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In this work, nanocomposites of polypropylene (PP)/polystyrene (PS)/multi-walled carbon nanotube
(MWCNT) were prepared by the sonochemical polymerization of styrene in the presence of PP and
MWCNT. This procedure offered a composite (PP-g-PS/MWCNT) having a unique phase structure in
which MWCNTs are distributed in both phases of PP and PS, which is contrary to the typical observations
in the composites made by the melt blending process (PP/PS/MWCNT) where MWCNTs are preferentially
located in PS phase. It is shown that the PP-g-PS/MWCNT samples exhibit a strong solid-like behavior and
viscosity upturn at a low-frequency range whose extent increases with MWCNTs content, while such fea-
tures are not significant in the case of PP/PS/MWCNT. In addition, it is demonstrated that the storage mod-
ulus measured from dynamic mechanical analysis and electrical conductivity of PP-g-PS/MWCNT are also
superior to those of PP/PS/MWCNT at the same loadings of MWCNTs, which can be attributed to the state
of MWCNTs dispersion and their localization behavior in the biphasic systems of PP and PS.
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1. Introduction

PP (polypropylene) and PS (polystyrene) belong to the

class of major thermoplastics which have been extensively

used in a variety of commodity products. Besides the indi-

vidual production and application of PP and PS, blends of

the two also have attracted much attention in view of ame-

liorating the drawbacks of each component such as the

lack of rigidity of PP and inherent brittleness of PS. Addi-

tional interest on this blend is associated with the potential

to recycle the large-volume waste. Owing to the incom-

patibility between PP and PS, it is imperative that com-

patibilization of the component polymers be adequately

conducted to achieve the desired performance and

mechanical properties of the PP/PS blends. A typical com-

patibilizer includes the block copolymer of styrenics and

polyolefins such as SBS (styrene-b-butadiene-b-styrene),

SEBS (styrene-b-ethylene butylene-b-styrene), SEP (sty-

rene-b-ethylene/propylene) (Hlavatá et al., 2004; Radonjic

and Musil, 2003; Zhao et al., 2018). The reactive com-

patibilization would also be a viable choice if the func-

tionalization of each component is properly done with

mutually reactive ingredients. By doing so, the graft or

block copolymers of PP and PS are generated during the

blending process, which then act as effective compatibi-

lizers of the system. The numerous strategies for the reac-

tive compatibilization of various polymer blends are well

documented in a book by Baker et al. (2001).

In a previous study (Kim et al., 2001), in-situ compat-

ibilization of PP and PS was achieved by synthesizing the

graft copolymer of PP and PS via sonochemical method.

Compared to the above-mentioned routes for the compat-

ibilization of immiscible polymer blends, the sonochemi-

cal approach has been recognized as relatively simple and

efficient (Choi et al., 2007; Price and West, 1996). This is

mainly because of the fact that the copolymers of the

given pair are readily formed by the combination of mac-

roradiclas which are the products of the sonochemical

cleavage of polymer chains without prior functionalization

of the polymers under consideration. In this study, we con-

ducted the sonochemical polymerization of styrene in the

presence of PP and MWCNT in an attempt to improve the

mechanical and electrical properties of PP/PS blend. A

major focus was to investigate the phase structure, partic-

ularly the location of MWCNTs in the phases of PP and

PS, and rheological properties of the composites based on

PP, PS, and MWCNT.

2. Experimental

2.1. Materials and sample preparation
PP used in this study was a commercial product (HJ500)

produced by Hanwha Total of Korea with a melt index of

11 (230℃, 2.16 kg). PS was provided by LG Chem of

Korea under the trade name of 20 HRE. The number aver-

age molecular weight (Mn) of the PS is about 93,000 with

a polydispersity of 2.2. Styrene monomer (Samchun

Chemicals) was washed with 10% NaOH three times to

remove the inhibitor before polymerization. MWCNT was*Corresponding author; E-mail: hkim@dku.edu
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NC 7000 (diameter = 9.5 nm, length = 1.5 μm) purchased

from Nanocyl. The solvent used for the etching PS was

THF, purchased from Sigma-Aldrich and used without

purification.

Before the polymerization, PP (5 g) and styrene (200

mL) were mixed with a magnetic stirrer for 10 min at

140℃. The amounts of MWCNT added to the mixture

were 0.05 g and 0.1 g. The mixture was cooled to 60℃

and irradiated in a probe batch reactor, where a horn type

sonicator (Sonics & Materials, Inc., VCX 600) was used.

The reactor was purged with Ar gas for 10 min before the

reaction and sealed with an O-ring to tightly place the

ultrasonic horn in the reactor. The sonicator was operated

at 375 W by using 20 kHz of ultrasound in the on-to-off

inteval of 7 to 3 s. The temperature of the reaction medium

was measured with a thermocouple and the sonication

time was limited as 40 min to maintain the reaction tem-

perature below the boiling point of styrene monomer

(145℃). After the polymerization, THF (400 mL) was

poured to the reactor to dissolve the unreacted styrene.

The sample was filtered and dried in a vacuum oven over-

night at 80℃ prior to the subsequent experiments. In this

way, we were able to obtain 8.18 g of product (designated

as PP-g-PS/MWCNT hereafter), in which the weight ratio

of PP/PS was measured as 61/39 and the corresponding

composites contained 0.6 and 1.2 wt.% of MWCNT,

respectively. 

Compounding of PP, PS, and MWCNT was conducted

to produce melt blended composites (designated as PP/PS/

MWCNT hereafter) on a twin screw extruder (Technovel,

diameter = 15 mm, L/D = 60). The barrel temperatures of

the extruder were set at a temperature of 220℃, except the

feed zone where the barrel temperature was set at 240℃.

The screw speed was set at 200 RPM. In each case, the

materials were dried for 24 hrs in an oven at 80℃ and

blended prior to feeding. The polymers and MWCNT

were fed simultaneously to the hopper at a rate of 1.5 kg/

hr using a loss-in-weight feeder. The composition of the

PP/PS was fixed at 60/40 and the contents of MWCNT

were 0.6 and 1.2 wt.%, respectively.

For the measurement of rheological properties, samples

obtained from the synthesis and extrusion were compres-

sion molded to produce disk-shaped specimens with 2.5

mm in thickness and 25 mm in diameter. To measure the

electrical property, the sheets of 0.2 mm thickness were

prepared by compressing the disks by hot press (Carber

Laboratory Press) at 220℃ and at 85 kN.

2.2 Measurements
A polarized microscopy (Olympus, BX51-75E21PO)

was used to examine the phase behavior of PP/styrene (5

g/200 mL) mixture. A small amount of the sample was

placed between the slide glasses and the specimen was

observed at a magnification of 200X on the hot stage

(Mettler Toledo) as the temperature was increased from

25℃ to 150℃ at a heating rate of 5℃/min. The details of

phase morphology indicating the state of dispersion and

location of MWCNT in PP/PS were investigated by a field

emission scanning electron microscope (FE-SEM, Carl

Zeiss, Supra 55) and a field emission transmission elec-

tron microscope (FE-TEM, JEOL JEM-2100F). In order

to clearly distinguish the phases in SEM, PS was selec-

tively etched by immersing the fractured specimen in THF

for 24 hr and the etched surface of the samples was coated

with gold using a sputter coater under argon gas atmo-

sphere. Prior to TEM observation, the ultra-thin sections

of approximately 75-90 nm thickness were prepared at

room temperature in the ultramicrotome system (PT PC

Ultramicrotome & Photographic). A plate-plate type rota-

tional rheometer (Anton Paar, MCR500) was used to mea-

sure the storage modulus (G'), the loss modulus (G'') and

the complex viscosity (*) of the composites. Frequency

sweep was done at 220℃ with a frequency range of 0.1-

100 rad/s. The gap size of the plates was 2 mm and the

strain was kept at 1% to ensure linear viscoelasticity.

Dynamic mechanical analyzer (DMA, TA, Q800) was

employed to evaluate the storage moduli of the compos-

ites as a function of temperature at a frequency of 1 Hz.

The dimension of the DMA specimen was 59.7 mm ×

12.8 mm × 3.2 mm. Differential scanning calorimeter (DSC,

TA, Q20) was used to investigate the melting behavior of

PP in styrene. The temperature was increased from 25℃

to 140℃ at a heating rate of 5℃/min.

The volume resistivity of the composites was measured

at 25℃ in a four-point test fixture embedded in Advanced

Instrument Technology CMT-100S. The reported values

represent the mean of 5 different locations, where the stan-

dard deviation relative to the mean value was less than

10%. 

3. Results and Discussions

Before the detail discussions on PP/PS/MWNT are given,

it is worth mentioning here that in PP/styrene, styrene acts

as both the solvent and the polymerizable monomer.

During the polymerization of styrene with PP, it was

found that the heterogeneous mixture of PP/styrene

becomes homogeneous as the temperature of the system

increased by heat of polymerization (Miwa et al., 1999;

Kim et al., 2001). Here, such behavior is investigated in

detail by using the hot stage microscopy and the results

are displayed in Fig. 1. At the early stage of observation,

it appears that the mixture exists as a suspension of PP

particles in the styrene medium. As the temperature is

increased, the particle size is decreased and an evident

change in the phase structure is observed at a temperature

of 145℃, where solid particles of PP are completely

melted and are converted into the droplets in styrene
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medium. It is important to note that the melting and sol-

vation of PP in styrene are promoted below the melting

temperature of commercial PP that ranges from 160 to

166℃. This is, no doubt, ascribed to the favorable inter-

action between PP and styrene. The observed phase

behavior of PP/styrene is further confirmed by DSC anal-

ysis. As shown in Fig. 2, the melting temperature of PP is

significantly lowered in styrene medium and multiple

melting peaks starting from 120℃ are detected. Based on

this feature, the copolymerization of PP and styrene can

proceed in a more uniform state. Furthermore, we can

expect the enhanced dispersion of MWNT in the mixed

matrix PP and PS (which will be formed later by the

polymerization of styrene), mainly because of the effec-

tive transfer of ultrasound in the much less viscous system

containing styrene monomers.

The morphology of the PP-g-PS/MWCNT and PP/PS/

MWCNT with the same loading of 0.6 wt.% MWCNT is

displayed in Fig. 3. Each sample was investigated after

annealing the specimen for 20 min at 220℃. In the case

of PP-g-PS/MWCNT, the largest domain size of PS is

around 2 μm in diameter, and numerous domains of less

than 1 μm are also observed. By contrast, the PS domain

sizes in PP/PS/MWCNT are mostly larger than 2 μm,

which reflects the coalescence of domains typically pro-

moted during annealing of immiscible polymer blends. It

is worthy to note that the average domain size of PP-g-PS/

MWCNT is smaller than that of PP/PS/MWCNT, despite

the similar ratios of PP and PS. Obviously, such difference

is ascribed to the enhanced compatibility of PP and PS in

PP-g-PS/MWCNT system which is ensured by their copo-

lymers formed during the sonochemical polymerization of

styrene with PP (Kim et al., 2001). Another important

aspect of morphology shown in Fig. 3 is that the remark-

able difference in the location of MWCNTs in the com-

posites is found between PP-g-PS/MWCNT and PP/PS/

MWCNT. While the agglomerates of MWCNTs are found

inside the etched region of PS domains in PP/PS/

MWCNT (Fig. 3d), MWCNTs can be found in the intact

PP phase of PP-g-PS/MWCNT (Fig. 3b). This leads to the

important consequence in the rheological and electrical

properties of PP-g-PS/MWCNT composite, as discussed

later.

It is widely recognized that the location of nano-fillers

or particles in immiscible polymer blends is well described

by the estimation of wetting coefficients (ωa, Sumita et al.,

1991) as adapted here for MWCNT in the phases of PP

and PS: 

, (1)

where  denotes the interfacial tension between the com-

ponents. It has been reported that ωa for MWCNT in the

blend of PP and PS is greater than 1.0, which implies that

MWCNTs prefer to be located in PS phase because of the

greater affinity of MWCNT toward PS than PP (Otero-

Navas et al., 2017). The location of MWCNT in PP/PS

(Fig. 3d) is in accordance with the prediction of ωa for

a = 
MWCNT PP–

MWCNT PS–

–

PP PS–

-----------------------------------------------------

Fig. 1. (Color online) Hot stage microscopy of PP/styrene mix-

ture for various temperatures.

Fig. 2. (Color online) DSC thermogram of PP/styrene.
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MWCNT and the experimental observation made by

Otero-Navas et al., while the phase structure of PP-g-PS/

MWCNT shown in the Fig. 4 is inconsistent with their

findings, indicating that the surface properties of MWCNTs

were changed during the sonochemical polymerization

process. It is important to note that the grafting reaction of

PP or PS radicals (these are mainly produced by the sono-

chemical cleavage of polymer chains) onto the MWCNT

surface is highly likely due to the abundant π electrons

within the conjugated structure of the carbon nanotubes.

Accordingly, MWCNTs were located in both phases of PP

and PS; otherwise, the nanotubes would have resided

exclusively in the PS phase, as stated above.

Figures 5 and 6 show the rheological properties of PP-

g-PS/MWCNT and PP/PS/MWCNT composites at two

different loadings of MWCNTs, 0.6 and 1.2 wt.%. Data

for PP-g-PS and PP/PS without MWCNT are also included

in the figures for comparison. It can be clearly seen that

the PP-g-PS/MWCNT samples exhibit a strong solid-like

behavior and viscosity upturn at a low-frequency range

whose extent increases with MWCNTs content, while

such features are not significant in the case of PP/PS/

MWCNT. The low-frequency solid-like response of poly-

mer nanocomposites is known to be an indication of three-

dimensional physical networks formed between particle-

particle and/or particle–matrix, whose extent is deter-

mined by the degree of dispersion and concentration of

MWCNTs (Chatterjee and Krishnamoorti, 2013; Rostami

et al., 2016). The trends revealed in Figs. 5 and 6 are

strongly associated with the location of MWCNTs in the

Fig. 3. SEM images of the composites with 0.6 wt.% MWCNT. (a) and (b) PP-g-PS, (c) and (d) PP/PS (Samples were etched by THF

after annealed for 20 min at 220℃)

Fig. 4. TEM image of PP-g-PS/MWCNT composite. (MWCNT

content = 0.6 wt.%)
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biphasic system of PP and PS. It has been revealed that

the aforementioned rheological response is only intensi-

fied for samples in which the nanofillers are mainly local-

ized in the matrix of MWCNTs-containing immiscible

polymer systems (Cardinaud and McNally, 2013; Martins

et al., 2013, Rostami et al., 2016; 2018). In other words,

the localization of MWCNTs in the dispersed phase has

little effect on the storage modulus at low frequencies. The

same notion is pertinent here. Since MWCNTs are also

located in the PP matrix of PP-g-PS/MWCNT, the greater

influence of MWCNTs content on the rheological prop-

erties of PP-g-PS can be realized; for example, the storage

moduli of the composites are more than 10 times higher

than those of PP-g-PS, whereas the MWCNT induced

increases of melt viscosity and storage modulus are only

marginal in the case of PP/PS. Of course, the degree of

MWCNTs dispersions affects the rheological responses of

the composites; MWCNTs are better dispersed in PP-g-PS

than PP/PS, which also leads to the greater increase of

complex viscosity and storage modulus of PP-g-PS/MWCNT.

Along with the rheological properties of the composites

shown in Figs. 5 and 6, it is consistently observed that the

storage moduli of PP-g-PS/MWCNT measured from

dynamic mechanical analysis are superior to those of PP/

PS/MWCNT in all temperature ranges, as seen in Fig. 7.

Little difference in the moduli of the latter is found regard-

less of the MWCNTs content, while the moduli of the for-

mer are increased by the higher loading of MWCNTs.

The state of MWCNTs dispersion and their location in

the biphasic system of PP and PS are also correlated to the

Fig. 5. The effect of MWCNTs content on the complex viscosity

of PP-g-PS and PP/PS at 220℃.

Fig. 6. The effect of MWCNTs content on the storage modulus

of PP-g-PS and PP/PS at 220℃.

Fig. 7. Effect of MWCNTs content on the storage modulus of

PP-g-PS and PP/PS in dynamic mechanical analysis at 1 Hz.

Fig. 8. Effect of MWCNTs content on the electrical conductiv-

ities of PP-g-PS/MWCNT and PP/PS/MWCNT.
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electrical properties of the composites. In the case of PP-

g-PS/MWCNT where MWCNTs are better dispersed and

located in the PP phase, the electrical conductivity is supe-

rior to PP/PS/MWCNT at the same loading of MWCNTs,

as displayed in Fig. 8.

4. Conclusions

In this study, the composites of PP, PS, and MWCNT

were prepared by the sonochemical polymerization of sty-

rene with PP and MWCNTs. The localization of MWCNTs

in the composites was investigated and compared with

those produced by the melt compounding process. It was

shown that the rheological properties of the composites

based on MWCNT, PP, and PS are very sensitive to their

microstructure, including the state of dispersion and the

localization of MWCNTs in the component polymers. It

was found that MWCNTs are located in both phases of PP

and PS in the composite made by sonochemical method

(PP-g-PS/MWCNT), presumably due to the modification

of MWCNT surface by grafted chains of PP and PS, while

they are selectively localized in PS domains of the melt

blended PP/PS/MWCNT composites in accordance with

the wetting coefficient criteria. To ensure sufficient improve-

ments in mechanical and electrical properties of MWCNTs-

containing immiscible polymer systems of PP and PS,

MWCNTs must be included in the PP phase when it con-

stitutes the matrix.
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