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ABSTRACT: Solid-phase grafting of a soft vinyl mono-
mer, butyl methylacrylate (BMA), onto polypropylene (PP)
matrixes with 2,20-azobisisobutyronitrile (AIBN) as initia-
tor was carried out to enhance the polarity of polymer.
Soft vinyl monomer was a novel notion in grafting modifi-
cation of PP. Effects of swell time, BMA concentration,
AIBN concentration, grafting reaction time, and tempera-
ture on grafting percentage (Gp) and grafting efficiency
(Ge) were examined. The optimal conditions of grafting
reaction were obtained: swell time of 60 min, BMA con-
centration of 6 wt %, AIBN concentration of 0.05 wt %,
reaction temperature of 85�C, and reaction time of 2 h.
The grafting samples were investigated by such characteri-
zation techniques as Fourier transform infrared spectros-
copy (FTIR), thermal gravimetric analysis (TGA), and
scanning electron microscope (SEM) analysis. FTIR results

indicated that BMA was actually grafted onto PP back-
bone. TGA results showed that the decomposition temper-
ature increases with addition of BMA into PP backbone.
SEM results indicated that the surfaces of PP-g-BMA had
a markedly bumpy texture, whereas the pure PP surface
was very smooth. Water contact angle results showed that
the polarity and hydrophilicity of PP were improved effec-
tively. Compared with the traditional monomer MAH, Gp,
and Ge, melt flow rate and mechanical property results all
indicated that the soft vinyl monomer had a many advan-
tages in the modification of PP. In the end, the mechanism
of solid grafting was discussed. VVC 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 113: 1803–1810, 2009
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INTRODUCTION

Polypropylene (PP) is one of the most widely used
plastics in automotive, furniture, packaging, and
other fields due to its excellent physical and chemi-
cal properties, along with low cost. However, PP has
its inherent disadvantages such as low surface
energy, lack of chemical functionality, and poor
compatibility with synthetic polar polymers, which
restrict its further applications. This can be resolved
through grafting copolymerization, a well-estab-
lished method for polyolefin modification.1–5

Grafting modification of PP has been widely
investigated in past decades to modify the chemical
structure of its backbone. Several techniques such as
the solution process, melt process, and solid-phase
grafting process have been reported, in which solid-
phase grafting is most promising.6–9 The main
advantage of solid-state grafting of PP is that degra-
dation of PP via b-scission reaction at temperature
close to 100�C, which would take place extensively
when PP is processed in melt state, can be neglected.
Most of all, the solid-phase grafting process does not

need excess solvent; the modified PP practically
retains its original versatile properties.10

In most published literature,11–15 the general
standard of choosing grafting-monomer was grafting
percentage of copolymer, but little attention was
paid to the physical properties of grafting products.
Maleic anhydride (MAH) is a common vinyl mono-
mer widely used to graft onto polypropylene matrix.
However, due to its low reactivity and structural
confinement, the content of anhydride is very low in
grafting copolymer (generally lower than 1 wt %);
the crosslinking and degradation often occur during
the grafting process, thus leading to a limited degree
of functionality and polarity. Besides, the toxicity of
MAH also restricts its utility and adds difficulty in
the manipulating process.
The soft vinyl monomers used in grafting modifi-

cation of PP is a novel notion, and an excellent
modified polymer may be obtained by introducing
them into grafting modification of PP.16–19 The term
‘‘soft vinyl monomer’’ means the addition of poly-
merizable monomers, which, if homopolymerized,
would yield a homopolymer having a glass transi-
tion temperature (Tg) less than 25�C.19 Suitable
examples of soft vinyl monomer include esters of
unsaturated acids and saturated alcohols having
from 3 to 15 carbons, such as n-butyl acrylate (BA),
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2-ethylhexyl acrylate (HEA), and n-butyl methacry-
late (BMA). The Tg of some soft vinyl monomers in
common use are listed in Table I.20 Soft vinyl mono-
mer can polymerize into long flexile branches that
regulate the flexibility of PP, reducing the degrada-
tion and crosslinking. Moreover, routine considera-
tion of polarity and grafting percentage and grafting
efficiency are also satisfied.

Although BMA as a soft vinyl monomer is very
reactive, its use for PP grafting has hardly been
explored. In this work, grafting copolymer PP-g-
BMA was synthesized and characterized. Mechanical
property, thermal property, morphology, and hydro-
philicity of the products were studied, and very sat-
isfactory results were obtained in comparison with
common vinyl monomer MAH system. As far as we
know, little attention has been paid to introducing
soft vinyl monomer in preparing a grafting copoly-
mer. Therefore it is of significances for academic and
industrial researchers.

EXPERIMENTAL

Materials

Porous polypropylene granule (T30s) was supplied
by Daqing Petrochemical (Daqing, China). This gran-
ular PP was capable of absorbing a larger amount of
liquid monomer than could the one in the films,
therefore facilitating material feeding. BMA mono-
mer (analytical grade) and 2,20-azobisisobutyronitrile
(AIBN) initiator (analytical grade) were commer-
cially available from the Shenyang Donghua Chemi-
cal Company (Shenyang, China). BMA was purged
to remove hydroquinone inhibitor, using an inhibitor
remover disposable column (Aldrich Chemical) and
distilled under reduced pressure prior to use. AIBN
was recrystallized twice from methanol. Pure BMA
and AIBN were stored at 0�C before use. MAH
monomer (chemically pure reagent), commercial
methanol, xylene, and acetone were used as
received.

Grafting process

The solid-phase grafting process was performed in a
three-necked flask equipped with a twin-blade me-
chanical stirrer operated at 100 rpm, a nitrogen inlet,

and a thermometer. The temperature of the flask
was maintained with an accuracy of �1.0�C. First,
the reactor was flushed with nitrogen for 3–5 min at
room temperature; porous PP granules were then
added, followed by a mixed solution of initiator,
monomer, and xylene. The solution was then agi-
tated to swelling in an oil bath at the given tempera-
ture for 60 min to ensure that this mixture was
absorbed by the PP granules. Subsequently the tem-
perature was raised to start the grafting reaction in a
nitrogen atmosphere.

Purification of PP-g-BMA

Before characterization, PP-g-BMA samples were
purified by Soxhlet extraction in acetone for 12 h to
remove BMA homopolymer, xylene, and initiator,
then dried in vacuo at 50�C for 24 h. After drying,
the extracted samples were weighed and re-
extracted until the weight of the samples was con-
stant. To prove that BMA homopolymer and other
small molecules were extracted, the extracted PP
samples were purified in this way: dissolving in
refluxing toluene at a concentration of 5% (w/v) and
then precipitating in three volumes of acetone at
room temperature. The dissolving–precipitating pro-
cedure was conducted three times to remove poly
(butyl methacrylate), which might be formed in the
pores of PP granules. The precipitated samples were
dried in vacuo at 50�C for 24 h. It was found that
the weight was still constant. Therefore it was
assumed that monomer and homopolymer were
removed completely after extraction process.

Calculation of grafting percentage and grafting
efficiency

Grafting percentage (Gp) and grafting efficiency (Ge)
were calculated according to the following
equations:

Gpð%Þ ¼ m1 �m0

m0
� 100;Geð%Þ ¼ m1 �m0

m2
� 100

where m1 is sample mass after extraction, m0 is origi-
nal mass of PP in sample, and m2 is total mass of
feeding monomers.
Many previous studies21–23 have employed the ra-

tio of FTIR characteristic peaks of monomer to inter-
nal standard peaks of PP method or titration
method to calculate grafting percentage. It must be
stressed that the conversion ratio obtained by gra-
vimetry or by two methods mentioned above was in
good agreement. Picchioni proved this when he
grafted St onto PP.24–26 Therefore the gravimetry
mode is adopted to calculate grafting percentage in
this work.

TABLE I
Tg Values of Some Soft Vinyl Monomers

Soft vinyl
monomer Tg (

�C)
Soft vinyl
monomer Tg (

�C)

n-Butyl acrylate �56 2-Hydroxypropyl acrylate �7
Ethyl acrylate �24 Methyl acrylate 6
2-Ethylhexyl
acrylate

�15 n-Butyl methacrylate 22
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Gel content of PP-g-BMA

PP might crosslink when a common vinyl monomer
is grafted onto it, especially if the grafting percent-
age is high. If crosslinking occurs, the structures and
properties of copolymers are deteriorated to a great
extent, which is not what we expected. Thus the
crosslinking issue was emphasized in this work.
Detecting procedures were addressed as follows:
1.0 g purified PP-g-BMA was added into a given
volume of xylene at 80�C and agitated to dissolve
for 1 h. As is known, xylene did not dissolve cross-
linked PP but pure PP and PP-g-BMA. To further
prove that there was no gel in the PP-g-BMA sam-
ple, another 1.0 g purified PP-g-BMA was weighed
and packed in a copper net with 150 mesh holes.
The copper net was weighed beforehand. Then the
net was put into a flask with excess hot xylene
inside. After refluxing for 1 h, the net was taken out
and washed with acetone, then dried in vacuo at
100�C for 24 h. Thereafter, the net was weighed
again. The solution was poured into acetone slowly
to precipitate PP-g-BMA.

FTIR spectroscopy

FTIR spectra were recorded on a Perkin-Elmer 1760-
X FTIR Spectrometer from 4000 to 400 cm�1 with a
0.5 cm�1 resolution. Samples (0.1–0.2 g) were proc-
essed in 100-lm-thick films by compression molding
between Teflon-covered aluminium sheets under 1
MPa at 200�C for 5 s.

TGA analysis

TGA was carried out on a Perkin-Elmer RIS Dia-
mond TG-DTA from room temperature to 500�C
with a heating rate of 10�C/min under a dry nitro-
gen atmosphere.

SEM analysis

Samples were fractured under liquid nitrogen and
coated with chromium (3 nm) before measurement.
The fracture surfaces of samples were observed with
a JEOL JSM-6360LA scanning electron microscope
operated at 15 kV.

Contact angle measurements

Contact angles of PP and PP-g-BMA were deter-
mined using a JC2000C1 contact angle goniometer
(Shanghai Zhongchen, Shanghai, China) at ambient
temperature. Sample films were processed the same
as the ones used in FTIR characterization. All meas-
urements were preformed using the sessile drop
method and made with drops of 1 lL distilled water

after about 15 s. The reported values were an aver-
age of eight measurements at various places on
same sample.

MFR and mechanical properties measurements

MFR was measured with a Takara X-416 Melt
Indexer, (Takara Thermistor Instruments, Japan)
Measurement was performed at 230�C with a load
of 2.16 kg. Tensile properties of samples were inves-
tigated on a universal tensile tester (Instron 1122)
using a load of 20.0 kg. Elongation at break and ten-
sile strength were measured at a crosshead speed of
50 mm/min. An average of five test results was cal-
culated and reported.

RESULTS AND DISCUSSION

Experimental conditions such as reaction time and
temperature, monomer, and initiator concentration
have significant effects on grafting process. Because
porous PP granules were first swollen by the solu-
tion of BMA/xylene/initiator, the swell time also
has important effect on grafting reaction.
Figure 1 shows Gp and Ge versus swell time with

diffusion of the solution of BMA/xylene/initiator.
The ability of BMA/xylene/initiator solution is to
etch and swell the polymer micropore and surface
so that it can provide more surfacial areas for
absorbing monomer and initiator uniformly. The
results indicate that Gp and Ge both reach a constant
value after 60 min, although the curves initially
increase rapidly. In other words, diffusion equilib-
rium can be reached within 60 min. Since grafting
copolymerization is a diffusion-controlled process,
increase of the swell time benefits monomer diffu-
sion into polymer matrix, leading to the presence of
sufficient monomer units in grafting zone, which
makes a contribution to increase of Gp and Ge. When

Figure 1 Influence of swell time on Gp and Ge (mass ratio
of PP/BMA/AIBN ¼ 100 : 6 : 0.3; reaction time ¼ 2 h; and
reaction temperature ¼ 80�C).
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the diffusion equilibrium is obtained, Gp and Ge will
be constant, independent of time.

The influence of monomer concentration on Gp

and Ge is shown in Figure 2. As was said in the Ex-
perimental section, BMA and AIBN were first mixed
with xylene solution to agitating-swell the polymer
matrix. Gp increases quickly as the concentration of
BMA increases initially; but when BMA concentra-
tion is over 6 wt %, Gp is constant. In contrast, Ge is
ceaselessly depressed. A similar trend was observed
by Sathe.27 The initial increase in Gp for higher BMA
concentration may be attributed to increase of the
number of BMA molecules diffusing and reaching
the free radical sites on PP backbone. As is well
known, PP is a semicrystalline polymer, and grafting
copolymerization can only occur at amorphous and
inner micropore areas, and their amounts are defi-
nite. Furthermore, the free radical sites on PP back-
bone are initiated by thermal decomposition of
AIBN, and the number of active sites is also limited,
so Gp will be balanced and Ge will be descended.
This result also indicates that the possibility of BMA
homopolymer formation increases as the concentra-
tion of BMA increases.

Effects of initiator concentration on Gp and Ge are
shown in Figure 3. The observed curves are typical
for grafting copolymerization reaction via chain
transfer. The initial increase in Gp and Ge is caused
by an increase in the concentration of initial radicals
formed through decomposition of AIBN. Thus, the
higher the concentration of initial radicals is, the
more the chain transfer to polymer backbone. How-
ever, an excess of initiator increases the trend of
BMA homopolymerization, which tends to terminate
grafting reaction. As a result, Gp and Ge will drop.

Grafting reaction dependence on reaction time is
presented in Figure 4. After an initial sharp increase
of Gp and Ge, the curves become parallel. This result
shows that more than 55 wt % BMA is grafted onto

PP chains after 2 h, and the rest is consumed in dif-
ferent ways: nonreaction, homopolymerization, or
crosslinking.
Effects of temperature on Gp and Ge of grafting

BMA onto PP chains were studied with the tempera-
ture varying from 75 to 95�C. The results are shown
in Figure 5. It can be seen that as temperature
increases, Gp and Ge initially increase and pass
through a maximum, then begin to decrease.
Because of reactive species (PP� radicals) mainly ori-
ginated from decomposition of AIBN, high reaction
temperature will lead to complete decomposition of
AIBN and thereby provide enough reactive sites to
initiate grafting copolymerization. However, if the
temperature is too high, the decomposition rate of
the initiator will exceed the grafting polymerization
rate and monomers will be initiated to homopoly-
merize, so Gp and Ge decrease.

Gel content of PP-g-BMA

As stated, the crosslinking issue of PP-g-BMA
should be addressed first in this work. The grafted

Figure 2 Influence of monomer concentration on Gp and
Ge with the swell time of 60 min (other conditions were
the same as those in Fig. 1).

Figure 3 Influence of initiator concentration on Gp and Ge

with the swell time of 60 min (other conditions were the
same as those in Fig. 1).

Figure 4 Influence of reaction time on Gp and Ge with the
agitating swell time of 60 min (other conditions were the
same as those in Fig. 1).
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polymer was dissolved completely within 30 min
without any gel; the weight of the copper net and
the purified PP-g-BMA did not change, indicating
that BMA as a soft vinyl monomer was grafted onto
the PP, and no crosslinking occurred during the
grafting process.

FTIR spectroscopy analysis

IR spectra of pure PP and PP-g-BMA are shown in
Figure 6. BMA grafted onto PP film was confirmed
by FTIR analysis. The presence of a band at 1728
cm�1 in the spectrum of the grafted polymer (char-
acterizing the ester group of BMA), which is absent
from the spectrum of pure PP, indicates that BMA
was grafted onto PP.

Thermal gravimetric analysis

Figure 7 shows TGA results of PP-g-BMA samples
with different grafting percentage. It is evident that

grafted samples have a higher-onset thermal degra-
dation temperature and a lower weight loss at a par-
ticular temperature than pure PP. It must be
stressed that the more the grafting percentage is, the
higher the thermal degradation temperature is. This
interesting phenomenon indicates that PP-g-BMA
has better thermal stability than pure PP. Clearly,
the improved thermal stability of PP-g-BMA results
from incorporated BMA branches. This is because
the poly(butyl methylacrylate) branch is thermally
more stable than tertiary hydrogen atoms on the PP
backbone, which results in retardation of degrada-
tion rate of PP.

SEM measurements

Figure 8 shows SEM micrographs of cryogenically
fractured surfaces of pure PP, as well as different
grafting percentages of PP-g-BMA samples. The
morphologies of grafted PP [Fig. 8(b,c)] are signifi-
cantly different from those of pure PP [Fig. 8(a)].
The grafted surfaces show a markedly bumpy tex-
ture, whereas pure PP surfaces are very smooth. The
bumpy surfaces of grafted layers can be explained
by the difference in the swelling ability of xylene/
initiator/BMA for amorphous and semicrystalline
sites on the PP matrix, resulting in different degrees
of grafting in amorphous and micropore regions of
PP. Figure 8(b,c) also indicates that grafted mole-
cules are heterogeneously distributed in PP matrix.

Contact angle measurements

Measurement of contact angle between water and a
film surface is one of the easiest ways to characterize
the polarity and hydrophilicity of a film. When
water is applied to the surface, the outermost surface
layers interact with water. A hydrophobic surface
with low free energy gives a high contact angle with

Figure 5 Influence of reaction temperature on Gp and Ge

with the swell time of 60 min (other conditions were the
same as those in Fig. 1).

Figure 6 FTIR spectra of pure PP and PP-g-BMA (Gp ¼
5.08%).

Figure 7 TGA curves of pure PP (a), 1.61% PP-g-BMA
(b), 3.43% PP-g-BMA (c), and 5.08% PP-g-BMA (d).
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water, whereas a wet high-energy surface allows the
water droplets to spread, i.e., gives a low contact
angle. In this study, the water contact angles of pure
PP and PP-g-BMA were measured by contact angle
goniometer, and the results are shown in Table II.
As is seen, the contact angle decreases from 98�

(pure PP) to 75�, indicating that the polarity and
hydrophility of the polymer were improved
efficiently.

Comparison of different monomer systems

As addressed before, MAH is commonly used in
grafting modification of PP. Therefore MAH as a
common vinyl monomer was chosen in comparison
with BMA. The differences of Gp and Ge, MFR, ten-
sile strength, and elongation at break of pure PP,
PP-g-BMA, and PP-g-MAH at the same conditions
are listed in Table III, respectively. The results in Ta-
ble III show that Gp and Ge of grafted copolymer

containing soft vinyl monomer, PP-g-BMA, are far
higher than those of PP-g-MAH containing common
vinyl monomer. Tensile strength and elongation at
break of PP-g-BMA are similar to those of pure PP
but far higher than those of PP-g-MAH. Interest-
ingly, contrary results are shown in three MFR sam-
ples: the MFR of PP-g-MAH is highest, followed by
that of PP-g-BMA; the lowest is pure PP. It is easy to
understand: BMA as a soft vinyl monomer can
improve the polarity of PP and retain its inherent
properties, and MAH cannot tune the flexibility of
PP backbone and degrades seriously. To further

Figure 8 Scanning electron micrographs of pure PP and various grafting percentage of PP-g-BMA: (a) pure PP, (b) Gp ¼
1.61%, (c) Gp ¼ 3.43%.

TABLE II
Contact Angles of Pure PP and Different Grafting

Percentage of PP-g-BMA

Gp (%) Pure PP 1.61 4.25

Contact angle (�) 98 87 75

TABLE III
Comparison of Different Monomer Systems on Gp and

Ge, MFR, and Mechanical Properties of Grafting
Copolymer

Sample
Gp/Ge

(%)
MFR

(g�10 min�1)

Tensile
strength
(MPa)

Elongation
at break (%)

PP – 3.6 37.02 700
PP-g-BMA 4.25/70.8 6.5 36.79 640
PP-g-MAHa 0.45/7.5 22 30.7 20

a PP-g-BMA and PP-g-MAH were both obtained at the
same grafting conditions: PP:AIBN:BMA (MAH) ¼ 100 :
0.3 : 6 (wt %); swell time ¼ 60 min; reaction time ¼ 2 h;
reaction temperature ¼ 85�C.

1808 WANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



explain this phenomenon, we studied the morphol-
ogy and microstructure of the composites by using
different methods that will be reported later.

Mechanism of grafting

In this study, solid-phase grafting is not only a sur-
face grafting process but is also used for grafting

onto inner and PP micropores. The mechanisms of
grafting resemble that in solution grafting, but not

all the same. In solution grafting process, grafting
reaction takes place at the molecular level; so does

the solid-phase grafting. The decomposition of initia-
tor in the solid phase to form free radicals takes

place at the molecular level, but the transport of rad-
icals to PP and initiation of grafting takes place at

the solid–liquid interface. The swell process can dif-

fuse monomer and initiator uniformly into the
spherical PP granules, so the whole solid-phase
BMA grafting modification of PP can be divided
into three steps as follows:

1. By using the porous polypropylene granules,

the solution of AIBN/BMA/xylene can be dif-

fused into micropores and surfaces of PP. Thus

we can distinguish the transport process of

components in the following steps: diffusion in

the pores and surfaces of PP granules, absorp-

tion in the amorphous phase and micropores,

and diffusion in the inner micropores and

amorphous phase of microparticles.
2. The grafting mechanism of BMA onto polypro-

pylene backbone with free radical initiation
would involve the following steps:
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CONCLUSIONS

This work concerned the performance of a soft vinyl
monomer BMA for free-radical grafting modification
of PP in a typical solid phase. Effects of chemical
and processing parameters were discussed. The ini-
tial decomposition temperature of grafted samples
was higher than that of pure PP. The polarity and
hydrophilicity of PP were improved effectively.
Compared with the common vinyl monomer MAH
system, the grafting level, mechanical property, and
thermal property of the soft vinyl monomer grafting
samples were all satisfactory.
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