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초록: 비작용기화 그래핀 나노 판상체(non-functionalized graphene nanosheets, NFGNs)와 생분해성 폴리프로필렌

카보네이트(PPC) 수지를 용액 블렌딩 공정을 이용하여 혼합함으로써 제반 물성 및 차단 특성이 향상된 나노 복합

필름을 제조하였다.  그래파이트에 마이크로파를 조사하여 팽창시킨 이후 연속적으로 초음파 분산공정을 이용하여

층간 간격이 증가된 삽입 및 박리 구조를 갖는 NFGNs를 얻었다. 다양한 함량의 NFGNs를 함유한 나노 복합필름의

유리전이온도, 인장 물성 및 산소투과율을 측정하였으며, 이로부터 NFGNs 첨가가 PPC 수지의 열적, 기계적 성질

및 가스 차단 성능의 향상에 미치는 영향을 조사하였다. NFGNs를 1.0 wt% 이하의 적은 함량으로 첨가하여도 열적,

기계적 성질 및 차단 특성이 매우 뚜렷하게 향상된 것으로 나타났다. NFGNs를 혼합한 나노 복합필름의 투명성은

광 산란의 증가로 인하여 순수 PPC 필름에 비해 감소하였으나, 0.3 wt% 함량으로 혼합한 경우에는 광투과율 80%

정도의 비교적 우수한 투명성을 나타냈다.

Abstract: Biodegradable poly(propylene carbonate) (PPC)-based nanocomposite films with enhanced physical and bar-

rier properties were prepared by incorporating non-functionalized graphene nanosheets (NFGNs) via solution blending.

The highly intercalated and exfoliated NFGNs were successfully obtained by employing microwave irradiation-assisted

exfoliation method, followed by sonication. The thermal and mechanical reinforcement and gas barrier effects arising

from incorporation of NFGNs into PPC were investigated in terms of measurements of glass transition temperature, ten-

sile properties, and oxygen transmission rate for the resultant nanocomposite films with various loadings. The remarkable

improvement in the thermal, mechanical, and barrier properties was achieved by the incorporation of only small amounts

of NFGNs below 1.0 wt%. The incorporation of NFGNs decreased the optical transparency of the film because of

increased light scattering, but 0.3 wt% NFGNs loading gave rise to fairly good transparency with a light transmission of

around 80%.

Keywords: poly(propylene carbonate), non-functionalized graphene nanosheets, microwave irradiation, nanocomposite

film.

Introduction

Aliphatic poly(propylene carbonate) (PPC) synthesized from

carbon dioxide and propylene oxide has drawn much attention

in both research and industry owing to its eco-friendly nature

leading to reduction of the amount of carbon dioxide as well

as biodegradability.1,2 Moreover, a completely amorphous PPC

resin has potentially wide range of applications for packaging

materials because of its excellent ductility, good melt flow

characteristics, and high barrier property.3

In spite of such advantages of biodegradable PPC resin, it

still shows a limitation in the practical application of packaging

films due to its inferior thermal and mechanical properties rel-

ative to traditional undegradable polymers. Accordingly, much
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efforts have recently been dedicated to improving the prop-

erties of PPC by incorporating nanofillers such as organically

modified nanoclay platelets and organic cellulose nanofibers

(CNFs), or blending it with other polymers.3-6 A fairly large

amount of nanoclay platelets and CNFs (~10 wt%) with

nanoscale dimensions has been incorporated into polymer

matrices to achieve the substantial reinforcing effect caused by

nanofiller loading. Furthermore, such nanofiller-based nano-

composites showed a limitation in improvement of physical

performances because of the relatively low surface area of the

incorporated nanoclay platelets and CNFs with restricted

aspect ratios.

Graphene, a monolayer of carbon atoms arranged in a two-

dimensional honeycomb structure, has recently attracted great

attention in the field of nanofiller-based polymer nanocom-

posites owing to its exceptional performances such as mechan-

ical, thermal, electrical, and gas barrier properties. In particular,

graphene, as a nanofiller with atomically thin structure, is a

promising alternative to nanoclay platelets, carbon nanotubes

(CNT) and CNFs. It could effectively improve the physical

and barrier properties of nanocomposites even with very low

level of loading, because of its extremely high specific surface

area, large aspect ratio, and tightly packed planar structure.7-10

Among the various graphenes, chemically functionalized or

modified graphene oxide nanosheets with oxygen-containing

functional groups have mainly been used to produce the poly-

mer nanocomposites, because the bulky functional groups

formed on their surfaces can promote the intercalation of

graphite stacked layers followed by exfoliation during the mix-

ing process, resulting in homogeneous dispersion of highly

exfoliated graphene nanosheets in polymer matrix.11-19 In pre-

paring graphene oxide, however, severe oxidation and intro-

duction of a number of functional groups may induce the

significant lateral size reduction from the parent graphite as

well as generation of defects on its surface.7,14 Moreover, the

manufacturing of exfoliated graphene oxide solution is eco-

nomically infeasible, because it involves many processing

steps such as preoxidation, mixing, oxidation, and solvent

exchange. As an alternative to functionalized graphene oxide

nanosheets (GONs), non-functionalized graphene nanosheets

(NFGNs), such as exfoliated graphene (EG)21-23 and thermally

or chemically reduced graphene,24,25 have also been used to

prepare graphene-based polymer nanocomposites with

improved properties. Several methods for preparing EG or

exfoliated graphene oxide (EGO) have been reported. These

include subjecting the pristine graphite to the heating source,

coupled plasma, laser irradiation and microwave (MW) irra-

diation.26,27 Of these, MW irradiation is recognized as very effi-

cient method because of its relatively low processing tempe-

rature, short processing time and less consuming energy.28

In this study, the simple exfoliation method by microwave

irradiation as a rapid and efficient route was employed to pre-

pare non-functionalized graphene nanosheets (NFGNs). We

prepared biodegradable PPC-based nanocomposite films with

improved performances by incorporating the NFGNs as rein-

forcement as well as gas barrier via solution blending method.

We investigated the effects of the level of NFGNs loading on

the morphology, thermal, mechanical, optical, and gas barrier

properties of the prepared PPC/NFGNs nanocomposite films

in terms of SEM observation, glass transition temperature, ten-

sile strength/modulus, visible light transmittance, and oxygen

transmission rate (OTR). We also demonstrated the feasibility

of applying the NFGNs by simple microwave-assisted exfo-

liation process to the production of high performance nano-

composites.

Experimental

Materials. Poly(propylene carbonate) resin (PPC, Green-

PolTM, SK Innovation Co.) with weight-average molecular

weight of 185360 g/mol was used as an organic polymer

matrix in the graphene/PPC nanocomposites. Natural graphite

powders purchased from Sigma-Aldrich have an average par-

ticle size of 140 µm. Potassium permanganate (KMnO4, 99%,

Sigma-Aldrich) and nitric acid (HNO3, 65%, Duksan) were

used as the oxidant and intercalation agent for oxidizing the

partial edge area of natural graphite under MW irradiation.

N,N-dimethylformamide (DMF, Duksan) for dissolution of the

PPC and dispersion of the graphene nanofillers was used

throughout the experiments. The materials were used as

received without further purification.

NFGNs were prepared from natural graphites via micro-

wave-assisted intercalation and exfoliation process followed

by sonication. The natural graphites (0.5 g), KMnO4 (1.0 g)

and HNO3 (0.34 mL) were only simply mixed in a crucible

before MW irradiation, and the mixture was placed in an elec-

tronic microwave oven (MWO20MC1, Tongyang magic Inc.,

700 W) to cause intercalation and exfoliation of the graphites

under MW irradiation for 40 s. Figure 1 shows the digital

images of the pristine graphite and the expanded graphite pow-

ders prepared from MW irradiation, respectively. As compared

with pristine graphite, the remarkable increase in volume of the
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graphite powders is caused by MW irradiation. The resultant

expanded graphite powders were then dispersed in DMF sol-

vent via vigorous sonication for 30 min using ultrasonicator

(VCX500, Sonics & Materials Inc.) to obtain a NFGNs solu-

tion with a highly exfoliated structure of the dispersed nano-

filler.

Preparation of Nanocomposite Films. The PPC/NFGNs

nanocomposite thin films with a thickness of ca. 40 µm were

prepared via solution-processed blending and casting method.

PPC resin in pellet form was dissolved in DMF by magnetic

stirring at room temperature to prepare a homogeneous PPC

solution. A specific amount of NFGNs suspension in DMF

was then added to the PPC solution under vigorous sonication

for 10 min, followed by magnetic stirring for 48 h. The result-

ing PPC/NFGNs solution with a homogeneous dispersion was

deposited on a glass substrate, and then casted using a microm-

eter film applicator (REF 1117, SI Co.). The casted films were

dried at 60 oC in a drying oven for 2 h. The dried PPC/NFGNs

thin film was cautiously detached from the glass substrate. The

content of incorporated NFGNs in the nanocomposite samples

was set at 0.3, 0.6, and 1.0 wt%. All the dried samples were

kept in a dessicator to prevent the moisture influence prior to

performing characterization.

Characterization. An X-ray diffractometer (XRD, D/

MAX-2500, Rigaku Co.) was used to quantitatively analyze

the intercalated or exfoliated nanostructure of NFGNs as pre-

pared and the NFGNs as dispersed in the PPC matrix. The Cu

Kα radiation source was operated at 40 kV and 150 mA. The

scanning rate was 1.0o/min in the range of 5-40o. The nano-

structured-morphologies of the nanofillers and PPC/NFGNs

nanocomposites were observed by using a scanning electron

microscope (SEM, S-4800, Hitachi Co.). The pristine graphite,

expanded graphite, and NFGNs were in the form of powder,

whereas the PPC/NFGNs nanocomposite samples were from

fracture surface films. Differential scanning calorimetry

(DSC1, Mettler Toledo Co.) was used to examine the thermal

properties such as glass transition temperature (Tg) for the

nanocomposites with various NFGNs loadings. The samples

were initially heated from room temperature to 80 oC, then

cooled to -20 oC at a rate of 20 oC/min, and finally heated again

to 80 oC at a heating rate of 10 oC/min under nitrogen gas flow.

The thermal properties were analyzed based on the second

heating thermograms. The optical transparency in the visible-

light wavelength range of 550 - 850 nm for the prepared PPC/

NFGNs nanocomposite film was evaluated by using a visible

spectrophotometer (Optizen 2120UV, Mecasys Co., Korea).

The tensile properties of the nanocomposite films were mea-

sured using a universal testing machine (QM100S, Qmesys

Co.) operating at 30 mm/min of cross-head speed. Five sam-

ples with dimensions of 15 mm (width)×50 mm (length) were

tested and an average value was determined from the data. The

oxygen transmission rate (OTR) through the nanocomposite

film was measured at 23 oC and 0% relative humidity using an

oxygen permeability tester (OX-TRAN 2/10, MOCON Inc.). 

Results and Discussion

The nanostructures of pristine graphite, intermediate expanded

graphite and exfoliated NFGNs were qualitatively examined

by SEM observation. The SEM images of such nanofillers in

Figure 2 demonstrate that the original pristine graphite flake

has a microstructure of very closely stacked graphitic layers.

Upon MW irradiation, the graphite precursor is expanded and

markedly separated into individual graphene nanosheets with a

crumpled appearance. The porous medium-like structure with

connections between layers can be clearly seen in Figure 2(b).

The subsequent physical treatment of sonication after MW

irradiation can cause further separation and breakage of linked

graphitic layers, finally resulting in NFGNs with highly exfo-

liated nanostructure as shown in Figure 2(c). From the micro-

photographs, the thickness and width of the NFGNs were

approximately estimated to be 5.6~10.5 nm and 3.5~6.5 µm,

respectively. The microstructures of the nanofillers and nano-

composite were also evaluated by XRD analysis as quanti-

tative method. Figure 3 shows the XRD patterns in the 2θ

range of 5-40o for the various samples. The characteristic sharp

diffraction peak at 2θ=26.4o for the pristine natural graphite

corresponds to an interlayer spacing (d002) of 0.34 nm between

the graphitic layers. In the case of NFGNs sample, however,

Figure 1. Digital micrographic images of (a) pristine graphite; (b)

expanded graphite after MW irradiation.
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this characteristic peak diminished considerably, and another

two very weak peaks at different 2θ locations were observed,

indicating that most of the graphites were completely exfo-

liated, but some of few graphene layers maintained the status

of the original stacked graphite, and there were two inter-

calated graphene tactoids with interlayer distance of 0.37 nm

(2θ=24.3o) and 0.70 nm (2θ=12.6o). The morphologies of the

prepared PPC/NFGNs nanocomposites were also observed by

SEM in order to examine the dispersion state of NFGNs in the

PPC matrix and the structural variations of the nanofiller itself

after solution blending. Figure 4 shows the SEM images of the

fractured surfaces of neat PPC and nanocomposite films with

various NFGNs loadings. The neat PPC displays a fairly even

and smooth surface without any traces of nanofiller inclusion.

For the nanocomposites with 0.3-1.0 wt% NFGNs, on the

other hand, the exfoliated individual NFGNs and stacked thin

tactoids with only a few layers were observed to be randomly

dispersed in the PPC matrix. In addition, some agglomerated

thick tactoids with larger domain can also be detected in the

1.0 wt% NFGNs loaded nanocomposite, suggesting that re-

stacking occurred during solution blending, which may be due

to cumulative strong van-der Waals interaction between gra-

phitic layers without functional groups on their surfaces.29

In the nanocomposite based on completely amorphous poly-

mers such as PPC, the glass transition temperature (Tg) has

been recognized to be significant parameter for evaluating

thermal performance of the final nanocomposite. The thermal

reinforcing effect caused by incorporation of NFGNs into PPC

resin was examined in terms of measurement of glass tran-

sition temperature of the nanocomposites. It has been known

that the glass transition temperature of hydrophilic polymer

generally increases upon addition of nanofillers with functional

groups on their surfaces, because of the restricted chain seg-

mental mobility of the polymer in the nanocomposite, resulting

from the strong interaction between functional groups con-

tained in both polymer and nanofiller phases.20,30 Such rein-

forcement of the thermal property has been reported for the

hydrophilic polymer-based nanocomposites incorporated with

Figure 2. SEM images of (a) pristine graphite; (b) expanded graph-

ite; (c) NFGNs.

Figure 3. XRD patterns of pristine graphite and NFGNs.

Figure 4. SEM images of neat PPC and corresponding nanocom-

posites with various NFGNs loadings.
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various functionalized nanofillers.3,20,30,31 Figure 5 shows the

DSC heating thermograms of neat PPC and corresponding

nanocomposites with various NFGNs loadings. The incor-

poration of only small amount of NFGNs less than 1.0 wt%

obviously increases the Tg value of the PPC resin in the nano-

composite, compared to that of neat PPC. When loaded with

0.6 wt% NFGNs, the nanocomposite exhibits the highest Tg at

39.4 oC, which is 6.4 oC higher than that of neat PPC. In the

nanocomposites incorporated with NFGNs nanofillers utilized

in this study, the remarkable increase in Tg value is also

revealed, which may be due to interaction between hydro-

phobic segments in the PPC chain molecules and the hydro-

phobic surfaces of the non-functionalized graphene nanosheets.

The mechanical reinforcement arising from incorporation of

graphene nanosheets with superior mechanical properties into

PPC resin was also evaluated by performing tensile defor-

mation test for the PPC/NFGNs nanocomposite films. Figure

6 shows the tensile properties of the nanocomposite films with

various NFGNs loadings. As shown in the figure, the incor-

poration of NFGNs up to 0.6 wt% yields a dramatic increase

in both tensile strength at break and modulus of the nano-

composite film by approximately 165% and 254%, relative to

those of neat PPC film. Such a remarkable improvement in the

tensile properties may originate from homogeneous dispersion

of graphene nanosheets with a large aspect ratio and efficient

stress transfer from the PPC matrix to the dispersed graphene

nanofillers, which results from strong interaction between two

phases as mentioned earlier. Further addition of NFGNs at

1.0 wt% decreases both tensile strength at break and modulus

of the nanocomposite film, but still shows improved mechan-

ical performance, compared with neat PPC film in our inves-

tigated range of NFGNs contents. On the other hand,

elongation at break of the nanocomposite film is shown to be

dramatically decreased from 593% of pure PPC to 13.1% and

6.8% by incorporation of NFGNs at 0.3 and 0.6 wt%, respec-

tively. However, the nanocomposite film with 1.0 wt% loading

shows increased elongation of 21.9%.

The flexible polymeric films for the application of pack-

aging films generally require high optical transparency, which

can allow the visual identification of materials inside the film.

The deterioration in the optical transparency of the nano-

composite films can be expected because the nanofillers dis-

tributed within the film induce high degree of light scattering.

Therefore, the effect of NFGNs incorporation on the optical

transparency of the nanocomposite films prepared in this work

was investigated to assess the possibility of application to

packaging film. Figure 7 shows the relative visible light trans-

Figure 5. DSC heating thermograms of neat PPC and correspond-

ing nanocomposites with various NFGNs loadings.

Figure 6. Mechanical properties of nanocomposite films with var-

ious NFGNs loadings: (a) tensile strength at break and tensile mod-

ulus; (b) elongation at break.
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mittance in the wavelength range of 550-850 nm for the neat

PPC and its nanocomposite films with various NFGNs load-

ings. Owing to completely amorphous structure of PPC resin,

the neat PPC film exhibits high optical transparency with light

transmittance of around 93% in the whole wavelength range.

When incorporated with NFGNs, the optical transparency of

the nanocomposite film is reduced due to the increased light

scattering and diffusivity through the film. The nanocomposite

films with NFGNs loading over 0.6 wt% shows poor optical

transparency with light transmittance below 60%, whereas

0.3 wt% NFGNs loaded film shows fairly good optical trans-

parency with light transmittance of around 80%, presenting the

possibility of utilization as packaging material.

The gas barrier performance is generally prerequisite for the

application of nanocomposites to packaging films to preserve

the quality of the products during storage.32 The effect of

NFGNs incorporation on the barrier properties of the nano-

composites was investigated by measuring the oxygen trans-

mission rate (OTR) through the prepared nanocomposite films

in the direction perpendicular to the film plane. Figure 8 shows

the OTR for the neat PPC and its nanocomposite films with

various NFGNs loadings from 0.3 to 1.0 wt%. The OTR of the

nanocomposite films is reduced with increasing of NFGNs

content up to 0.6 wt%, but it slightly increases at 1.0 wt%

NFGNs loading. The dispersion of the planar-structured

graphene nanosheet in the PPC matrix effectively increases the

tortuous path for penetrating oxygen molecules, resulting in

substantial decrease in OTR value. The oxygen barrier prop-

erties of the nanocomposite films containing only small

amount of 0.3 and 0.6 wt% NFGNs are improved by 20% and

28.1%, respectively, relative to neat PPC film with an OTR of

71.1 cc m-2 day-1 atm-1. However, the incorporation of NFGNs

above 0.6 wt% does not contribute anymore to the improve-

ment in the barrier property. It should be noted that the incor-

poration of NFGNs at 1.0 wt% content caused decrease in the

thermal, mechanical, optical and barrier properties of the nano-

composites. Such a deterioration of all the properties of nano-

composite with 1.0 wt% loading may be attributed to poor

graphene dispersion, which resulted from the occurrence of

agglomerated thick tactoids with larger domain size, as

observed in the SEM image of Figure 4. 

Conclusions

The NFGNs at small loadings (0.3 to 1.0 wt%) were incor-

porated to produce biodegradable PPC-based nanocomposite

films with reinforced physical performances as well as an

improved gas barrier property. The NFGNs were prepared via a

simple exfoliation process assisted by microwave irradiation,

followed by sonication under solution state. XRD analysis and

SEM observation showed that the NFGNs originally had a

highly intercalated and exfoliated nanostructure, but some

agglomerated graphitic tactoids were dispersed in the PPC

matrix, because of re-stacking during solution blending and

film casting. The incorporation of NFGNs at very small

amounts up to 0.6 wt% into PPC resin could yield high per-

formance nanocomposite films with substantially increased

thermal property of Tg, tensile properties of strength at break

and modulus, and improved oxygen barrier property. On the

other hand, the nanocomposite film with excess loading of

Figure 7. Visible light transmittance for the neat PPC film and cor-

responding nanocomposite films with various NFGNs loading.

Figure 8. Oxygen transmission rate of NFGNs/PPC nanocomposite

films with various NFGNs loadings.
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NFGNs at 1.0 wt% showed slight deterioration in the physical

and barrier properties, but it still retained improved perfor-

mances, compared to neat PPC film. 
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