was performed in air on the
CNTs, graphene, PS-DVB, CNTs-based and graphene-based
composites to study the degradation process of the composites,
as well as to determine the effects of CNTs and graphene on the
thermal stability of the composites.

As illustrated in Figure 6, PS-DVB sample exhibits three degra-
dation steps occurring at 100-200, 200-400, and 400-600°C,
respectively. The initial 6% weight loss was due to the elimina-
tion of the moisture in the samples at the first stage. Then the
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Figure 5. FTIR spectra of the nanocomposites: (A), (a) 0.4-CNTP, (b)

0.4-CNTP-Cl, (¢) 0.4-CNTP-OH; (B), (a) 0.4-GEP, (b) 0.4-GEP-CI, (c)

0.4-GEP-OH. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

major stage of weight loss about 85%, occurring at ~210°C,
corresponding to the branching chains and crosslinking network
degradation to short chains or volatile compounds induced by
oxidative atmosphere.”**> At the third degradation stage, about
9%, which could be assigned to the combustion of char residue
of carbonaceous to volatile fragments (such as carbon dioxide
and steam), and all the samples completely burn off at 600°C.
In the case of composites, the last stage showed higher amount
of char residue compared to PS-DVB, which is related to the
decomposition/combustion of the residue of carbonaceous and
CNTs/graphene.

Table I lists the results of the extrapolated degradation on set
temperatures (Tg.,) and the temperatures at the maximum
weight loss velocity of the DTA curves (Tiay and Tiay). PS-
DVB reached the maximum weight loss velocity at 409.8°C,
which was the lowest value of all the samples. The Ty, and
Thax of the composites all shifted to higher temperature, espe-
cially for the 0.4 wt % graphene-based composites, it increased
by ~15°C compared to the PS-DVB and PS-DVB-OH. This
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Figure 6. TGA curves of PS-DVB and nanocomposites: (a) PS-DVB, (b)
0.4-CNTP, (c) 0.4-GEP. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

indicates that the thermal stability of the conventional PS-DVB
IER composite was improved by the addition of carbon
nanomaterials.

A thermal transition of a segmental motion of the polymer
chains was examined and the glass transition temperature (T,)
obtained by DSC measurement were also summarized in Table
I. In the case of PS-DVB, T, was at 110.3°C and slightly
increased by 1°C for the composites.

In an attempt to study the influence of CNTs and graphene
over the composites, the physical properties of the composites
prepared were also listed in Table II. To determine the values of
the moisture content, total exchange capacity and swelling
capacity, all the samples were measured at least twice. The data
show that the basic properties of CNTs-based and graphene-
based IER composites resemble the PS-DVB-OH, including par-
moisture content, total
exchange capacity, and swelling capacity. The SR (%) clearly
shows the influence of the carbon nanomaterials in the polymer
resins on the swelling properties. PS-DVB-OH resin beads swol-
len greatly in the different solutions and to a less extent of
graphene-based resin, while CNTs-based composite shows quite
similar value to the neat polymer resin. In particular, it was

ticle density, mean particle size,

Table I. Thermal Properties of the IER Samples

Sample Taeg CCP Trmaxa CCP Traxe CCP° T4 (C)°
PS-DVB 339.2 409.8 5453 110.3
0.4-CNTP 347.5 4194 5446 111.2
0.4-GEP 356.9 4325 5455 110.9
PS-DVB-OH 352.8 4157 548.0 88.8
0.4-CNTP-OH 352.0 4293 551.7 912
0.4-GEP-OH 372.3 4313 5497 913

@Determined by the extrapolated onset temperatures.

5 Maximum weight loss temperatures in DTA curves.

¢Determined as the midpoint temperature at half the complete change of
heat capacity in DSC curves.
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Table II. Physical and Chemical Properties of the IER Samples

SR (%)
Sample p (glem3) d, (mm)° A (%) Q (mmol/g) Water NaOH (aq) THF
PS-DVB 0.60 0.44 21.5+0.1 0.28 28.1 29.2 30.5
0.4-CNTP-OH 0.61 0.48 40.9+0.1 1.44 29.0 26.8 30.3
0.4-GEP-OH 0.65 0.54 39.8+0.2 1.91 19.3 241 27.0

2Mean particle density.
b\olume-weighted mean particle size.

found that small amounts of graphene dramatically improve the
total exchange capacity behavior. This result could be explained
by the fact that the high level electron cloud density of aromatic
structure of graphene might favor the electrophilic substitution
reaction of chloromethylation process, providing more reactive
sites for amination, as shown in Scheme 1.

Hence, the carbon nanomaterials-based polymer resins were
successfully synthesized via in situ suspension polymerization.
The incorporation of CNTs or graphene into the polymer cross-
linked networks is beneficial to improve the thermal stability,
antiswelling properties of the composites. Generally, “grafting-
from”, and “grafting-to” approaches have been used to intro-
duce covalent bonds between the CNTs/graphene and poly-
mers.'®*® For the “grafting-from” methodology, the initiator
BPO usually generates phenyl radicals, which can react with the
CNTs/graphene and functionalize the graphene sheet. The
resulting radical CNTs/graphene species could subsequently
react with a monomer molecule and damage the perfect sp” car-
bon structure.”>*”° Thereby the polymeric fragment is propa-
gated from the CNTs or graphene surface by capturing more
and more styrene molecules. After covalent bonding with sty-
rene, a portion of the sp” carbon on CNTs or graphene is con-
verted to sp’° carbon, which is consistent with the Raman
results. Based on the “grafting-to” methodology, the polymer
chain with free radical, like .—~CH(Ph)-CH,- can be directly con-
jugated with the CNTs or graphene. The growing polymer
chains will terminate through combining with another propa-
gating polymer chain or radical functionalized CNTs/graphene.
Besides, the polymer chain might be react with the CNTs/gra-
phene to functionalize the CNTs/graphene with a radical on the
surface and allow further conjugation of a new monomer mole-
cule or polymer chain.

The polymer chains incorporate with the CNTs/graphene either
by grafting-from or grafting-to methodology. In addition, CNTs
and graphene act as covalent crosslinkers to form the polymer
network for improved interfacial interaction between carbon
nanomaterials and polymer chains. Moreover, the dispersed
CNTs or graphene could induce the barrier labyrinth effect,
impeding the transport of degradation products of polymer
into the gas phase. The heat is required to break the covalent
linkages and transport the degradation products of polymer,
which tended to shift the Tyeg, Tinaxi> and Tiayo to higher tem-
peratures. As described above, CNTs and graphene could induce
the steric limitation through the resin and restricts the polymer
chain mobility in the nanocomposite, resulting a higher T,
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value.”®*® Fundamentally, the addition CNTs and graphene
could effectively protect against thermal degradation and transi-
tion for the polymer network, leading to the enhanced proper-
ties of the IER composites.

CONCLUSIONS

We have demonstrated a novel method for the preparation of
CNTs-based and graphene-based copolymer of styrene-
divinylbenzene resin composites using a modified surfactant-
free in situ suspension polymerization. The CNTs and graphene
in the composites dispersed well throughout the polymer
matrix, which could effectively enhance the electron transfer
from CNTs/graphene to the polymer chains with strong interac-
tions. The structural and thermal stability of the copolymers
and ion exchange resins were improved with the incorporation
of CNTs/graphene in the composites at extremely low loading
of 0.4 wt %, which has not been reported. What is more, gra-
phene shows better dispersion and stronger interfacial adhesion
than CNTs, which indicates that graphene is much efficient as
reinforcement than CNTs in the polymer matrix. This is benefi-
cial in terms of stabilizing the polymer resins at higher tempera-
ture and improving the antiswelling properties, which allows a
larger window for the systematic study on the IER application
in the future.
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