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ABSTRACT

Despite the great potential of graphene as a nanofiller, achieving homogeneous dispersion remains the key challenge 
for effectively reinforcing polyolefin (such as polyethylene (PE) and polypropylene (PP)) nanocomposites. 

Therefore, in this research, we report a facile combined in situ polymerization and masterbatch method for fabricating 
PP/reduced graphene oxide (rGO) nanocomposites. In the polymerization stage, the synthesized catalyst exhibited 
a very high activity toward propylene polymerization, while the resultant PP/rGO with a very high isotactic index 
(I.I. = 99.3), broad molecular weight distribution (Mw/Mn = 14.9), and thermal stability was produced. After melt-
blending with commercial PP, a significantly increased modulus along with no observable change in tensile strength 
and elongation-at-break were achieved via the addition of a very small amount of rGO; these properties resulted from 
the suitable dispersion and good interface adhesion of the graphene sheet and PP matrix. Thus, this work provides a 
method for production of high performance PP. Polyolefins J (2017) 4: 69-77
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INTRODUCTION

Polypropylene (PP) is one of the most widely used 
commercial polymers in many applications because 
of its cost-effectiveness in addition to its intrinsic 
properties of low density, high stiffness, and good tensile 
strength[1-3]. However, for advanced applications, 
physicochemical properties of PP need further 
improvement. Thus, the study of PP nanocomposites 
has attracted considerable attention especially 

regarding nanocomposites containing carbon additives 
(e.g., graphene and carbon nanotubes) because of their 
enhanced characteristics such as mechanical properties, 
thermal stability, flame resistance, and thermal and 
electrical conductivities[4-8].

Although the dispersion of graphene into polar 
polymers has been successfully achieved [9-15], 
the synthesis of graphene-reinforced polymer 
nanocomposites is challenging and has resulted in 
well-dispersed graphene fillers for non-polar polyolefin 
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matrices, especially polyolefin products such as 
polyethylene (PE) and PP. While the performance 
conferred by these fillers can only be achieved when 
they are homogeneously dispersed, strong interfacial 
adhesion between the fillers and polymer matrices 
has been realized [16,17]. As for preparation of 
polyolefin-based nanocomposites, several groups 
have used graphene and graphite prototypes as starting 
materials because the poor dispersion of fillers (or 
their weak adhesion) resulted in only a limited degree 
of physicochemical property improvement[18-20]. 
For example, Mülhaupt et al.[21] reported a one-step 
mechanochemical process to prepare polyethylene/
graphene nanocomposites in which the graphene 
exhibited a markedly improved modulus (only at 
a high graphene loading (5 wt%)) and losses in 
elongation-at-break. Similar results obtained for PE/
graphene prepared by a melt compounding method 
were reported by Wong et al. [22]. The development 
of polymer nanocomposites must be concerned 
with maintaining a high level of stiffness-toughness 
balance because it is the goal of high-performance 
general plastics for engineering purposes.

Therefore, in this research, we report a facile 
combination of in situ polymerization and masterbatch 
method for fabricating one of the most rapidly 
developing plastic-PP/ reduced graphene oxide 
(rGO) nanocomposites. This study shows a simplistic 
technique that can be used to optimize the stiffness-
toughness behavior of PP by incorporating a very 
small amount of rGO sheets.

EXPERIMENTAL

Materials
Expanded graphite (Timcal Graphite & Carbon, 
Switzerland, <100 μm, 99.9%), H2SO4 (95%), HCl 
(37%), H2O2 (28%; Duk San Chemical Co.), sodium 
nitrate (Dae Jung Co.), n-butylmagnesium chloride 
(BuMgCl in THF, Sigma-Aldrich) triethylaluminium 
(TEA, Tosoh Akzo, Japan), titanium tetrachloride 
(TiCl4, Sigma Aldrich, US), and potassium 
permanganate (Sigma Aldrich, US, >99.0%) were 
used as received. Diisobutylphthalate (DIBP) and 
diethylsuccinate (DS) were purchased from Sigma-
Aldrich Co. Cyclohexylmethyldimethoxysilane 
(C-donor) and dicyclopentyldimethoxysilane 
(D-donor) were provided by Samsung Total 

Petrochemicals Co., Ltd., Korea. Polymerization 
grade propylene and polypropylene (HJ4006) were 
provided by Korea Petrochemical Ind. Co., Ltd., 
Korea. n-Hexane and THF were distilled from sodium/
benzophenone under nitrogen prior to use.

Preparation of graphene oxide-supported Ziegler-
Natta catalysts
GO was prepared from expanded graphite using the 
Hummers' oxidation method [23,24]. BuMgCl (1.25 
mol) in THF was added dropwise to a THF suspension 
(1.5 L) containing GO (1.0 g). After the reaction 
proceeded for 12 h at reflux temperature (80°C), the 
excess Grignard reagent was filtered, and the solid 
was subsequently washed with THF and n-hexane 
five times. The resultant GO/BuMgCl support was 
suspended in 500 mL n-hexane under ultrasonication 
for 10 min. Then, the internal donor (DIBP or DS, [Mg]/
[ID] = 8) was added to the suspension. Afterwards, 
TiCl4 (20 mL) was added dropwise to the suspension 
of GO/BuMgCl/Donor at 0°C. The temperature was 
then increased to 80°C, and the mixture was stirred for 
4 h. The mixture was filtered to remove the unreacted 
TiCl4, and a second round of TiCl4 (20 mL) was 
charged into the reactor. The reaction was completed 
after stirring for 4 h at 80°C. The reaction mixture 
was filtered, and the solid was washed several times 
with hot n-hexane. The resultant powdery product 
was dried under vacuum at 60°C for 3 h. The GO/
BuMgCl/TiCl4, GO/BuMgCl/DIBP/TiCl4, and GO/
BuMgCl/DS/TiCl4 catalysts were renamed as CAT-1, 
CAT-2, and CAT-3, respectively.

In situ polymerization and masterbatch method
The polymerization was performed in a 300-mL glass 
reactor equipped with a magnetic stirring bar. The 
reactor was back-filled three times with nitrogen and 
charged with the required amount of n-hexane. At 
the stipulated temperature, the reaction solution was 
stirred under 1 atm of propylene for the desired period 
of time, and then the cocatalyst (TEA) was added 
to the reactor. After cocatalyst addition, the external 
donor and catalyst were injected separately, and 
polymerization with a continuous feed of propylene 
was started. The propylene pressure was kept constant 
throughout the polymerization through the use of a 
bubbler. After 2 h, the polymerization was terminated 
by adding 10% HCl-methanol solution. The mixture 
was poured into methanol (500 mL) to precipitate 
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the polymer and then dried under vacuum at 60°C to 
constant weight. The resultant PP/GO powders were 
named as PP/rGO masterbatch. Then, the PP/GO 
masterbatch was blended with commercial PP using a 
twin screw mixer (Plasticoder PLE331, Brabender) at 
230°C and 100 rpm for 5 min.

Characterization
The Mg and Ti content of the catalyst was determined 
using inductively coupled plasma atomic emission 
spectroscopy (ICP, PerkinElmer, Optima 7300DV). 
The chemical structure of the catalyst was examined 
using Fourier transform infrared (FTIR) spectroscopy 
(Jasco 4100, Japan).

The polymer product was fractionated by extraction 
with boiling n-heptane for 12 h to determine the 
isotactic index (I.I.). The I.I. values were reported for 
each sample as the weight percentage of insoluble 
parts of n-heptane.

The melting temperature (Tm) of the obtained PP was 
determined using differential scanning calorimetry 
(DSC, DSC131evo, Setaram) at a heating rate of 10°C/
min. The sample was heated to 200°C and held in a 
molten state for 3 min to eliminate the influence of the 
thermal history. The PP melt was cooled to 30°C at a 
rate of 10°C/min. The melting point was determined in 
the second scan. Decomposition temperature analysis 
was conducted under a nitrogen atmosphere using a 
thermogravimetric analyzer (TGA, Setaram Labsys 
evo) with a programmed heating rate of 10°C/min 
from 30 to 800°C. The molecular weight and molecular 
weight distribution (MWD) of PP were determined 
by high temperature gel permeation chromatography 
(GPC, PL GPC-220) with 1, 2, 4-trichlorobenzene as 
the solvent at 135°C. The mechanical properties of 
the PP and PP/rGO nanocomposites were determined 
using a universal testing machine (Instron M4465) 
according to ASTM D882.

RESULTS AND DISCUSSION

The components of the catalysts were evaluated using 
FTIR spectroscopy to confirm the catalyst structures 
and to clarify the interactions among the components. 
The spectra are given in the Supporting Information 
(Figure S1).

The treatment of GO with BuMgCl can lead to the 

formation of –O–Mg–Cl groups (1650 cm-1) [25,26]. 
After treatment with BuMgCl, the C=O stretching 
vibration at 1720 cm-1 and the OH deformation band 
at 1409 cm-1 in GO disappeared. A peak at 1060 cm-1 
attributed to C–O stretching, which was indicative of 
a chemical reaction between GO and BuMgCl, was 
observed.

The structures of the CAT-2 and CAT-3 catalysts 
were also investigated with FTIR spectroscopy 
(Figures S2 and S3). A C=O peak for GO/BuMgCl/
DIBP and GO/BuMgCl/DS appeared at 1704 cm-1 
and 1720 cm-1 from the MgCl-DIBP and MgCl-DS 
complexes, respectively[27,28]. After treatment with 
TiCl4, the carbonyl peak shifted to 1690 cm-1, which 
indicated interaction between the internal donor and 
TiCl4.

The GO and GO/BuMgCl were further characterized 
by Raman analysis, and the spectra are shown in Figure 
1. GO displayed a D-band at 1340 cm-1 and a G-band 
at 1580 cm-1. According to Ruoff et al.[29] the D-band 
is from the structural imperfections created by the 
attachment of hydroxyl and epoxide groups, whereas 
the G band represents the sp2 carbon structures. The 
D/G intensity ratios increased with the introduction of 
BuMgCl. This indicated that considerable numbers of 
small graphitic domains were created because of the 
BuMgCl treatment. Accordingly, the GO was reduced 
during the reaction with BuMgCl [30]. The same 
phenomena were also observed by other researchers 

Figure 1. Raman spectra of GO and GO/BuMgCl.
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[31]. Therefore, the PP/rGO masterbatch could 
be directly obtained through an in situ propylene 
polymerization with the GO/BuMgCl-supported Ti-
based catalyst[31].

The performance of the synthesized GO/BuMgCl-
supported catalyst for propylene polymerization was 
evaluated after activation with the TEA cocatalyst in 
the absence and presence of an external donor. The 
polymerization results are summarized in Table 1. The 
catalyst activity of CAT-1, CAT-2, and CAT-3 in the 
absence of an external donor were 2.1, 2.5, and 2.2  
kg/g Ti•h, respectively. After the addition of an external 
donor (C-donor or D-donor), the catalyst activities 
drastically decreased. The decreased catalytic activity 
could be ascribed to the positioning of the non-
stereospecific sites of the catalysts [32]. Therefore, the 
PP obtained in the presence of internal and/or external 
donors exhibited a very high I.I. value. Interestingly, 
the I.I. value of PP obtained from CAT-3 in the presence 
of the C-donor was as high as 99.3 wt%. All of the 

resultant PP/rGO products were characterized by DSC 
and GPC. As shown in Table 1, the Tm of the obtained 
PP was in the range of 157.3–162.2°C and increased 
upon the addition of an external donor. In addition, 
the DSC traces were generally smooth curves with 
relatively sharp endothermic peaks, thus, reflecting 
the overall homogeneity of the PP. The molecular 
weight of PP was increased with the introduction of 
Lewis bases (internal donor and external donor). This 
phenomenon could correspond to the introduction of 
external donor leading to an increase in isotactic PP 
yield, as it is well known that the isotactic polymer has 
a higher molecular weight than atactic polymer in the 
heterogeneous Ziegler-Natta catalyst system [32-35]. 
The molecular weight distribution (Mw/Mn) of PP was 
significantly influenced by the structure of the internal 
and/or external donors. In this work, the Mw/Mn of PP 
was in the range of 7.6 to 15.6, which was influenced  
by changing the internal and external donors (Figure 2).

In Figure 3, the XRD patterns of GO, PP/rGO 

Table 1. Effects of donor (internal donor and external donor) on catalytic performance and properties of the obtained products(a).

Catalysts ED    Activity
(kgPP/g Ti.h)

I.I
(wt%)

Tm

(°C)
Tc

(°C)
Mw

(×10-4g/mol) Mw/Mn

CAT-1
-

C-donor
D-donor

2.1
0.9
1.0

66.1
92.2
91.2

157.3
162.0
162.2

114.5
123.6
122.7

11.9
26.9
22.0

10.9
8.4
9.2

CAT-2
-

C-donor
D-donor

2.5
1.3
1.4

85.8
98.2
99.1

158.2
159.7
161.0

113.4
117.7
120.1

27.1
51.4
60.0

14.9
7.6
11.2

CAT-3
-

C-donor
D-donor

2.2
1.7
1.7

86.7
99.3
98.3

158.2
159.9
161.0

117.6
120.1
120.7

32.6
53.0
46.4

15.6
9.3
11.2

(a) Polymerization conditions: 40 mg catalyst, [Al]/[Ti] = 200, [ED]/[Al] = 0.1, atmosphere pressure, 40 °C, 2 h

Figure 2. GPC curves of PP obtained with (a) CAT-1, (b) CAT-2 and (c) CAT-3.
  (a)     (b)            (c)
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masterbatch that obtained from CAT-2 in the presence 
of D-donor and PP are compared. The XRD pattern of 
GO shows a broad, tall peak at approximately 12.1º, 
which is the characteristic peak of GO, corresponding 
to a d-spacing of approximately 0.73 nm. The larger 
interlayer spacing than that of graphite (~0.34 nm) is 
attributable to the presence of functional groups. It 
was also found that PP and PP/rGO masterbatch are 
characterized by diffraction peaks at 2θ =14.1°, 16.9°, 
18.5°, 21.3°, and 21.9° associated with the (110), (040), 
(130), (111), and (041) reflections. No conspicuous 
diffraction peaks are observed except the crystalline 
diffraction peaks of the PP matrix, indicating that no 
significant stacking of GO sheets occurs in PP/rGO 
masterbatch.

The PP/rGO masterbatch obtained from CAT-2 in 
the presence of the D-donor was subsequently melt 
blended with commercial PP to fabricate the PP/
rGO nanocoposites with different rGO loadings. 

For comparison, PP nanocomposites containing 
dispersed thermally expanded graphite (TEG) were 
prepared by melt mixing too. The effect of rGO and 
TEG on the crystallization of PP was investigated by 
DSC. As shown in Table 2, the Tm of pristine PP was 
162.4°C. With the introduction of rGO or TEG, the Tm 
increased. Additionally, compared with neat PP, the 
non-isothermal crystallization peak temperature (Tc) 
increased with the addition of rGO or TEG, which 
demonstrated that the rGO and TEG nanoplatelets 
could act as nucleating agents. The crystallinity of PP 
and its nanocomposites were also calculated by DSC. 
Upon increase in graphene content, a slightly increase 
in the crystallinity of PP was observed. Fu et al. [36] 
also observed the same phenomenon for PP/exfoliated 
graphene nanocomposites.

The mechanical properties of the prepared PP-
based nanocomposites were examined at room 
temperature. Figure 4 shows the relationship between 
the nanocomposite mechanical properties and the 
rGO content. The addition of even small amounts 
of rGO to the PP matrix significantly improved the 
mechanical properties. The addition of only 0.1 wt% 
GO resulted in an increase in the modulus of about 
30% compared with that of commercial PP without 
a tensile strength reduction. This increase in the 
modulus was attributed to the reinforcement of the 
nanocomposite by the rGO sheets. Compared with 
commercial PP, all of the PP/rGO nanocomposites 
in which the GO was well dispersed showed clear 
increases. Upon dispersion of 1.0 wt% rGO into PP, 
the PP/rGO nanocomposites were black in color and 
completely opaque, whereas the PP/rGO samples 
were light gray at the lowest rGO content of 0.1 wt%. 
With regard to the rGO content greater than 0.2 wt%, 
the modulus of the commercial PP was improved 
approximately 30% with almost no change in tensile 
strength and elongation-at-break. For the results of the 

Table 2. Thermal and mechanical properties of PP nanocomposites at various filler content.

Sample GO, TEG
content (wt%)

Tm

(°C)
Tc

(°C)
Modulus

(MPa)
Tensile

strength (MPa)
Elongation-
at-break (%)

PP
PP-rGO0.1
PP-rGO0.2
PP-rGO0.5
PP-rGO1.0

-
0.1
0.2
0.5
1.0

162.4
163.7
164.4
165.4
162.7

119.4
120.7
125.8
127.2
122.0

180±30
230±30
230±30
230±30
230±30

32±3
33±3
32±3
33±3
32±3

1040±100
600±100
1030±200
1050±200
1030±200

PP-TEG0.1
PP-TEG0.5
PP-TEG1.0

0.1
0.5
1.0

163.4
164.0
163.6

122.0
123.1
124.2

200±50
225±50
245±50

35±3
34±3
32±3

20±5
15±5
15±5

Figure 3. XRD curves of GO, PP/rGO masterbatch and PP.
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PP/TEG samples, although the modulus and tensile 
strength were improved with the introduction of TEG, 
the elongation-at-break drastically reduced to <2% 
of the original PP value. The above results indicated 
that the PP/rGO nanocomposites obtained by the 
combined in situ polymerization with masterbatch 
method had a remarkable stiffness-toughness balance. 
We suggested that the excellent physical properties 
could be dependent on the suitable dispersion and 
strong interfacial adhesion between the rGO and PP 
matrix.

The thermal stability of a polymeric material is 
important because it is often the limiting factor in 
both processing and end-use applications. The thermal 
degradation of PP and PP/rGO nanocomposites with 
different weight fractions of rGO was determined 
from their weight losses during heating under a 
nitrogen atmosphere. The temperatures for 5% 
weight losses (Td5%) and the char yields (%) were 
obtained from the data presented in Figure 5, and 
the results are summarized in Table 3. All of the 
TGA curves exhibited a single degradation. The 
degradation temperature at 5 wt% loss of the PP/rGO 
nanocomposites was 412.7°C, 418.4°C, 420.7°C, 
and 423.1°C for 0.1 wt%, 0.2 wt%, 0.5 wt%, and 
1.0 wt% rGO, respectively. Though the degradation 
temperature at 5 wt% loss of the commercial PP and 
PP/rGO masterbatch was 369.3°C and 433.8 °C, 
respectively. The improvement in thermal stability of 
PP in the presence of rGO was attributed to the great 

Figure 4. Modulus and elongation-at-break of the (a) PP/
rGO and (b) PP/TEG nanocomposites.

(a)

(b)

Table 3. Thermal stabilities of PP and PP/rGO 
nanocomposites at various rGO content.

Sample rGO content 
(wt%)

Weight loss
(5 wt%, °C)

Char yield 
(wt%)

PP
PP/rGO 
Masterbatch
PP-rGO0.1
PP-rGO0.2
PP-rGO0.5
PP-rGO1.0

-
3.2

0.1
0.2
0.5
1.0

369.3
433.8

412.7
418.4
420.7
423.1

0.0
7.8

3.2
4.7
5.9
7.6

Figure 5. TGA curves of the PP/rGO nanocomposites at 
various rGO content.
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dispersion of rGO in the PP matrix, which may act as 
an insulator between the heat source and the surface 
area of the polymer where the combustion occurs. 
Additionally, the rGO layers may have hindered the 
diffusion of volatile decomposition products within the 
PP/rGO nanocomposites by promoting char formation 
[36,37]. As shown in Figure 5, the char yield of PP 
and PP/rGO nanocomposites with 0.1 wt%, 0.2 wt%, 
0.5 wt%, and 1.0 wt% rGO was 3.2 wt%, 4.7 wt%, 
5.9 wt%, and 7.6 wt%, respectively. The char-formed 
layer could have acted as a mass transport barrier that 
retarded the escape of the volatile products generated 
as the PP decomposed [38,39]. Therefore, the char 
yields of the nanocoposites increased with an increase 
of rGO because the rGO in the PP matrix promoted 
carbonization on the polymer surface. Furthermore, 
unburned filler and the high heat resistance exerted by 
the filler itself also contributed to higher char residues.

CONCLUSION 

PP with a very high isotactic index (I.I. = 99.3) and 
broad molecular weight distribution (Mw/Mn = 14.9) 
was successfully obtained through in situ propylene 
polymerization with a GO/BuMgCl-supported Ti-
based Ziegler-Natta catalyst. The resultant products 
were used as a masterbatch to reinforce the commercial 
PP through a melting blending method. The obtained 
PP/rGO nanocomposites exhibited a significant 
improvement in modulus with almost no changes in 
tensile strength and elongation-at-break at a very small 
amount of rGO loading. Thus, this work provides a 
facile method for production of high performance PP 
with a stiffness-toughness balance.
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