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Carbon nanotubes (CNTs) are used as nanofillers in polymer nanocomposites to improve the properties of
a matrix polymer because of their excellent properties. However, CNTs tend to aggregate due to the strong
van der Waals force between CNTs. To solve the problem, surface-modified CNTs with hydrophilic poly-
mers, such as polyvinyl pyrrolidone (PVP) and polystyrene sulfonate (PSS), were employed. Polystyrene
(PS)/CNT nanocomposites were fabricated by latex technology, which is a suitable method for dispersing
nanofillers in aqueous particle suspension. The effect of the incorporation of the modified CNT was sig-
nificant, thereby resulting in increased modulus at lower frequencies when compared to that of neat PS.
Electrical percolation thresholds of PS/PSS-wrapped CNT and PS/PVP-wrapped CNT nanocomposites cor-
responded to 0.39 and 0.52 wt.%, respectively. The PS/PSS-CNT nanocomposites exhibited higher rheo-
logical and electrical properties than the PS/PVP-CNT counterparts due to the hydrophilic nature of PSS
with strong negative charge groups.
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1. Introduction

In order to obtain nanocomposite materials with excel-

lent properties, it is necessary to understand the structure

and physical properties of individual materials and design

them to satisfy the requirements as functional materials

(Mittal et al., 2015). Carbon nanotubes (CNTs) play an

important role in the manufacture of nanocomposites that

require functionality as high aspect ratio fillers with excel-

lent mechanical, thermal, and electrical properties (Safadi

et al., 2002). However, it is difficult to disperse CNTs in

the polymer matrix due to their strong van der Waals

force. Therefore, many studies have focused on modifying

CNTs to improve their dispersibility (Akram et al., 2016;

Punetha et al., 2017). Typical surface modification meth-

ods of CNTs include covalent functionalization and non-

covalent functionalization.

The covalent functionalization of CNTs is related to the

change in hybridization from sp2 to sp3 in the graphene

layer and loss of the conjugated p electron system (Ma et

al., 2010). The covalent functionalization is a method to

form carboxylic groups (-COOH) or hydroxyl groups

(-OH) on the CNT surface via the introduction of a func-

tional group into the defective part of CNT by using an

oxidizing agent such as strong acid (Choudhary and

Gupta, 2011; Coleman et al., 2000; 2006; Woo et al.,

2009). This type of a process is termed as defect group

functionalization and can improve dispersibility in sol-

vents and polymers. The acid functionalization of CNTs

makes it possible to obtain an increase in elastic modulus

and strength due to strong interfacial bonding and inter-

action between CNT and polymer matrix (Choudhary and

Gupta, 2011). However, covalent functionalization can

damage the structure of CNT and even shorten the length

of CNT (Nasiri et al., 2011). Hence, the physical proper-

ties of polymer/CNT nanocomposites can deteriorate.

Conversely, the non-covalent functionalization of CNTs is

especially important because it improves solubility and

processability without compromising the physical proper-

ties of CNTs (Sahoo et al., 2010). The method involves

polymer wrapping of the CNT surface, and this is an effi-

cient approach to functionalize CNTs without destroying

the π system (Zhang and Xu, 2014).

There are various methods to produce the polymer/CNT

nanocomposites, such as solution mixing (Moniruzzaman

and Winey, 2006), melt blending (Zhang et al., 2006), and

in-situ polymerization (Jung et al., 2010). Recently, poly-

mer/CNT nanocomposite materials were successfully

manufactured by latex technology. Latex technology is a

method to disperse nanofillers in a dispersion system of

polymer particles, and this is simpler than other methods

and exhibits several advantages such as low cost and envi-

ronmental friendliness (Kader et al., 2006; Kang et al.,

2012; Sureshkumar et al., 2015). In order to apply the

latex technology, the surface of the amphiphobic CNT

should be modified by using hydrophilic materials.

In this study, either polyvinyl pyrrolidone (PVP) or

polystyrene sulfonate (PSS) was used as the polymer to

wrap the CNT surface to impart hydrophilicity. The

amphiphilic structure of PVP molecule promotes stabili-*Corresponding author; E-mail: sjlee@suwon.ac.kr
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zation (Jung et al., 2008) while high-density negative

charge groups and aromatic structure of PSS molecule

offer functionalization (Zhang and Xu, 2014). In this

study, the matrix polymer used in the polymer/CNT nano-

composites was composed of monodisperse polystyrene

(PS) particles. The PS particles were prepared by emul-

sifier-free emulsion polymerization that is suitable to syn-

thesize monodisperse spherical particles (Reese et al.,

2000). In order to enhance the dispersibility of CNTs, PS/

CNT nanocomposites were prepared with latex technol-

ogy, and their rheological properties and electrical prop-

erties were investigated. The aqueous dispersion of CNTs

was improved by the hydrophilic polymer, PVP (Ntim et

al., 2011) or PSS (Gong et al., 2007; Zhang and Xu,

2014), and this was not covalently bonded to the CNT sur-

face.

2. Experimental

2.1. Materials
The styrene monomer to prepare the monodispersed PS

particles was purchased from Samchun Chemical (Korea)

and purified by vacuum distillation to remove inhibitors.

Distilled water and ethanol were used as dispersion media.

Potassium persulfate (KPS) used as a reaction initiator

was purchased from Sigma-Aldrich (USA). Additionally,

CNT (multiwalled CNT, NC-7000) used as a nanofiller

was purchased from Nanocyl (Belgium). Two types of

hydrophilic polymers, PSS (MW = 70,000 g/mol) and PVP

(MW = 40,000 g/mol), were purchased from Sigma-Aldrich

to improve the aqueous dispersion of CNTs. Sodium

dodecyl sulfate (SDS) was used in assisting the dispersion

of PVP molecules in distilled water and was also pur-

chased from Sigma-Aldrich.

2.2. Synthesis of PS particles
Monodisperse PS particles of submicron size were used

in the study and were prepared by emulsifier-free emul-

sion polymerization. In order to synthesize PS particles,

an aqueous initiator solution was prepared in which

0.3676 g of KPS was dissolved in 50 ml of distilled water.

Subsequently, 310 ml of distilled water, 43.2 ml of etha-

nol, 40 ml of styrene monomer, and the aqueous initiator

solution were added to a 1000 ml three neck double-jack-

eted glass reactor equipped with a reflux condenser, and

stirred at 300 rpm for 20 min. The temperature was then

increased to 70oC and stirring continued for 24 h. After

completing the reaction, the impurities were removed by

centrifugation three times with distilled water and ethanol.

2.3. Preparation of polymer-wrapped CNTs
The preparation of surface-modified CNTs with PSS

was based on an experimental procedure in previous stud-

ies (Hong et al., 2009; Zhang and Xu, 2014). Specifically,

2 g of PSS was added to 100 ml of distilled water and dis-

persed using an ultrasonic homogenizer (VC 505, Sonics)

for 30 min at a constant intensity of 20 W. Additionally,

2 g of CNT was added to the aqueous solution of PSS and

dispersed using an ultrasonic dispersing machine under

the same conditions. The solution prepared after the ultra-

sonic treatment was magnetically stirred for 24 h. After

the reaction was completed, centrifugation was performed

five times at 15,000 rpm for 15 min to remove impurities

and unreacted materials. The washed solution was quenched

with liquid nitrogen and then freeze-dried to obtain non-

aggregating PSS-CNT powder. The preparation of sur-

face-modified CNTs with PVP was performed using

O'Connell's experimental procedure (O’Connell et al.,

2001). For this, 1 g of CNT, 10 g of SDS, and 10 g of PVP

were placed in a beaker and dispersed in an ultrasonic agi-

tator (KIG-2000, Kyungill Ultrasonic) at 50oC for 12 h.

After the reaction, centrifugation was performed five

times at 11,000 rpm for 15 min to remove impurities. The

washed solution was quenched with liquid nitrogen and

then freeze-dried to obtain non-aggregating PVP-CNT

powder.

2.4. Preparation of PS/modified CNT nanocomposites
The prepared PSS-CNTs were added to distilled water

and dispersed using an ultrasonic homogenizer for 30 min

at an intensity of 20 W. The PSS-CNT aqueous dispersion

thus prepared was mixed with the previously prepared

monodisperse PS particles and further dispersed in an

ultrasonic homogenizer at an intensity of 20 W for 30 min

to prepare a homogeneous PS/PSS-CNT aqueous disper-

sion. The prepared solution was quenched with liquid

nitrogen and freeze-dried to obtain PS/PSS-CNT nano-

composite powder. The dried powder was compression-

molded for 5 min at a temperature of 180oC using a press

to prepare disc-shaped specimens with a thickness of 1

mm and a diameter of 25 mm. The rheological properties

Fig. 1. (Color online) Schematic diagram for the preparation of

PS/modified CNT nanocomposites.
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and electrical conductivity of the specimens were mea-

sured. The preparation process of the PS/PVP-CNT nano-

composites was identical to the experimental procedure

for the PS/PSS-CNT nanocomposites. Figure 1 shows a

schematic diagram illustrating the manufacturing process

of PS/CNT nanocomposites.

2.5. Characterization
The morphology of PS particles, freeze-dried PS/modi-

fied CNT nanocomposite powder, and fractured surface of

the molded specimens was observed by scanning electron

microscopy (FE-SEM: JSM 6700F, Jeol). Furthermore,

PSS-CNTs and PVP-CNTs were analyzed by thermograv-

imetric analysis (TGA: TGA400, Perkin-Elmer) to deter-

mine the weight losses of PSS and PVP. Rheological

properties of the nanocomposite specimens were analyzed

with a stress-controlled rotational rheometer (MCR 300,

Anton Paar) in a small-amplitude oscillatory shear mode

using parallel plate geometry. Frequency sweeps between

0.02 and 100 s1 were performed and the strain amplitude

was imposed as 3% in all measurements, after confirming

that the amplitude was within the linear viscoelastic range.

All measurements were conducted at a constant tempera-

ture of 210oC. Electrical properties were measured either

by a digital multimeter (Fluke 189, Fluke) or by a picoam-

meter (Keithley 6487, Keithley). After polishing the sam-

ple to eliminate the polymer-rich layer, silver electrodes

were attached on both sides, and the electrical resistance

of the sample was then measured. Electrical conductivity

of the sample was calculated from the following relation-

ship,

(1)

where  denotes the electrical conductivity,  denotes the

resistivity, d denotes the sample thickness, R denotes the

resistance, and S denotes the cross-sectional area of the

sample.

3. Results and Discussion

3.1. Morphology and characterization of materials
Monodisperse PS particles were prepared by emulsifier-

free emulsion polymerization. Figure 2 shows a SEM

image of prepared PS particles, from which the size and

dispersibility of the polymerized PS particles were eval-

uated. The PS spherical particles exhibited an average

diameter of approximately 550 nm and exhibited a near

monodisperse state.

The degree of coating of PSS and PVP used for the sur-

face modification of CNTs was analyzed by TGA. Figure

3 shows the TGA graphs to confirm the degree of coating

of PSS and PVP on CNT surface. Raw-CNT did not show

any weight loss until 600oC although pure PVP and PSS

showed weight losses of approximately 93% and 38%,

respectively. The surface-modified PVP-CNTs and PSS-

CNTs showed weight losses of 28% and 11%, respec-

tively, at 600oC. Therefore, the weights of PVP in PVP-

CNTs and PSS in PSS-CNTs were estimated as approxi-

mately 30% and 29%, respectively (Cha et al., 2016; Miao

et al., 2012).

Physical properties of the polymer nanocomposites pre-

pared by latex technology are affected by the type and

content of nanofillers, degree of dispersion, size and dis-

tribution of polymer particles, and molecular weight. The

size, distribution, and molecular weight of polymer parti-

cles are determined by the polymerization method of poly-

mer particles. Additionally, the size of PS particles is

related to the molecular weight: Increases in the particle

size decrease the smaller the molecular weight (Paine et

al., 1990). Identical PS particles with a size of 550 nm

were used in this study, and thus it is considered that the

physical properties of polymer nanocomposites are mainly

 = 1/ = d/RS

Fig. 2. SEM image of monodisperse PS particles prepared by

emulsifier-free emulsion polymerization. The scale bar denotes 1

m.

Fig. 3. (Color online) TGA graphs of raw-CNT, PVP, PVP-CNT,

PSS, and PSS-CNT.
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determined by the type and dispersion of nanofillers. Fig-

ure 4 shows SEM images of the nanocomposite powders

prepared by incorporating different types of surface-mod-

ified CNTs to PS particles. Figures 4a and 4b show the

images of the PS/PSS-CNT nanocomposite powder and

Figs. 4c and 4d show the PS/PVP-CNT nanocomposite

powder that are obtained by freeze-drying the aqueous

mixture of PS particles and modified CNTs. In the case of

the PS/PSS-CNT nanocomposite powder, the repulsion

between PSS molecules occurred due to the negative

charge groups of PSS surrounding the CNT surface (Zhang

and Xu, 2014). Therefore, aggregation due to van der

Waals force between the CNTs was prevented and aque-

ous dispersibility was improved. The PS/PVP-CNT nano-

composite powder also prevented the aggregation of

CNTs and improved aqueous dispersibility of PVP-CNTs.

The two types of nanocomposites were freeze-dried, and

thus homogeneous dispersion was possible without the

occurrence of problems including coagulation and phase

separation during the drying process. Figure 5 shows SEM

images of the low-temperature impact fractured surface of

the specimens that were prepared by hot pressing the

nanocomposite powder at 180oC. The degree of dispersion

of the modified CNTs in PS matrix after the preparation of

specimen is observed in the images of fractured surface.

As shown in Figs. 4 and 5, both PSS-CNTs and PVP-

CNTs achieve stable dispersion within the PS particles

and PS matrix.

3.2. Rheological properties
The rheological properties of polymer nanocomposites

are affected by the dispersion of nanofiller particles, and

thus rheology is used as a tool to determine the nanofiller

dispersibility in polymer matrix. Figure 6 shows the

rheological properties of PS/PSS-CNT and PS/PVP-CNT

nanocomposites measured by using disk-shaped specimens

which are prepared through compression molding. The

rheological properties were expressed as the storage

modulus (G') and complex viscosity (*) based on the

frequency (ω). When the frequency increased or nanofiller

content increased, the G' increased because the solid-like

properties of PS/CNT nanocomposites became stronger.

The * of neat PS exhibited Newtonian behavior in the

low frequency region albeit shear thinning behavior in the

high frequency region, and this corresponds to a typical

viscosity behavior of the polymer. When the content of

nanofiller increased in the low frequency region, the slope

of G' became gradually gentle, and the slope of * increased

rapidly. Furthermore, it is observed that the difference in

rheological properties in the high frequency region was

Fig. 4. SEM images of the freeze-dried PS/modified CNT nanocomposite powder: (a), (b) PS/PSS-CNT 3 wt.%; (c), (d) PS/PVP-CNT

3 wt.%. The scale bar denotes 1 m.
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not high. This is due to the high shear force in the high

frequency region, which breaks down the rheological

network structure between nanofillers and relatively reduces

the nanofiller effect when compared to the low frequency

region. As shown in Fig. 6, the storage moduli in the low

frequency region increased several hundred times with 1

wt.% addition of the nanofiller, and the increase was lower

when the content increased. This was potentially because

the rheological network was already formed with 1 wt.%

addition (Du et al., 2004; Hu et al., 2006). Therefore, the

rheological percolation threshold of PS/PSS-CNT and PS/

PVP-CNT nanocomposites was estimated to be less than

1 wt.%. The rheological properties of nanocomposites

significantly increased by the addition of a small amount

of nanofiller, and thus it is concluded that the nanofiller

exhibited excellent dispersibility in the PS matrix. Addi-

tionally, a comparison of the two nanocomposites indicates

that the rheological properties of PS/PVP-CNT nano-

composites were lower than PS/PSS-CNT counterparts.

This implies that the physical properties of the polymer

matrix deteriorated due to the use of SDS as a surfactant

in the preparation of PVP-CNT. Although the SDS

improved the dispersibility of CNT, its low molecular

weight reduced the mechanical properties of the polymer

matrix due to the plasticizing effect, thereby resulting in

deterioration of the end-use properties of polymer

nanocomposites (Kang et al., 2012). 

Figure 7 shows the log G' vs log G" graphs based on the

CNT content used in the preparation of polymer nano-

composites. The graph, called the modified Cole–Cole

plot, provides information on the microstructural changes

in the particle dispersion system with respect to the par-

ticle content (Grossiord et al., 2010). The difference in

microstructures is deduced by the shift and slope change

in the graph based on the CNT content. In the PS/PSS-

CNT and PS/PVP-CNT nanocomposites, the G' value at 1

wt.% of the nanofiller exceeded the G" value in the entire

frequency range. Thus, we can speculate that the rheolog-

ical network structure was already formed at this content,

the elastic properties increased due to the network forma-

tion of nanofillers, and the slope of the graph changed

accordingly.

3.3. Electrical properties
The electrical conductivity of nanocomposites is affected

by the type, content and dispersibility of the nanofiller.

Figure 8 shows changes in the electrical conductivity of

polymer nanocomposites based on the type and content of

CNTs. The improvement in the electrical conductivity by

the nanofiller indicates that the electrical conductivity

Fig. 5. SEM images of the fractured surface of PS/modified CNT nanocomposite specimens: (a), (b) PS/PSS-CNT 3 wt.%; (c), (d) PS/

PVP-CNT 3 wt.%. The scale bar denotes 1 m.
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increased sharply from the critical content of the nanofiller

although the neat PS exhibited a conductivity of 1011

S/m. When the content of the nanofiller continuously

increased, the degree of increase of the electric conduc-

tivity became smaller and the conductivity reached a cer-

tain value. The critical content at which the electrical

conductivity increases rapidly is termed as the electrical

percolation threshold, and the CNT forms an electrical

network in the polymer matrix to form a passage through

which electricity flows. The electrical percolation thresh-

old was determined using a power-law relation (Martins et

al., 2011).

Fig. 6. (Color online) Rheological properties of PS/modified CNT nanocomposites: (a) storage modulus G' of PS/PSS-CNT, (b)

complex viscosity * of PS/PSS-CNT, (c) storage modulus G' of PS/PVP-CNT, and (d) complex viscosity * of PS/PVP-CNT.

Fig. 7. (Color online) Storage modulus G' vs. loss modulus G'' of PS/modified CNT nanocomposites: (a) PS/PSS-CNT, (b) PS/PVP-

CNT. The dashed line represents G' = G''.
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(2)

where m denotes the mass fraction of nanofiller, mc

denotes the mass fraction of nanofiller at the electrical

percolation threshold, and b denotes the critical exponent.

By using Eq. (2), we obtained the electrical percolation

thresholds of PS/PSS-CNT and PS/PVP-CNT nanocom-

posites as 0.39 and 0.52 wt.%, respectively. In the case of

PS/PVP-CNT, the electrical conductivity was low because

the insulating PVP covered the surface of the CNT, and

thus it was difficult to form a network between CNT and

CNT. In the PS/PSS-CNT nanocomposites, the dispers-

ibility of CNTs was significantly improved by PSS which

is a hydrophilic polymer with strong negative charge

groups. Therefore, the CNT network in nanocomposites

was formed, and the CNT dispersion in aqueous phase

was significantly improved. Thus, stable dispersion was

achieved in latex blending with PS suspension and even-

tually in the polymer matrix after freeze-drying and mold-

ing. Therefore, it is considered that the PS/PSS-CNT

nanocomposites are superior to the PS/PVP-CNT coun-

terparts and exhibit well-balanced excellent rheological

properties and electrical properties.

4. Conclusions

The rheological properties and electrical properties of

polymer nanocomposites incorporated by surface-modi-

fied CNTs with two types of hydrophilic polymers (PVP

and PSS) to the PS matrix were investigated. The polymer

nanocomposites were prepared by latex technology of

mixing PS particles and the modified CNTs. Monodisperse

PS particles were synthesized by emulsifier-free emulsion

polymerization. In the PS nanocomposites, both PSS-

CNTs and PVP-CNTs were stably dispersed in the poly-

mer matrix, thereby resulting in a significant increase in

rheological properties at low frequencies. Furthermore,

the rheological properties of the nanocomposite were dra-

matically increased at 1 wt.%, thereby indicating that the

critical point of the rheological network of the nanocom-

posites was less than 1 wt.%. A comparison of the elec-

trical conductivity of the two polymer nanocomposites

indicated that PS/PVP-CNT nanocomposites were less

effective in improving the conductivity due to the insu-

lating nature of PVP. The PS/PSS-CNT nanocomposites

exhibited excellent rheological properties and electrical

conductivity due to the hydrophilic nature of PSS with

strong negative charge groups. The electrical percolation

thresholds of PS/PSS-CNT and PS/PVP-CNT nanocom-

posites corresponded to 0.39 and 0.52 wt.%, respectively.
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