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Abstract In situ emulsion polymerization was employed
for synthesizing carbon nanotube (CNT) composites in a
colloidal system with poly(styrene) or PS to form
nanostructured brush. CNTs were initially functionalized
with oleic acid, followed by silanization with (3-
aminopropyl) triethoxysilane to impart cross-linking
properties. Styrene monomers were efficiently grafted
to surface modified CNT via emulsion polymerization
with variable CNT concentrations. FTIR analyses of
the functionalized CNT and PS/CNT composites con-
firmed the bond formation and effectiveness of the de-
veloped experimental method. X-ray photoelectron spec-
troscopy confirmed the presence of the desired bonds
and the composition of the composites. Structural prop-
erties of the composites characterized by TEM con-
firmed excellent deagglomeration and dispersion of
CNTs in PS/CNT composite. Thermal characteristics
from TGA and DSC data showed enhanced properties
for the nanocomposites as a function of the CNT con-
tent. BET measurements indicated significant improve-
ments in surface area and pore volume with enhance-
ments in gas sorption for the polymer nanocomposites.
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Introduction

Nanocomposites demonstrate significant improvements in
mechanical strength, toughness, and electrical and thermal
conductivity [1]. Incorporating surface chemical and function-
al moieties on nanomaterials offers a way to tailor nanoscale
and microscale interactions [2]. Polymer brushes, that is, as-
semblies of polymer chains tethered at one end to a substrate
[3] allow attenuation of sequestration capacity, wettability,
colloidal stability, and biocompatibility of composites which
are suitable for applications ranging from electronics, separa-
tion to biology [4, 5]. Polymer brushes can be fabricated by
“grafting to” via covalent tethering of preformed or end-
functionalized polymer chains to a functionalized surface,
and “grafting from” via polymerization on a substrate previ-
ously modified with initiators to provide polymerizable sites
[6].

Techniques reported for synthesizing polymer brushes in-
clude ring-opening metathesis polymerization (ROMP) [7],
nitroxide-mediated polymerization (NMP) [8], atom transfer
radical polymerization (ATRP) [9], single electron-transfer
living radical polymerization (SET-LRP) [10], and reversible
addition fragmentation chain transfer (RAFT) [11, 15]. Most
techniques have disadvantages such as risk of overheating,
removal of solvents via costly separation, and challenges with
large-scale production. These can be overcome by in situ
emulsion polymerization (IEP), a method though environ-
mentally friendly and versatile, has not been reported for
carbon-based nanocomposite brush fabrication.

Polymer/CNT brushes are typically formed via layer-by-
layer assembly [12, 13] and solution polymerization [14] rather
than emulsion polymerization. The key challenges with IEP are
to reduce the tendency of nanoparticles to agglomerate and to
improve interfacial attachment. The activation of grafting sur-
face with functional groups is a prerequisite for covalent
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anchoring of macromolecules [6]. Molecular assembly
has been reported to tether polymer brushes on
organic, polymeric, and inorganic substrates such as
poly(ethyleneterephthalate) [16], poly(vinyl chloride) [17],
Al2O3 [18], Fe3O4 [19], ZnO [20], and carbon black [21].

Multi-walled carbon nanotubes (MWNT) are often tangled
[22]; hence, an efficient functionalization method is needed to
modify the CNT surface to enable synthesis of a polymer
brush. Surface modifications are required [23], often via oxi-
dation of MWNT with strong acids followed by treatment
withmethacrylamide [14] or 2-bromo-2-methylpropionyl bro-
mide [24]. Aggressive chemical functionalization with strong
acids at high temperatures introduces structural defects and
inferior CNT properties [25]. We aim to modify CNTsurfaces
under moderate conditions by attaching carboxyl groups
(−COOH) via a dual step approach: noncovalent followed
by covalent functionalization [26]. Subsequently, the CNT–
COOH will be converted to CNT–NH2 or “NH2-terminated
CNT” using organosilane chemistry [27, 28]. Tetraethyl
orthosilicate (TEOS) will enable functionalizing CNTsurfaces
with alkoxysilane molecules. Scalable in situ emulsion poly-
merization will be used to synthesize polymer brush nano-
composite from “NH2 -terminated CNT” substrate. The ma-
terials will be characterized for their morphology, structure,
composition, thermal, and sorption properties.

Polymer brush synthesis

The process we developed to synthesize polymer brush
grafted from surface modified “NH2-terminated CNT” is de-
scribed below.

Functionalizing CNT

To improve the dispersibility and reactivity of CNT, we
designed a two-step functionalization process, using both
noncovalent and covalent methods. MWNT prepared by
CVD method were first dispersed with the aid of sodium
dodecyl sulfate (SDS) and ultrasonication to debundle
CNT, and improve their dispersibility and efficiency for
covalent functionalization. Subsequently, the CNT were
treated with oleic acid for covalent functionalization at
50 °C, a temperature significantly lower than convention-
al functionalization with strong mineral acids [29]. Oleic
acid [CH3–(CH2)7–CH = CH–(CH2)7–COOH] as a long
chain unsaturated fatty acid has a weak C = C bond and
is suitable for attachment with CNT. C = C bond scission
under reaction conditions with external energy in the
form of agitation and heat enables attachment of func-
tional groups on CNT sidewalls [26].

Synthesis of NH2-terminated CNT

Since TEOS helps in creating monolayers on CNT surface
[30] and acts as a cross-linking agent [31] to aid polymeriza-
tion, CNT was first treated with TEOS. Next, APTES was
used to impart initiating polymerizable sites and convert the
oleic acid functionalized CNT to “NH2-terminated CNT”.
Measured 300 mg of oleic acid functionalized CNT, 20 mL
ethanol, and 3 mL ammonium hydroxide were dispensed into
a 50 mL flask. The flask was then immersed in a sonication
bath for 45min. After sonication, 2 mL of TEOSwas added to
the solution dropwise for 15 min. The mixture was stirred for
24 h at room temperature, was filtered, and dried under vacu-
um for 24 h. The TEOS modified functionalized CNT was
mixed with 10 mL ethanol, 1 mL ammonium hydroxide,
and 1.5 mL APTES. The mixture was ultrasonicated for
2 min and stirred for 24 h at room temperature. Next, the
contents were stirred continuously at 60 °C for 2 h and
ultrasonicated for 5 min. Finally, the mixture was washed with
excess ethanol and dried under vacuum for 24 h to obtain
surface modified CNT.

Synthesis of PS/CNT polymer brush

Measured amounts of “NH2-terminated CNT” and 2 g SDS
(Sigma Aldrich) were added to 40 mL deionized water in a
conical flask to produce micelles. The mixture was sonicated
for 15 min and stirred for 1 h at room temperature. Styrene
(3.75 g) was added to the conical flask dropwise. Prior to use,
the inhibitor (butylcatechol) was removed from styrene mono-
mer (Sigma Aldrich). The mixture was heated to 70 °C and
stirred continuously with a magnetic stirrer. At 70 °C, potas-
sium persulfate (KPS) initiator (0.37 g) dissolved in 4 mL
water was added to the flask. The mixture was then stirred
for about 6 h at 70 °C until polymerization was complete.
The product was washed with excess deionized water and
ethanol to remove unreacted styrene, oligomers, and impuri-
ties. The product was filtered and dried under vacuum at 50 °C
for 24 h to obtain dried and solid PS/CNTcomposite. PS/CNT
composite samples having 1, 5, and 10 wt% “NH2-terminated
CNT” were synthesized for testing with respect to the amount
of styrene used. Based on the synthesis condition, the corre-
sponding samples are denoted as PS/CNT (1 wt%), PS/CNT
(5 wt%), and PS/CNT (10 wt%) polymer nanocomposites,
respectively. A sample of pure PS was synthesized via emul-
sion polymerization using the monomer without CNT.

Figure 1 represents the developed reaction scheme starting
with pristine CNT, showing the intermediate products during
the stepwise process. The “NH2-terminated CNT” containing
the active amine group has a basic nitrogen atom with a lone
pair, wherein one or more hydrogen atoms can be replaced by
a substituent such as an alkyl or aryl group [32]. Apart from
their basicity, the dominant reactivity of amines derives from
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their nucleophilicity [33], which facilitates attachment with
organic moieties.

Characterization

Fourier transform infrared (FTIR) spectrometry (Themo
Scientific Nicolet 6700) was employed to identify the func-
tional groups on the CNT and synthesized PS/CNT polymer
brush to evaluate the efficiency of functionalization, surface
modification, and polymerization steps. FTIR data were col-
lected for pure PS and PS/CNT polymer brush nanocompos-
ites for wavenumbers 700–4000 cm−1. X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi, Thermo scientific,
UK), a surface-sensitive quantitative spectroscopic technique,
was used to measure the elemental composition. XPS spectra
were obtained by irradiating with a beam of x-rays while si-
multaneously measuring the kinetic energy and number of
emitted electrons. XPS enabled elemental characterization of
“NH2-terminated CNT” and PS/CNT polymer brush nano-
composite using monochromated Al Ka x-rays at 164 W
(10.8 mA and 15.2 kV) with binding energy reference of
C1s at 285.0 eV for adventitious hydrocarbons.

Transmission electron microscopy or TEM (JEM 1400,
JEOL, Japan) for the surface modified CNT and PS/CNT

polymer brushes was conducted with accelerating voltage till
120 kV. Dried and powdered composite samples were
prepared with tenfold dilution in ethanol, and drop-casting
method was employed to disperse the PS/CNT composites
on a holey lacey 200 mesh carbon coated gr id .
Thermogravimetric analysis or TGA (DST-Q600, TA, USA)
measurements were used to determine mass changes associat-
ed with thermal transitions and degradation for pure PS, pris-
tine CNT, and PS/CNT polymer brush nanocomposites in a
nitrogen environment at 15 °Cmin−1 with a temperature range
of 25° –800 °C.

Differential scanning calorimetry or DSC (SEIKO
SS2200) was used to determine the glass transition tempera-
ture (Tg) of the synthesized PS and PS/CNT polymer brush
nanocomposite samples (~5–7 mg) at 5 °C/min with a holding
time of 5 min for every 40 °C increase in temperature. A purge
gas stream of N2 provided an inert environment. The heat
capacity (Cp) values at the glass transition zone of thermal
profiles were analyzed to determine the Tg for the samples.
Nitrogen physisorption measurements were conducted using
an Autosorb-iQ (Quantachrome Instruments, USA) adsorp-
tion unit at a temperature of 77 K. The samples were first
evacuated at 120 °C for 12 h prior to the analysis. Surface
areas were calculated using the Brunauer—Emmett—Teller
(BET) method in conjunction with the sorption isotherms over
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P/Po = 0.05–0.25. The total pore volume was calculated at
P/Po = 0.99.

Results and discussions

Functional group identification using FTIR

Figures 2 and 3 present FTIR data for pristine and functional-
ized CNT, and Fig. 4 presents data for synthesized nanocom-
posites. The FTIR spectra (Fig. 2a) for pristine CNT show
that, as expected, no characteristic peak of any functional
group is exhibited. For CNT functionalized with oleic acid,
the FTIR spectra (Figs. 2b, 3b), showed a well-defined peak at
1709 cm−1, which corresponds to the presence of C = O moi-
ety for the carboxylic acid group. The peaks in the 2800–
3050 cm−1 region are characteristic of C–H stretches arising
from SDS which were used to debundle the CNT at the pre-
paratory step, and the shoulder band in the 3450–3500 cm−1

region is characteristic of carboxylic acid O–H stretches. The
broad peak at 1150–1250 cm−1 is identified as the C–O
stretching mode [34]. For the nonconjugated compounds,
the C = C stretching vibration gives rise to a weak IR band
in the range of 1640–1660 cm−1. The spectra of pure oleic acid
obtained by Bronstein et al. [35] and Ding et al. [36] showed a
shoulder peak at 1640–1660 cm−1 indicating the presence of
C = C bond. This particular peak is not observed in our FTIR
spectra (Fig. 3b) for oleic acid functionalized CNT, thus, in-
dicating the scission of C = C bond of oleic acid in the
substrate.

FTIR spectra for “NH2-terminated CNT” (Figs. 2c, 3-inset)
show a broad peak at 1000–1300 cm−1 wavenumber assigned
to vibrations involving Si atoms in the organosilane group. In
particular, the peak at 1040–1100 cm−1 is assigned to

Si − O − C stretching vibration. The band at 1230 cm−1 is
assigned to the disorder-induced modes of the silica network,
and such vibration modes have been identified at 1200–
1250 cm−1 in sol-gel silica or Si:O:C:H films arose from
TEOS. The presence of this band indicates the formation of
a monolayer during CNT modification with TEOS before
reacting with APTES. The absorption band observed for
“NH2-terminated CNT” (Fig. 3c) at 1530–1600 cm−1 wave-
number range suggests N–H bending contributed by ‘–NH2’
group [37]. It is noteworthy that FTIR spectra for “NH2-ter-
minated CNT” (Figs. 3c and 3-inset) do not show any peak at
1709 cm−1 which corresponds to C = O bond specific to car-
boxylic acid, which was evident in CNT functionalized by
oleic acid. This absence suggests that the carboxylic acid
group (−COOH) attached to CNT due to oleic acid
functionalization reacts with APTES; an observation which
supports the corresponding reaction step (Fig. 1). However,
the adsorption peak evident for “NH2-terminated CNT”
(Fig. 3c) at around 1655 cm−1 can be designated to C = O
bond for amides [38]. Moreover, the shoulder band in the
3450–3500 cm−1 region for CNT functionalized by oleic acid
(Fig. 2b) representative as characteristic for carboxylic acid’s
O-H stretches is absent in the FTIR spectra for “NH2-termi-
nated CNT” (Fig. 2c). These observations are consistent with
the reaction scheme (Fig. 1) that suggests termination of hy-
droxyl group for oleic acid functionalized CNTwhen reacted
with APTES. Thus, the FTIR spectra for pristine and modified
CNT (Figs. 2 and 3) confirm the reaction scheme presented by
Fig. 1 for CNT surface modification.

The FTIR spectra of pure PS and PS/CNT polymer brush
(Fig. 4) confirm the efficiency of the IEP process. Figure 4d
shows a strong peak at 1100 cm−1 for PS/CNT composite
when the highest CNTconcentration (10 wt%) was used com-
pared to those of other nanocomposites with lower

Fig. 2 FTIR spectra of (a)
pristine CNT, (b) CNT
functionalized by oleic acid, (c)
NH2-terminated CNT for 700–
4000 cm−1 range
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concentration (Fig. 4b, c). This peak arises from the silane
modified nanotubes, i.e., “NH2-terminated CNT” and repre-
sents Si − O − C stretching vibration. The amplitude of this
peak is proportional to the CNT concentration of the compos-
ites, thereby confirming the attachment of PS to surface mod-
ified CNT. Figure 4b–d also shows the signature peak arising
from “NH2-terminated CNT” via N-H bending at 1600 cm−1

for PS/CNT nanocomposites irrespective of CNT concentra-
tion; which was not observed for pure PS (Fig. 4a). The peak
at 2850–3100 cm−1 wavenumber represents both aliphatic and
aromatic C-H stretching within that zone, which is a signature
peak for pure PS (Fig. 4a). This type of peakwas not identified
for “NH2-terminated CNT” (Fig. 2c); but were identified for
PS/CNT nanocomposites (Fig. 4b–d). These confirm the

Fig. 3 FTIR spectra of (a)
pristine CNT, (b) CNT
functionalized by oleic acid, (c)
NH2-terminated CNT for 1000–
1800 cm−1 range. Inset: Spectra
for “NH2-terminated CNT” in
transmittance zone 60–100 %
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attachment of PS on the surface of “NH2-terminated CNT”. At
10 wt% CNT concentration (Fig. 4d), the amplitude for this
peak is smaller compared to those for composites with 1 wt%
and 5 wt% CNT (Fig. 4b, c), due to higher CNT content
compared to the base polymer (PS).

The FTIR spectra (Fig. 4) coupled with Table 1 con-
firm that styrene was successfully grafted from surface
modified CNT as shown by the identified bonds, formed
on the nanocomposites and contributed by the individual
functional groups. These results validate the grafting
and the IEP process for polymer brush synthesis from
surface modified CNT.

XPS analysis

Figures 5 and 6 show the XPS analysis for “NH2-termi-
nated CNT” and PS/CNT (10 wt%) polymer brush, re-
spectively. The XPS total survey (Fig. 5a) demonstrates
the elemental identification of C, O, Si, and N which
confirms the structural elements of “NH2-terminated
CNT” sample. In addition, the high resolution N1 s spec-
trum (Fig. 5b) at binding energy 399.51 eV illustrates the
“–NH2” bonding of this material [39–40]. These

observations are in agreement with the reaction scheme
proposed in Fig. 1.

The PS/CNT (10 wt%) polymer brush, was analyzed
via XPS to examine the efficiency of the nanocomposite
synthesis process. Figure 6a shows the elemental species
C, O, Si, and N which highlights the structural compo-
nents of the sample. High resolution C1s spectrum
(Fig. 6b) shows the binding energy at 285.81 eV, which
identifies the bonding configuration of “–CH2-NH-“[41].
The high resolution C1s spectrum (Fig. 6b) also confirms
the bond “C-N-C″ in the region 285.7–286.0 eV and C–O
at 286.6–286.7 eV [42–43]. The binding energy at
284.5 eV confirms the presence of CNT in the polymer/
CNT nanocomposite [44–45] as noted by the high resolu-
tion C1s peak (Fig. 6b). Moreover, since the peak for
C = O is not noticeable at its characteristic binding energy
of 287.9–288.1 eV [43] in the high resolution C1s spectra
(Fig. 6b), we conclude that the C = O moiety is absent
from the polymer brush nanocomposites. This suggests
the scission of this particular bond during the synthesis.
Hence, the XPS analysis is in agreement with our pro-
posed reaction scheme for polymer brush synthesis via
IEP process.

Table 1 Critical bonds identified for “NH2-terminated CNT” & PS/CNT nanocomposites

Bond type NH2-terminated CNT PS PS/CNT Polymer brush
nanocomposites

Remarks

Si–O–C stretching vibration Identified
(1040–1100 cm−1)

Not identified Identified (1100 cm−1) Increased peak amplitude
with increases CNT
concentrations for
PS/CNT composites

N–H bending Identified
(1530–1600 cm−1)

Not identified Identified (1600 cm−1)

Aliphatic and aromatic
C-H stretching

Not identified Identified
(2850–3100 cm−1)

Identified (2850–3100 cm−1) Decreased peak amplitude
with increased CNT
concentrations for
PS/CNT composites

Fig. 5 XPS analysis for “NH2-
terminated CNT”: a XPS total
survey analysis, b high resolution
N1 s spectrum
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Morphological characteristics of PS/CNT nanocomposites

TEM image of “NH2-terminated CNT” is shown in
Fig. 7a. The CNTs are debundled, once surface modifica-
tion is implemented, and as expected the tubes appear
hollow with no noticeable impurities. Figure 7a reveals
that the mean diameter of CNTs is approximately 10–
15 nm. Apart from the nature of the dispersion, the image
also shows a monolayer around the CNT surface which is
in agreement with the FTIR spectra for this sample. The
monolayer is suitable for supporting polymerization of
styrene throughout the CNT surface to form polymer
brush acting as a cross-linking agent.

Figure 7b–d present TEM images for PS/CNT nanocom-
posites grafted from “NH2-terminated CNT”. We note the
consistent and superior dispersion of CNTwith no agglomer-
ates within the composite. These confirm the efficiency of
CNT surface modification and the polymer synthesis process.
The thickness of PS grafted CNT within the composite in-
creased to approximately 50–75 nm as a result of polymer
attachment. Images of the composites show that the polymer
(PS) is attached throughout the CNT surface and is noticeable
for a single nanotube in Fig. 7c. The TEM images of the
synthesized nanocomposite in this work confirm the brush
structure via attachment of polymer moieties on the CNT
surface [46].

Fig. 6 XPS analysis for PS/CNT
(10 wt%) polymer brush
nanocomposite: a XPS total
survey analysis, b high-resolution
C1s spectrum

~10-15 nm

~50 -75 nm

~50 -75 nm

~50 -75 nm

(c) (d)

(a) (b)Fig. 7 TEM images of: a “NH2-
terminated CNT”; b PS/CNT
(1 wt%); c PS/CNT (5 wt%); and
d PS/CNT (10 wt%) polymer
brush
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Thermal properties of synthesized nanocomposites

The high thermal conductivity of CNT enhances the thermal
properties of the composite and prevents degradation of the
surrounding polymer when superior dispersions of CNT are
obtained [47]. Because of the enhanced thermal properties,
polymer/CNT nanocomposites are useful in high temperature
applications such as in heat sink for electronics, motors, and
tires. We expect to achieve improved thermal properties for
the synthesized nanocomposites due to superior dispersion
and deagglomeration of CNT with their efficient attachment
to polymer brush as shown by TEM images.

TGA measurements for pure PS, pristine CNT, and PS/
CNT polymer brush nanocomposites are shown in Fig. 8.

We note that for pure PS (Fig. 8b), polymer degradation starts
at about 370 °C and degrades substantially within 400–450 °C
temperature. Whereas for PS/CNT polymer nanocomposites
(Fig.8c–e), slightly greater weight loss is noted at 370–400 °C
compared to pure PS. This is due to the presence of greater
fraction of shorter polymer chain lengths in PS/CNT nano-
composites in comparison to pure PS. The weight average
molecular weight for the polymer is 245,889 and 171,342 g/
mol for pure PS and for PSwith 1 wt%CNT, respectively. The
shorter chains stem from restrictions to polymer chain growth
in the presence of CNT [52]. However, at elevated tempera-
tures (>450 °C) when substantial polymer degradation occurs,
the PS/CNT composites are found to be less affected com-
pared to pure PS due to enhanced heat dissipation by well-
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dispersed CNTs and their excellent thermal resistance. Thus,
the TGA profiles demonstrate that the PS/CNT polymer
brushes have improved thermal stability, which depends on
CNTconcentration (Fig. 8b). At 800 °C, the residual compos-
ite mass fractions were 0.17, 0.28, and 0.44 for CNT contents
of 1, 5, and 10 wt%, respectively.

The differential change in mass with respect to temperature
(dw/dT, wt%/°C) for pure PS and PS/CNT polymer brushes
with variable CNT concentrations are shown in Fig. 9 at 350–
500 °C, which approximately corresponds to the degradation
temperature range for PS. Figure 9b–d shows reduction in
sample derivative weight as the CNT concentration increases.
For pure PS (Fig. 9a), dw/dT reached about 3 wt%/°C at its
maximum, whereas for PS/CNT polymer brush with 10 wt%
CNT content (Fig. 9d), the value is below 0.5 wt%/°C.
Similarly, the dw/dT values for 1 and 5 wt% composites
(Fig. 9b, c) were lower than that for PS and are consistent with
the level of CNT content. These confirm the superior thermal
stability for the synthesized polymer brush nanocomposites
with respect to the base polymer.

The addition of CNT to a polymer matrix typically in-
creases the glass transition temperature (Tg) when superior
attachment of CNT and polymer is achieved [48–49]. This
increment in Tg is due to the immobility of polymer chains

around the nanotube surface via interfacial interaction. Table 2
shows the glass transition temperatures determined using the
DSC and subsequent analysis of the heat capacity, Cp, at the
glass transition zone. The Tg of the PS/CNT polymer brush
nanocomposites were found to increase substantially com-
pared to pure PS as a function of CNT content: 4.8, 12.2,
and 19.7 °C for 1, 5, and 10 wt% CNT in the nanocomposite,
respectively. The relatively uniform dispersion and integration
of CNT within the polymer matrix, confirmed by TEM data
(Fig. 7), were primarily responsible for the enhancement in Tg
for the nanocomposites. These data further confirm the effi-
ciency of our synthesis scheme.

Gas adsorption characteristics

Increased specific surface area and pore volume of ma-
terials correlate with enhanced gas adsorption properties
of composites [50]. Well dispersed CNT with high spe-
cific surface area in a polymer composite is a promising
candidate for gas adsorption. Figure 10 shows the nitro-
gen sorption/desorption isotherms measured at 77 K for
pure PS & PS/CNT polymer brushes and Table 3 pre-
sents the BET surface area along with pore volume of
the synthesized samples.

Table 2 Glass transition temperature of PS& PS/CNT nanocomposites

Glass transition temperature (Tg) of PS and PS/CNT polymer brush
measured by DSC

Sample PS PS/CNT
(1 wt%)

PS/CNT
(5 wt%)

PS/CNT
(10 wt%)

Glass transition
temperature (Tg)

(°C)

100.9 105.7 113.1 120.6
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Fig. 10 Nitrogen adsorption/
desorption isotherm of (a) PS, (b)
PS/CNT (1 wt%), (c) PS/CNT
(5 wt%), and (d) PS/CNT
(10 wt%) polymer brush

Table 3 BET surface area and pore volume of PS & PS/CNT polymer
brush with variable CNT concentrations

Sample BET Surface Area (m2/g) Pore Volume (cm3/g)

PS 35.2 0.15

PS/CNT (1 wt%) 119.4 0.46

PS/CNT (5 wt%) 268.1 1.26

PS/CNT (10 wt%) 431.9 1.48
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Table 3 shows substantial increase in BET surface area and
pore volume with increase in CNT concentration for the syn-
thesized polymer brush nanocomposites. Thus, with increase
in the surface area and porosity, sorption ability of the com-
posite is expected to be enhanced. The nitrogen adsorption/
desorption isotherms shown in Fig. 10 support the result of
enhancement in gas sorption capacity with increase in CNT
content for the composites. These results demonstrate the ef-
fectiveness of superior dispersion of CNT coupled with the
efficient IEP process.

Yuan et al. [50] reported the synthesis of porous organic
polymers (POP) containing highly electron-deficient
carborane components and achieved up to 780 mL/g nitrogen
adsorption for a sample with a pore volume of 1.12 cm3/g and
BET surface area of 1037 m2/g. Yang et al. [51] reported
nitrogen adsorption by hypercrosslinked porous organic poly-
mers to be 700mL/gwhere the pore volume of the sample was
1.08 cm3/g and the total surface area was about 2065 m2/g.
The nitrogen adsorption we achieved for our PS/CNT
(10 wt%) polymer brush (950 mL/g) displays improvement
over the polymer materials reported under similar conditions.
We achieved significantly higher pore volume of 1.48 cm3/g
compared to the reported samples based on polymers. Thus,
for the polymer/CNT nanocomposites with satisfactory CNT
dispersion and attachment with polymer nanostructures are
obtained, gas adsorption can be enhanced significantly.

Conclusions

A novel approach was developed for synthesizing PS/
CNT polymer brush composites, grafted from surface
modified CNT, starting from pristine CNT in conjunc-
tion with in situ emulsion polymerization process. The
multi-step CNT surface modification approach using
oleic acid and subsequent organosilane chemistry was
found to be highly efficient in achieving surface modi-
fied CNT which enabled superior CNT dispersion and
its attachment to the polymer matrix during the poly-
merization process. The FTIR spectra confirmed the at-
tachment of the reactive functional groups, and XPS
analysis confirmed the elemental presence of moieties.
The XPS survey also provided data on bond formation
which was in agreement with the developed reaction
scheme. TEM images showed debundled, uniform dis-
persion of CNT within the composites, and demonstrat-
ed formation of polymer brush grafted from CNT sur-
face. The morphological characterization confirmed ex-
cellent integration of the CNT with the polymer matrix.
The TGA profiles for the PS/CNT polymer composites
validated the synthesis efficiency and displayed
consistent and substantial improvement of thermal
stability with increase in CNT concentration. Similar

observations of glass transition temperature enhancement
for the synthesized polymer brush nanocomposites over
pure polymer were shown by the DSC results. Sorption/
desorption experiments with the synthesized samples
showed significantly enhanced BET surface area, pore
volume, and gas adsorption/desorption capacity for the
PS/CNT polymer brush with increased CNT concentra-
tion. The remarkable improvement in BET surface area
and pore volume on incorporating CNT indicates the
potential for PS/CNT brush in gas separation processes.
The trend of property enhancement was found to be
consistent even on incorporating a significant fraction
of CNT (10 wt%), indicating that the CNT was well-
dispersed and satisfactorily attached to the base
polymer.
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