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Largely enhanced porosity of stretched polypropylene/graphene oxide composite
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Abstract: A few amount of graphene oxide (GO) was incorporated into polypropylene (PP) to
prepare the composite membrane assisted with pore-forming agent polyoxyethyleneoctylphenyl-10
(OP-10). The composite membrane was obtained through melt-compounding and subsequent
tensile process. The dispersion of GO in the composite, the dynamic mechanical properties as well
as the melting and crystallization behaviors of melt-compounded samples were investigated to
clearly understand the initial microstructures of samples. Different tensile strains were applied to
obtain the stretched PP composite membrane, and then the morphologies of the composite
membrane and the porosity were comparatively investigated. The results showed that the dispersion
of GO was apparently improved with the aid of OP-10 and many initial pores were simultaneously
introduced into PP/GO/OP-10 composite, which induced the slight decrease of storage modulus
and glass transition temperature of PP matrix. OP-10 suppressed the crystallization of PP matrix
while GO compensated this effect. Either for the stretched PP/OP-10 or for the composite
membranes, they exhibited larger mean pore size compared with the stretched pure PP membrane.
Furthermore, compared with the stretched PP, PP/GO and PP/OP-10 membranes, largely increased
porosity was achieved for the stretched PP/GO/OP-10 composite membrane, especially at relatively
high tensile strain. In addition, it was suggested that the initial pores, which were introduced by
adding OP-10, acted as the stress concentrator, promoting more pores formation during the tensile
process through inducing the lamellar separation and breakage. This work provided a new method
for the preparation of PP-based composite membrane and also endowed it with great potential in

many fields.
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1. Introduction

PP is regarded as an ideal row material for the preparation of membrane due to its good
processability, good mechanical properties, excellent chemical stability and thermal stability. To
date, PP has been widely applied into the porous membrane preparation mainly through

12 and stretching method.*® In terms of thermally-induced

thermally-induced phase separation
phase separation, PP and other components are firstly dissolved into a certain solvent to form the
homogenous solution at high temperature, and the phase separation happens as the temperature
decreases. Once the residual solvent is removed, the porous membrane is obtained.™ For stretching
method, the melting PP-based composite is treated to obtain the precursor membrane with oriented
structure, and then the precursor membrane is stretched at low or high temperature to induce the
formation of pores through the breakage or separation of lamella.”® With advantages of simple
preparation process, low cost, avoidance of solvent contamination and recovery and so on, the
stretching method has attracted much more attention recently. The pore formation behavior of PP
membrane is greatly influenced by many factors including material parameters *° and processing
parameters.'®*®
As a new kind of functional nanofiller, graphene oxide (GO) exhibits good reinforcement effect
due to its excellent mechanical properties, and therefore, it has been widely used to prepare the
reinforced composites.* GO also exhibits the good absorbability, which endows it with great
potential application in waste water treatment.’>*® To date, introducing GO into membrane has
attracted much attention of researchers, and many GO-based composite membranes have been

19-21

developed, including poly(vinylidene fluoride) /GO membrane, polyethersulfone/GO,?

chitosan/graphene oxide.”® However, rare work has been carried out to prepare PP/GO composite

membrane. Ramasundaram S. et al.?*

prepared PP fiber/reduced graphene oxide (rGO) composite
membrane. RGO with high coating density was well dispersed in matrix through a three-step
dip-coating method. The results showed that the highly hydrophaobic surface was obtained and the
excellent performance in terms of the water flux and trans-filter pressure was further demonstrated

for rGO-coated PP fiber membrane. But it should be noted that the high hydrophobicity might lead
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to the contamination of membrane surface on one hand. On the other hand, the complex preparation
steps could not be suitable for membrane preparation. In our previous work,” we attempted to
prepare B-nucleated PP/GO composite membrane through stretching method. The results showed
that the presence of GO resulted in the formation of pores with relatively smaller mean pore size in
all conditions, especially at relatively high stretching temperature and/or tensile speed, and it
induced porosity enhancement in the stretched sample. However, it should be stressed that the
porosity was not high enough in spite of the presence of amounts of -phase with loose lamellae

1026 Therefore, more

arrangement that usually facilitated the pore formation of stretched membrane.
work needs to be done to further enhance the porosity of the PP/GO composite membrane.

To obtain PP membranes with well-controlled structure and excellent comprehensive properties,
lots of attempts have been made through compounding or blending with other components.?” > For

example, Goodarzi V et al.?’

prepared PP/ethylene vinyl acetate copolymer (EVA)/clay composite
membrane with the aid of a compatibilizer. Different morphologies were obtained through adjusting
the content of the component and/or fillers, which resulted in the change of selective gas

permeability behavior. Tabatabaei SH et al.”®

prepared the blend membrane using two linear PP
with different molecule weights through stretching method. Bigger pore density and more uniform
pore size were obtained as the amount of high molecular weight component increased. Meanwhile,
the interconnectivity of pores was also increased, which leaded to the improvement of permeability.
What’s more, PP/diluent composite membrane was also widely prepared through thermal phase
separation method. Dibutyl phthalate (DBP),* diamyl phthalate (DAP) ** or some other compounds
were used as the diluent in order to introduce pores during the phase separation process,*>* and the
pore formation behavior could be well controlled through adjusting the diluent content and thermal
phase separation conditions.

Pore-forming agent, as an effective additive for facilitating the pore formation of materials, is
widely applied during the preparation and/or modification of porous membrane.**® With the
assistance of the pore-forming agent, the structure of the matrix becomes loose, which is in favor of
the pore formation during the stretching process. And also, the stress field in the sample can be

changed with introducing the initial pores, which may trigger the formation of new pores around

the initial pores during the stretching process.
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In this work, we attempt to introduce pore-forming agent, i.e. polyoxyethyleneoctylphenyl-10
(OP-10), into PP/GO composite membrane. OP-10 is a kind of amphiphilic pore-forming agent
with methyl on one side and hydroxyl on the other. The pore formation mechanism is possibly
related to the following two aspects.”’ First, during the melt-compounding process, OP-10 has a
tendency to distribute at the interface between the melt of PP and air when the droplets of PP are
melted. In this condition, the migration of air becomes more difficult and it forms the bubbles in the
PP melt. Second, OP-10 also improves the stabilization of the bubbles. The effects of GO and
OP-10 on the pore formation behaviors of PP, including the pore morphology and porosity obtained
at different tensile strains, are investigated in details. Interestingly, with the assistance of OP-10,
largely enhanced porosity is achieved for the stretched PP/GO/OP-10 composite membrane. This

endows the PP/GO/OP-10 composite membrane with great potential application in many fields.

2. Experimental part

2.1 Materials

PP (trade name of PP140) with melt flow rate (MFR) of 4.6 g/10min (190 °C/2.16kg) was
obtained from Kaikai Petrochemical Corporation, China. Graphite was obtained from Qingdao
Heilong Graphite Co., Ltd. The pore-foaming agent OP-10 was supplied by Chengdu Kelong

Chemical Reagent Factory, China. The chemical structural formula of OP-10 is:

CsH17O(OCHZCH2)1OOH

GO was prepared in our lab according to the modified Hummer’s method.”* After that, some

2.2 Sample preparation

functional groups, including carboxyl and hydroxyl groups, were introduced to the surface of the
GO. The corresponding data relating to the microstructure of the GO can be seen in our previous
work.*

In this work, four different samples, i.e. neat PP, PP/GO containing 0.5 wt% GO, PP/OP-10
containing 5 wt% OP-10, and PP/GO/OP-10 containing 5 wt% OP-10 and 0.5 wt% GO were
simultaneously prepared through the melt compounding processing, which was conducted on a
twin-screw extruder SHJ-20 (Nanjing Ruiya, China) at a screw speed of 200 rpm and the melt

temperatures of 150-160-175-190-200-200-195 °C from hopper to die. In terms of PP/GO-OP-10
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sample, it is worth noting that before melt compounding of the sample, OP-10 and GO were first
dissolved in the Dimethl Formaide (DMF) to improve the dispersion of GO. Then, the GO/OP-10
solution was poured into PP powder and the mixture was dried at 80 °C until DMF was completely
removed. After being granulated, the pellets of material were compression-molded at the melt
temperature of 200 °C and the pressure of 5 MPa to obtain the dumbbell sample with a length of 112
mm, a width of 10 mm and a thickness of 0.1 mm.

2.3 Optical microscopy (OM)

A transmission optical microscope (TOM) AXIO Imager Alm (ZERSS, Germany) was used to
characterize the dispersion of GO in the samples. The sample slice was compression-molded using
the extrudate and the thickness of the sample slice was about 20 um.

2.4 Transmission electron microscopy (TEM)

The dispersion of GO and the presence of initial pores in the composite were further investigated
using a transmission electron microscopy (TEM) JEM-2100F (JEOL, Japan) with operating voltage
of 200 kV. An ultrathin section with a thickness of about 90 nm, which was cut using a
cryo-diamond knife on a microtome EM UC6/FC6 (LEICA, Germany), was used for TEM
characterization.

2.5 Dynamic mechanical analysis (DMA)

The dynamic mechanical properties were measured using a dynamic mechanical analysis (DMA)
Q800 (TA Instruments, USA). The tensile mode was selected. A rectangular sample, which was
directly cut from the compression-molded bar, was used and it had a length of 33 mm, a width of
10 mm and a thickness of about 0.1 mm. The measurement was carried out from -50 to 150 °C at a
heating rate of 3 °C/min and a frequency of 1 Hz.

2.6 Differential scanning calorimetry (DSC)

A differential scanning calorimetry (DSC) STA449C Jupiter (Netzsch, Germany) was used to
investigate the crystalline structure of the sample. For the sample without tensile measurement, it
was heated from 30 to 200 °C at a heating rate of 10 °C/min and maintained at 200 °C for 5 min to
erase thermal history, then the sample was cooled down to 30 °C at a cooling rate of 5 °C/min. For
the stretched sample, it was directly heated from 30 to 200 °C at the heating rate of 10 °C/min. For

each measurement, the weight of sample was maintained at 8 mg and the measurements were
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carried out in the nitrogen atmosphere. The degree of crystallinity ( X, psc) can be calculated

according to the following relation:

AH
X =—0 _x100% 1
¢-DSC ¢-AHO 0 1)

m

Where AH_ is the DSC measured value of fusion enthalpy obtained during the heating process,
AH,?] is the fusion enthalpy of the completely crystalline polymer, and ¢ is the weight fraction of

PP in the sample. Here, the AH ° of PP was selected as 177 J/g.**

2.7 Wide angle X-ray diffraction
The crystalline structures of PP matrix in different samples were investigated using a wide angle
X-ray diffraction (WAXD, Panalytical X'pert PRO diffractometer with Ni-filtered Cu Ka radiation,

the Netherlands). The continuous scanning angle range was set from 5° to 35° and the measurement

was carried out at 40 kV and 40 mA. The degree of crystallinity ( X o) Was calculated

according to the following relation:

Z A: talli
X o — rystalline X 100% (2)
e Z A:rystalline + Z Aamorphous

where A caiine @00 A, nous TEPTESEN the integrated intensities under the crystalline peaks and

the integrated intensities under the amorphous halo. It is worth noting that the intensities for a given
scattering angel was integrated azimuthally to reduce the possible effect of orientation.
2.8 Tensile experiment

The tensile experiment was conducted on a high-temperature creeping instrument M-4020
(REGER, China). Different tensile strains (0 %, 50 %, 100 % and 200 %) were selected at the
ambient temperature of 100 °C. After stretching, all the samples were maintained at 100 °C for 5
min to stabilize the pore morphology.
2.9 Scanning electron microscopy (SEM)

The pore morphology was characterized using a scanning electron microscope (SEM) Fei Inspect
(FEI, the Netherlands) with an accelerating voltage of 20.0 kV. Before SEM characterization, all

the samples were sputter-coated with a thin layer of gold. To accurately make a comparison of pore

Page 6 of 33



Page 7 of 33

RSC Advances

morphology among different samples, the mean pore size was calculated. It is worth noting that in
the present work, the size of the pore was defined as the pore length along the tensile direction.
When calculating the mean pore size, at least 200 pores from the different zones of the sample were
measured and the data were obtained using the software Nano Measurer 1.2.

2.10 Porosity measurement

The porosity (A ) of the stretched membrane was measured through the following procedures:

the stretched membrane was immersed in ethanol for 24 h, after that, the membrane was taken out
and the ethanol on the membrane surface was carefully removed using filter paper. Finally, the
treated membrane was weighted carefully. The porosity was calculated according to the following

relation: **

_ WP 009 @)
PWo—(p—p)W

where W is the initial membrane weight, W, is the immersed membrane weight. o (0.8 glem®)

and p (0.91 g/lcm?®) are the density of ethanol and PP, respectively.

3. Results and discussion
3.1 Microstructure of sample as prepared

The dispersion of GO in the PP/GO and PP/GO/OP-10 composites were firstly characterized
using TOM. As shown in Figure 1, GO exhibits relatively poor dispersion in the PP/GO composite.
However, with the presence of OP-10, the dispersion of GO is apparently improved and the size of
GO agglomerates is greatly decreased. To further understand the dispersion state of GO and the
morphology of initial pores in the sample, the representative PP/GO/OP-10 composite was further
characterized using TEM. As shown in Figure 2, at relatively low magnification, there are many
initial pores in the sample, indicating that OP-10 is an effective pore-forming agent and it
successfully induces the formation of initial pores. Furthermore, one can see that the dispersion of
initial pores is not homogeneous. Besides the presence of large pores with diameter up to 500 nm,
some very small pores with diameter of about 60 nm can be also seen. The sheet-like structure of
GO can be differentiated at relatively high magnification. It is worth noting that GO is mainly

dispersed around the initial pores. This is possibly related to the good interfacial interaction
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between OP-10 and GO. As shown previously, OP-10 is the amphiphilic pore-forming agent with
methyl on one side and hydroxyl on the other. GO is also an amphiphilic filler with many
functional groups on the edge of the sheet, including carboxyl and hydroxyl groups.*® Specifically,
the sample preparation method that is carried out in the present work also provides more
probability for the interaction between OP-10 and GO.

Figure 3 exhibits the dynamic mechanical properties of all samples. From Fig. 3a one can see

that pure PP exhibits glass transition temperature (Tg ) of 12.8 °C. Slightly decreased Tg (12.0 °C)

is observed for the PP/GO sample possibly due to the slightly increased free volume induced by the

presence of GO. More apparent decrease of Tq is observed for the PP/OP-10 sample, and it shows

Tg of 10.3 °C. This indicates that the chain segment mobility is enhanced due to the presence of

OP-10. In other words, OP-10 can be thought as a plasticizer of PP possibly due to the presence of

many pores that increase the free volume of material, which is favorable for the motion of PP chain

segments. The Tg of the PP/GO/OP-10 sample is slightly higher than that of PP/OP-10 sample

but still smaller than those of pure PP and PP/GO samples. This is possibly related to the improved
dispersion of GO particles that decrease the chain segment mobility of PP matrix to a certain extent.
It should be stressed that the measurement was repeated for several times and the similar variation
trend was observed. Therefore, the data have a statistical significance. From Fig. 3b one can see
that the presence of GO induces the slight decrease of storage modulus (E") of the PP/GO sample,

but more apparent decrease of E’is observed for the PP/OP-10 sample, especially at temperatures

below glass transition temperature (Tg) of PP matrix. This further indicates the plasticizing effect

of OP-10. In the whole measuring temperature range applied in this work, the PP/GO/OP-10
composite exhibits the similar E'to that of the PP/OP-10 sample. Generally, well-dispersed GO
can exhibit good reinforcement effect for polymer.*® However, in this work, either for the PP/GO
sample or for the PP/GO/OP-10 sample, the E'is lower than that of the pure PP. This is possibly
related to the relatively poor dispersion of GO in the PP/GO sample and the apparent plasticizing
effect of OP-10 in the PP/GO/OP-10 sample, respectively.

The melting and crystallization behaviors of different samples were investigated using DSC, and

the results are shown in Figure 4. From Fig. 4a one can see that pure PP exhibits a strong

8
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endothermic peak at 166.0 °C and a very weak peak at about 146.1 °C, attributing to the fusion of

a-form PP (T_, ) and B-form PP (Tmﬁ), respectively. In terms of the PP/GO sample, double

endothermic peaks are present at about 159.3 and 165.8 °C. This is consistent with the results
reported in the literatures that GO is an a-form nucleating agent of PP.*’ For the PP/OP-10 sample,
the intensity of the endothermic peak of p-form PP is increased, which indicates the increased
amount of p-form PP in the sample. Furthermore, the endothermic peak of a-form shifts to lower
temperature (161.4 °C), indicating that the lamellar thickness of a-form PP in the PP/OP-10 sample
is smaller than that in the pure PP. Interestingly, compared with the PP/OP-10 sample,
PP/GO/OP-10 sample exhibits weaker endothermic peak of B-form PP on one hand. On the other
hand, double endothermic peaks are present again at 161.1 and 165.0 °C. This further indicates that
GO is the a-nucleating agent of PP and it suppresses the nucleation and growth of -form PP in the

PP/GO/OP-10 sample. In other words, there is a competition between OP-10 and GO in inducing

crystallization of PP matrix. The crystallinity (X, 5. ) Was calculated and the results are also
shown in Fig. 4a. One can see that pure PP exhibits the biggest X_ . while the other three

samples exhibit relatively lower X_ ... This is also one of the reasons why the other three

samples exhibit smaller storage modulus compared with pure PP as indicated in Fig. 3b.

As shown in Fig. 4b, compared with the crystallization of pure PP that exhibits the crystallization
temperature (T_) of 119.8 °C, the PP/GO sample exhibits higher T_(122.6 °C), further indicating
the nucleation effect of GO on PP crystallization. However, for the PP/OP-10 sample, it exhibits
lower T, (117.6 °C). This implies that OP-10 suppresses the crystallization of PP matrix. Because

the crystallization of PP in the PP/OP-10 sample occurs at relatively low temperature, the lamellar

growth becomes more difficult. This is also the reason why the PP/OP-10 sample exhibits lower

T, compared with pure PP. Due to the nucleating effect of GO, the PP/GO/OP-10 sample exhibits

slightly enhanced T, (120.6 °C).

To further understand the crystalline structure of PP matrix in different samples, WAXD
measurement was carried out. Figure 5 exhibits the WAXD profiles of different samples. It can be

seen that pure PP exhibits several characteristic diffraction peaks at 26=14.3°, 17.0°, 18.7°, 21.2°

9
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and 22.0°, attributing to the reflections of (110), (040), (130), (111) and (131) crystal planes of
a-form PP. In addition, a weak diffraction peak at 26=14.3°, which is attributed to the reflection of
(300) crystal plane of B-form PP, is also observed, indicating the presence of a few amount of
B-form PP in the pure PP. The PP/GO sample also exhibits the characteristic diffraction peaks of
a-form. Compared with pure PP, the PP/OP-10 sample exhibits stronger diffraction peak of (300)
crystal plane, indicating the increased amount of B-form PP in the sample. This agrees well with the
observation obtained from DSC measurement as shown in Fig. 4a. The crystallinity of sample was
also calculated. As shown in Fig. 5, the four samples exhibit the similar crystallinity. This is slightly
different from the observations obtained through DSC measurement. The different variation trends
of crystallinity between DSC measurement and WAXD measurement are possibly related to the
different characterization methods.
3.2 Effect of OP-10 and GO on pore formation

The pore morphologies of different samples obtained through uniaxial tensile process were
characterized using SEM. In this section, the tensile speed was set at 50 mm/min, the ambient
temperature was maintained at 100 °C, and the tensile strain was maintained at 100%. The
representative SEM images are shown in Figure 6 and the values of mean pore size are also labeled
in the images. It can be clearly seen that many pores are successfully created in the stretched
membranes. Pure PP membrane exhibits the smallest mean pore size of 193.8 nm while PP/GO and
PP/OP-10 membranes exhibit bigger mean pore size of 223.3 and 260.5 nm, respectively. For the
PP/GO/OP-10 composite membrane, the mean pore size is about 210.5 nm, which is slightly higher
than that of pure PP membrane but apparently smaller than that of PP/OP-10 membrane. It is well
known to all that the pore formation during the uniaxial stretching processing is mainly attributed
to the lamellae separation along the tensile direction, which is also accompanied by deformation,
rotation or breakage of little amount of lamellae arranging along other directions.*® Furthermore,
the molecular chain mobility also influences the nucleation and growth of the pores. Generally,
during the tensile process, the enhanced mobility promotes the motion of molecular chains in the
interlamellar amorphous and the slippage and separation of the lamellar structure along the tensile
direction, and then promotes the nucleation and growth of the pores. Therefore, the largely

increased mean pore size in the stretched PP/OP-10 membrane is mainly attributed to the enhanced

10
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chain mobility of PP matrix, which has been shown by the decrease of Tg as shown in Fig. 3.

Furthermore, the presence of B-form PP that exhibits the parallel lamellar stacking structure and the
a-form with more defects and/or smaller lamellar thickness are possibly the other reasons for the
largely increased mean pore size. It has been demonstrated that pores are easily created through the
slippage and separation of the parallel lamellar structure when the p-form PP is stretched.?****° For
the PP/GO composite membrane, it exhibits larger mean pore size than that of pure PP. This is
possibly related to the presence of relatively larger GO agglomerates, which result in the local
stress concentration in the sample, facilitating the nucleation and growth of pores around GO
agglomerates through interfacial debonding between PP matrix and GO agglomerates. For the
PP/GO/OP-10 composite membrane, the presence of GO possibly restricts the motion of PP chain
segments on one hand; on the other hand, GO suppresses the formation of B-form PP and promotes
the integration of a-form lamellar structure (seen in Fig. 4). Specifically, the dispersion of GO is
apparently improved. In this condition, the growth of pore becomes more difficult. However, the
role of OP-10 can not be completely ignored. That is the reason why the mean pore size of the
stretched PP/GO/OP-10 composite membrane is smaller than that of the PP/OP-10 membrane but
still larger than that of the pure PP membrane.

The evolution of pore morphology during the tensile process of the representative PP/GO/OP-10
composite membrane was then characterized to know the effect of tensile strain on the formation of
pores. Figure 7 exhibits the SEM images of the stretched membranes obtained at different tensile
strains. The mean pore size of each sample is also shown in the corresponding image. From Fig. 7a
one can see that before stretching, sporadic pores are present in the sample, which further
demonstrates the pore-forming role of OP-10. After being stretched to a small strain, i.e. 50% (Fig.
7b), the stretched composite membrane exhibits at least two features. First, the initial pores are
elongated along the tensile direction. Second, many small pores are introduced into the membrane.
The average size of the new pores is about 118.8 nm. With the increase of tensile strain (100%, Fig.
7¢), besides the further deformation of the initial pores during the tensile process, much more new
pores are introduced on one hand. On the other hand, the mean pore size is increased up to 210.5
nm. This indicates that increasing tensile strain facilitates the increase of pore size and pore number.

However, it is worth noting that the increase of mean pore size becomes inconspicuous at relatively

11
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high tensile strain. For example, at tensile strain of 200% (Fig. 7d), the mean pore size is only
increased up to 261.2 nm, which is only about 50 nm larger than that of membrane obtained at
tensile strain of 100%.

The variation of porosity versus the tensile strain is illustrated in Figure 8. For the stretched PP
membrane, there is very small variation in porosity. Specifically, it can be seen that a relatively high
tensile strain even induces the slight decrease of porosity. For example, the porosity of stretched PP
membrane is decreased from 5% at tensile strain of 100% to 3.1% at tensile strain of 200%. For the
stretched PP/GO membrane, the porosity increases gradually with increasing of tensile strain.
Although the porosity of the stretched PP/OP-10 membrane also increases gradually with the
increase of tensile strain, the porosity is still very low and it is even lower than that of the stretched
PP/GO membrane. However, it is interesting to observe that largely enhanced porosity is achieved
for the stretched PP/GO/OP-10 membrane at relatively high tensile strain (100 and 200%). For
example, at tensile strain of 200%, the porosity is enhanced up to 22.1%. This is even much higher
than the porosity of stretched p-form PP membrane obtained in our previous work,” in which the
porosity was only about 11% when the membrane was prepared under the completely same tensile
conditions.

According to the principle of porosity measuring applied in this work, it can be deduced that there
are several factors influencing the value of porosity, i.e. the number of pores, the pore size and the
polarity of the membrane, etc. Generally speaking, the bigger the number of pore in the stretched
membrane is, the larger the porosity is. Although larger pore size facilitates the enhancement of
water flux,>" it is possibly unfavorable for porosity measurement because ethanol can not be stably
reserved in the pore with very large size. Increasing polarity of membrane enhances the wettability
of membrane, which not only increases water flux but also results in the increase of the measured
porosity.”> As shown in Fig. 6, at the same tensile conditions, stretched PP/OP-10 membrane
exhibits the biggest mean pore size while stretched PP membrane exhibits the smallest one.
Although the mean pore size of PP/GO/OP-10 membrane is smaller than those of PP/GO and
PP/OP-10 membranes, it is worth noting that the polarity of the former sample is higher than that of
the latter one. Specifically, at relatively high tensile strain, the presence of many pores as well as

the deformation of PP matrix most likely results in more exposed GO particles, which further

12
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increase the polarity of stretched membrane. This can be indirectly demonstrated by the relatively
larger porosity of the stretched PP/GO membrane as compared with the stretched PP/OP-10
membrane, although the latter membrane exhibits the larger mean pore size. Furthermore, it can be
seen that in the field of view, the number of pores in the stretched PP/GO/OP-10 membrane is
much larger than that in the stretched PP/OP-10 membrane. Besides the stress concentrator of
initial pores that induces more pores formation around the initial pores through changing the stress
field, the debonding of GO particles from PP matrix is possibly the other reason for the increase of
pore number. Consequently, largely enhanced porosity is achieved for the stretched PP/GO/OP-10
membrane, especially at relatively high tensile strain.

3.4 Further understanding about the pore formation mechanism

Through introducing pores (or voids) to adjust the mechanical properties of polymer materials has

53 54
l. l.

been widely researched elsewhere. For example, Huang Y et al.” and Bagheri R et al.> reported
that if the void with a micrometer or more in diameter was present, the toughness of the matrix
could be significantly enhanced. Specifically, according to the calculation of stress intensity at the
early stage of crack growth, they also proposed that the sample containing voids exhibited a greater
ability to undergo plastic deformation compared with the sample without voids. In the present work,
the tensile process is a quasi-static process, which is apparently different from the dynamic impact
process. However, previous results have already shown that with the simultaneous addition of
OP-10 and GO, the stretched PP/GO/OP-10 membrane exhibits much higher porosity at relatively
high tensile strain (100 and 200%). Therefore, it is expected that the presence of initial pores, which
are induced by OP-10, can induce the change of stress field during the tensile process and then
induces more pores formation around the initial pores. To demonstrate this, the pore morphology
around initial pores was carefully characterized, and the representative images are shown in Figure
9. It is clearly seen that besides the deformation of the initial pores, many small pores are really
induced in the adjacent PP matrix around the initial pores. This clearly demonstrates the promotion
role of initial pores in inducing new pores formation during the tensile process.

To further understand the pore formation behavior of sample during the tensile process, the

crystalline structure evolution of the stretched membrane was then characterized using DSC and

WAXD. Figure 10 exhibits the melting behaviors of representative stretched membranes obtained
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at a tensile strain of 100%. It can be seen that all the membranes exhibit only one endothermic peak
at about 161-164 °C, indicating that only a-form PP is present in the stretched membranes. This
means that there is a transition from B-form to a-form during the tensile process.>® Furthermore,

compared with the melting behaviors of samples as shown in Fig. 4a, one can see that except the

PP/OP-10 membrane, which exhibits nearly invariant T _before and after being stretched, the

stretched PP, PP/GO and PP/GO/OP-10 membranes exhibit smaller T _compared with the

un-stretched samples. This indicates the occurrence of lamellar separation and/or breakage during
the tensile process, which results in the formation of lamellae with more defects and/or thinner
lamellar thickness.>® Figure 11 exhibits the WAXD profiles of the representative stretched
PP/GO/OP-10 membranes obtained at different tensile strains. Compared with the WAXD profile
shown in Fig. 5, which exhibits the characteristic diffraction peaks of both a- and B-form PP, there
are at least two features that need to be noticed. First, all the stretched PP/GO/OP-10 membranes
exhibit the diffraction peaks of only a-form PP, further showing the transformation of p-form to

a-form PP during the tensile process. Second, it can be seen that the stretched membranes exhibit

higher X_ yaxp cOmpared with the initial sample as prepared. For example, the initial sample

exhibits the X __yaxp Of 52.9%, while the stretched membranes exhibit X_ ., Of 61% at tensile

strain of 50% and 68.9% at tensile strain of 200%.The increase of crystallinity is most likely
ascribed to the second crystallization of PP matrix induced by tensile stress. In addition, the relative
size of the largest dimension of crystallite is estimated based on the peak broadening associated

with the (110) diffraction peak according to the Scherrer relation:>"*®

A
Dy =—2— (@
H9 B,y COSO

where A is the X-ray wavelength (0.154 nm), B(m) is the (110) diffraction peak width at half the

maximum intensity, and @ is half the scattering angle. As shown in Fig. 11b, the crystallite size
tends to decrease with increasing of tensile strain. This further implies the destroy of initial
crystalline structure through lamellar separation and breakage during the tensile process.

To better understand the pore formation mechanism, more visualized schematic representations are

shown in Figure 12. For the PP/OP-10 sample (Fig. 12a), during the uniaxial tensile process, the
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initial pores that are introduced by adding OP-10 act as the stress concentrator, which leads to the
change of stress field in the adjacent PP matrix. Therefore, the spherulites around initial pores
experience intense deformation, leading to more pores nucleation through inducing more lamellar
separation and breakage on one hand. On the other hand, because of the plasticizing effect of OP-10,
the enhanced chain segment mobility of PP matrix promotes the growth of newly-formed pores in
the stress field. Consequently, larger mean pore size is achieved for the stretched PP/OP-10
membrane as shown in Fig. 6. In addition, the presence of a few amount of B-form PP that exhibits
parallel lamellar structure is possibly one of the main reasons for the largely increased mean pore
size because the parallel lamellar structure has greater ability to be separated compared with the
cross-hatched lamellar structure of o-form PP. For the PP/GO/OP-10 sample (Fig. 12b), although the
role of OP-10 is still present, the presence of GO particles may prevent the growth of newly-formed
pores through restricting the motion of PP chain segments, which results in the formation of pores
with smaller size. However, GO also exhibits the stress concentrator, which results in more
probability for the lamellar separation and breakage of adjacent PP matrix. Furthermore, the
interfacial debonding occurred between GO and PP matrix may increase the number of pores, which
facilitates the enhancement of the porosity. With the increase of tensile strain, the interfacial
debonding becomes more apparent, resulting more pores formation in the stretched membrane.
Consequently, higher porosity is achieved at relatively high tensile strain.

This work demonstrates that the porosity of stretched PP membrane can be greatly enhanced
through simultaneous addition of pore-forming agent and GO, which endows the composite
membrane with great potential application in many fields. However, it should be stressed that only
one content of OP-10 and/or GO is used in this work. Considering the apparent effect of OP-10
and/or GO on the pore formation behavior of PP membrane, studying on the effect of OP-10 and/or
GO content on the pore formation becomes very significant. In addition, although the size of pore
was rigorously defined and at least 200 pores were selected during the measurement to insure that
the data have a statistical significance, it should be pointed out that the determination of pore size is
still relatively rough. Further work needs to be done to adjust the processing parameters so that the
stretched PP composite membrane can be accurately characterized through more suited

characterization method.
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4. Conclusions

Four different stretched membranes, including PP membrane, PP/GO composite membrane,
PP/OP-10 membrane and PP/GO/OP-10 composite membrane, have been prepared through
melt-compounding and subsequent tensile process. The results show that many initial pores can be
introduced into PP material through adding OP-10. The presence of OP-10 enhances the chain
segment mobility but suppresses the crystallization of PP matrix. There is a competition between
OP-10 and GO particles in influencing the crystallization of PP matrix. The presence of initial pores
promotes the nucleation and growth of new pores during the tensile process, leading to larger mean
pore size for the stretched PP/OP-10 membrane. However, the presence of well-dispersed GO
prevents the growth of pore. Largely enhanced porosity is achieved for the stretched PP/GO/OP-10
membrane, especially at relatively high tensile strain. Furthermore, increasing tensile strain
facilitates the increase of mean pore size. Further results implies that the initial pores, which are
introduced by adding OP-10, act as the stress concentrator, promoting more pores formation during

the tensile process through inducing the lamellar separation and breakage.
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Figure captions:

Figure 1: TOM images showing the dispersion of GO in PP/GO and PP/GO/OP-10 samples.
Figure 2: TEM images showing the dispersion of GO and morphologies of initial pores in the
PP/GO/OP-10 composite.

Figure 3: (a) Storage modulus and (b) mechanical loss factor of different samples as indicated in
the graphs.

Figure 4: DSC heating (2) and cooling (b) curves of different samples as indicated in the graphs.
Figure 5: WAXD profiles showing the crystalline structure of different samples as indicated in the
graph.

Figure 6: SEM images showing the pore morphology of different samples as shown in the images.
The mean pore size is shown in the image. Samples were obtained at the tensile speed of 50
mm/min, tensile strain of 100% and the ambient temperature of 100 °C.

Figure 7: SEM images showing the pore morphology evolution in the PP/GO/OP-10 composite
membrane with the increase of tensile strain. Samples were obtained at the tensile speed of 50
mm/min. (a) 0 wt%, (b) 50%, (c) 100% and (d) 200%

Figure 8: Variation of porosity versus tensile strain of different stretched membranes. The
membrane was prepared at tensile speed of 50 mm/min.

Figure 9: SEM images showing the formation of new pores in the adjacent PP matrix around the
initial pores.

Figure 10: DSC heating curves showing the melting behavior of stretched membrane. The
membrane was prepared at tensile speed of 50 mm/min and tensile strain of 100%.

Figure 11: (a) Comparison of WAXD profiles of the stretched PP/GO/OP-10 membrane obtained at
different tensile strain as indicated in the graph, and (b) Variation of crystal size of (110) a crystal
face versus tensile strain

Figure 12: Schematic representations showing the pore formation mechanism in the stretched

PP/OP-10 membrane (a) and stretched PP/GO/OP-10 membrane (b).
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Largely enhanced porosity of stretched polypropylene/graphene oxide composite
membrane achieved by adding pore-forming agent

Jian Dai, Xian-ling Xu, Jing-hui Yang, Nan Zhang, Ting Huang, Yong Wang,

Zuo-wan Zhou, Chao-liang Zhang

| Stress inducing
Eeec—— pore formation

Hindrance effect of GO

With the combined effects of pore-forming agent and graphene oxide, largely enhanced porosity is

achieved for the stretched PP composite membrane.
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