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Abstract

Herein an efficient approach to produce functional polypropylene via solvent assisted solid-phase grafting process is reported,
in which acrylic acid, methyl methacrylate and maleic anhydride are used as multi-monomers, 2,2'-azobis(2-methylpropion-
itrile) as initiator and ether as swelling solvent and carrier. The effects of various factors such as the swelling solvent species
and dosage, swelling time and temperature, monomer and initiator concentrations, reaction time and temperature, nitrogen
flow rate and the stirring speed on the grafting percentage and grafting efficiency were investigated. To verify the polar spe-
cies was grafted onto polypropylene, the resulted polymers were characterized by Fourier transform infrared spectroscopy,
scanning electron microscopy, X-ray diffraction analysis, water contact angle measurement, tensile strength and melt flow
rate measurement. All the results showed that using the ether assisted solid-phase free radical grafting process is an efficient

and versatile approach to produce functional polypropylene.

Keywords Functional polypropylene - Ether - Multi-monomers - Soaking - Grafting

Introduction

Polypropylene (PP) is one of the most widely used poly-
mers in industry, as fiber, film and pipe, because it has many
advantageous properties such as easy processing, high chem-
ical resistance, flexibility, low density, adequate mechanical
properties and low cost. Due to the low surface energy and
lack of reactive functional groups on its molecular chains,
PP is not compatible with a wide range of other polymers
and fillers and also has printing and adhesion problems
[1-4]. The methods that have been used for obtaining func-
tional modification of PP include chlorination [5], hydrop-
eroxidation [6], hydrogen abstraction from tertiary carbons,
followed by ozonolysis [7], in situ copolymerization and
grafting copolymerization [8]. Among these methods, the
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grafting copolymerization of polar vinyl monomers onto PP
offers a very feasible approach [9].

The conventional processes of grafting functional groups
onto PP backbones can be performed in solution, melt, aque-
ous suspension, or the solid-state, all of which suffer from
several drawbacks. In the solution grafting process all of the
initiator, monomers and PP are dissolved into a solvent to
form a homogeneous reaction media. After the functional
groups are grafted onto the PP backbones, it is difficult to
remove the solvent from the final product and usually addi-
tional waste streams are created [10—12]. Melt processing
operating in extruders, is a proven technique for grafting
modification of PP and has been applied on a large scale.
Generally, extruders have numerous advantages that make
them ideal for polyolefin modification and some polymeri-
zation processes. These include good mixing, reasonable
heat transfer and good pumping abilities for high viscos-
ity materials. One of the major disadvantages of reactive
extrusion is this process must be performed in the molten
phase, therefore resulting in serious coupling, crosslinking
and degradation [13, 14]. In the aqueous suspension pro-
cess, monomers and initiators are dissolved into the water
before adding to the polypropylene matrix, and then grafting
reactions are initiated in suspension state. However, due to
the hydrophobic characteristic of PP, the type and amount
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of monomers are limited due to the solubility in water. At
the same time, the mass transfer efficiency of monomer on
polypropylene particles is also limited, resulting in low
grafting efficiency [15—17]. Compared with the other graft-
ing methods, the solid-phase grafting process boasts many
advantages such as lower reaction temperature, freedom
from the need for solvent recovery and simpler equipment
requirement [18, 19]. However, the main disadvantage of
this process is that most monomers are grafted only on the
surface of the PP particles, and the interior and any pores of
the PP remain nonpolar [20]. To resolve the poor uniformity
of the grafted products, the supercritical carbon dioxide (SC
CO,) assisted solid-phase grafting process was introduced
as a high-efficiency and environmentally-friend method in
recent years [21-26].

As a known swelling agent for most polymers, SC CO,
can dissolve many small molecules [24]. This unique prop-
erty provides an opportunity to use SC CO, as a solvent
and swelling agent to impregnate polar vinyl monomers and
initiators uniformly into PP. The degree of swelling in the
PP as well as the partitioning of small molecules penetrant
between the swollen polymer phase and the fluid phase can
be easily controlled by its supercritical phase parameters.
Grafting copolymerization is then initiated thermally within
the swollen PP to form a grafted branch-chain, either in the
presence of SC CO, or after venting the CO, replacement
with N,. These procedures are socalled SC CO, assist solid
phase grafting process. It was found that SC CO, assist solid
phase grafting process significantly increased the homoge-
neous distribution of grafting branch-chain onto the sur-
faces and micropores of PP particles and remained its ver-
satile physical properties though introducing the grafting
branch chain. Unfortunately, CO, is gas at ambient condi-
tion, its supercritical states (Tc=31.1 °C, Pc=7.38 MPa)
are attained by compression and heat [25-27]. It has strict
requirements on the pressure rating of the experimental
device. The amount of samples obtained in each experi-
ment was also relatively small [24, 28]. So the large-scale
application of this process for functionalization PP hasn’t
been reported so far.

Interestingly, ether also can dissolve small organic mol-
ecules and swell most polymers like SC CO,. Besides, its
boiling point is 36 °C, which is liquid at room temperature.
So it could swell polymers under normal pressure, which
will decrease cost and improve the security of experimental
device. Moreover, it is easy for ether to transform between
liquid and gas. So it is easy to remove and recycle ether from
PP swell reaction system. This fact prevents products and the
environment from being polluted.

In this study, ether was used to replace SC CO, as swell-
ing solvent and carrier in solvent assisted solid-phase
free radical grafting copolymerization of multi-monomer
AA/MMA/MAH onto PP. Crystallinity, morphology,
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hydrophilicity and mechanical property of the grafted
products were studied, and very satisfactory results were
obtained. As far as we know, little attention has been paid
to the ether solvent assisted solid-phase free radical grafting
process in preparing a functional copolymer. Therefore it
is of significances for academic and industrial researchers.

Experimental section
Materials

PP (T30S) without any additive was kindly provided by
Daqing Petrochemical Company. Acrylic acid (AA) and
methyl methacrylate (MMA) were produced by the Tian-
jin Special Chemical Reagent Development Center (AR
grade) and used after purification by vacuum distillation.
2,2'-Azobis(2-methylpropionitrile) (AIBN) was purchased
from the Shenyang Donghua Chemical Company (AR grade)
and was used after recrystallization twice from methanol.
Pure AA, MMA and AIBN were stored in icebox before use.
Maleic anhydride (MAH), methanol, ether, acetone, analyti-
cal grade; nitrogen with a purity of 99.9% were supplied by
Dagqing petrochemical Company and used as received.

Grafting procedures

The solvent assisted solid-phase free radical grafting pro-
cess was composed of two steps as was done in SC CO,
assist solid phase grafting process [20, 21, 26, 29]: the
soaking step and the grafting copolymerization reaction
step. During the soaking step, the monomer and initiator
were diffused into the ether-swollen PP particles. First, a
three-necked flask equipped with a twin-blade mechanical
stirrer, a nitrogen inlet, and a thermometer was flushed
with nitrogen for 3-5 min at room temperature. The tem-
perature of the flask was maintained with an accuracy of
+ 1.0 °C. Multi-monomers AA, MMA, MAH and initiator
AIBN were dissolved into ether beforehand. 10 g PP par-
ticles and a suitable amount of ether solution were placed
into the reactor. Then the solution was agitated to swell
PP in an oil bath at the given temperature to ensure that
this mixture was absorbed by PP granules. Subsequently
ether was released by heating after the required soaking
time had elapsed. After venting ether, the grafting copo-
lymerization reaction step was operated immediately. The
impregnated grains were heated up to a given reaction
temperature, and kept at this temperature for the desired
reaction time under nitrogen. Before characterization,
PP-g-AA-MMA-MAH samples were purified by Soxhlet
extraction in acetone for 12 h to remove unreacted mono-
mers and initiator, and then dried in vacuum at 50 °C for
24 h. After drying, the extracted samples were weighed
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and re-extracted until the weight of the samples was con-
stant. The possible structure and reaction mechanism of
AA, MMA and MAH grafting onto PP are discussed in
Refs. [2, 30, 31] and described in Fig. 1. During the graft-
ing process, degradation and rearrangement of PP radicals
may occur, as well as homopolymerization of monomers,
S0 it is necessary to remove self-polymerized by-products
from PP-g-AA-MMA-MAH by solvent extraction [32].

Calculation of grafting percentage (Gp) and grafting
efficiency (Ge)

Gp and Ge were calculated according to Egs. (1) and (2).

Gp= 27"+ 100%

m

ey

Ge = MM x 100% )
my,

where my is original mass of PP in sample, m, is sam-
ple mass after extraction, and m, is total mass of feeding
monomers.

A

( CH3)2 -N=N- ( CH3) 2—>

2( CHy)

Characterization

Fourier transform infrared (FTIR) spectral analysis, scan-
ning electron microscope (SEM) analysis, water contact
angle measurement, Gel permeation chromatography
(GPC) analysis, thermogravimetric (TGA) analysis, X-ray
diffraction (XRD) analysis, MFR and mechanical proper-
ties measurements were done according to the literature [6,
20]. The FTIR spectra were recorded on a Perkin-Elmer
1760-X infrared spectrometer from 4000 to 400 cm™! with
a 0.5 cm™! resolution. The fracture surfaces of the samples
were studied with a JEOL JSM-6360LA scanning electron
microscope operated at 15 kV. Surfaces of the samples were
coated with chromium (3 nm) before the measurement with
a JEOL JFC-1600 Auto Fine Coater. Contact angles of the
nascent PP and grafted samples were determined using a
Shanghai Zhongchen Co. Ltd. JC2000C1 contact angle goni-
ometer at ambient temperature. The average MWs, including
the number-average molecular weight (Mn), weight-average
molecular weight (Mw), and viscosity-average molecular
weight (Mv), were measured at 135 °C by a Waters 150CV
GPC instrument (Waters Co., Milford, Massachusetts)
with o-dichlorobenzene as the solvent. Thermogravimetric
analysis (TGA) of grafted copolymers was carried out on
a Diamond TG/DTA thermal analyzer at a heating rate of
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Fig.1 Schematic illustration of possible grafted PP structure and reaction mechanism
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10 °C/min from room temperature to 500 °C. The crystal-
lization behavior of the grafted samples was determined by
X-ray diffraction (XRD) analysis with a D/IMAX-2200 X-ray
diffractometer (Rigaku Co., Tokyo, Japan) with Cu target
radiation over the range 26 =10°-80°. The tube voltage was
40 kV, and the tube current was 30 mA. The samples were
processed in 0.4 mm thick films by compression molding at
200 °C for 1 min. MFR was measured with a Takara X-416
Melt Indexer, (Takara Thermistor Instruments, Japan) Meas-
urement was performed at 230 °C with a load of 2.16 kg.
Tensile properties of samples were investigated on a uni-
versal tensile tester (Instron 1122) using a load of 20.0 kg.
An average of five test results was calculated and reported.

Results and discussion
Grafting parameters
Effect of swelling solvent species

In this work, the soaking experiments were conducted under
conditions at which swelling solvent, AA, MMA, MAH
and AIBN exist as a single phase. To determine the optimal
operation conditions, the effects of the swelling solvent spe-
cies and dosage, swelling time and temperature, monomer
and initiator concentrations, reaction time and temperature,
nitrogen flow rate and stirring speed on Gp and Ge were
studied, and the results were shown in Table 1 and Figs. 2,
3,4,5,6,7,8,9and 10.

According to the literature [33, 34], some organic sol-
vents can be used as swelling solvent of PP and carrier of
multi-monomers. Table 1 summarizes the Gp and Ge data
obtained in the presence of varying swelling solvent species.
The soaking experiments were carried out at 29 °C for 10 h,
followed by thermal reaction at 80 °C for 1.5 h with AIBN
as initiator. The solvent dosage was 1.4 ml/gPP. The mass
ratio of PP/AIBN/monomers was 100:0.5:6. The nitrogen
flow was 30 ml s~!. The stirring speed was 50 r min~".

As can be seen from Table 1, the Gp and Ge of ether
were highest, followed by hexane while the others were
not ideal for using as a swelling solvent. There is a great

Table 1 Effect of swelling solvent species on grafting reaction

Swelling solvent species Gp, % Ge, %
Ethanol 1.13 17.8
Acetone 1.64 27.3
Petroleum ether (30-60 °C) 1.60 26.7
Ether 3.29 54.8
Hexane 2.81 46.7
Heptane 2.40 40.0

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

4.0 60
o —<-Gp
< —o—Ge | 50
40
X X
& 8

0.5

0.0 n 1 n 1 n 1 n 1 n 1 n 1
1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6

Swell solvent dosage, ml/gPP

Fig. 2 Influence of swelling solvent dosage on Gp and Ge (other con-
ditions were same as those in Table 1)

difference between solubility and diffusion coefficient of
ethanol, acetone, petroleum ether in PP and ether/hexane.
As a rule of “likes dissolve each other”, substances incline
to dissolve in the solvent which has a similar formation due
to dominant intermolecular attraction [35]. The polarity of
ethanol, acetone, petroleum ether is higher with compared
to ether and hexane, which is similar to PP. So the former
solvent could not swell PP particles well. Little of monomers
and the initiator were adsorbed on the particle surface, and
most of them remained in the swelling solvent, resulting in a
low Gp and Ge. As to ether and hexane, they could swell PP
efficiently. So monomers and the initiator easily diffused into
particles with the assistance of solvent, which caused a high
Gp and Ge. Considering Gp, Ge, environment and energy
issues, ether was selected as a swelling solvent.
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Fig.3 Influence of swelling time on Gp and Ge (other conditions
were same as those in Table 1)
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Fig. 5 Influence of initiator concentration on Gp and Ge (other condi-
tions were same as those in Table 1)

Effect of swelling solvent dosage

Figure 2 shows swelling solvent dosage influence on Gp and
Ge with ether as a swelling solvent and carrier. The other
conditions are the same as those in Table 1. As can be seen
from the curve, Gp and Ge at first increase with swelling
solvent dosage, then decrease after the swelling solvent dos-
age reaching 1.4 ml/gPP. This phenomenon can be explained
as follows: According to D. A. Blackadder’s study [36, 37],
the soaking temperature is well below PP’s melting point,
semicrystalline parts do not dissolve wholly in organic sol-
vents. However, even at low temperatures, most solvents can
penetrate the amorphous regions to some degree, resulting in
the solvation of individual segments of PP chains and overall
swelling of the specimen. In this work, the amount of AIBN/

Monomer concentration, wt%

Fig.6 Influence of monomer concentration on Gp and Ge (other con-
ditions were same as those in Table 1)

4.0 60
Il ——Gp
—e—G —
35F ¢ EE— ]
450
—
-, .
304
= 440 =
o o
O 25t o
430
20} J
A
15 L . L . L 20
1 2 3

Reaction time, h

Fig.7 Influence of reaction time on Gp and Ge (other conditions
were same as those in Table 1)

monomers was fixed. An increase in the swelling solvent
dosage led to the increase of solubility in ether, which was
not favorable for the impregnation of AIBN/monomers in PP
matrix because AIBN/monomers distributes between sol-
vent phase and PP matrix; on the other hand, the increase of
swelling solvent dosage resulted in an increase in the swell
or plasticizing content of the PP matrix, which made the
diffusion of monomer and initiator in PP easier, and this
was favorable for grafting reaction. In the low swelling sol-
vent dosage range, the first factor was always predominant.
At high swelling solvent dosage the stronger solubility of
ether made the absorption of monomers and the initiator
into the PP matrix more difficult. The maximum of Gp and
Ge at swelling solvent dosage of 1.4 ml/gPP indicated a bal-
ance of the two opposite factors. The results are similar to
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Fig.8 Influence of reaction temperature on Gp and Ge (other condi-
tions were same as those in Table 1)
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Fig.9 Influence of nitrogen flow rate on Gp and Ge (other conditions
were same as those in Table 1)

increasing swell pressure in SC CO, assist the solid phase
grafting process [38, 39].

Effect of swelling time

Figure 3 shows the effects of swelling time on on Gp and
Ge with ether as a swelling solvent and carrier. The other
conditions are the same as those in Table 1. After an initial
quick increase of Gp and Ge, the curves became parallel as
swelling time extending to 10 h. As was expected, a pro-
longed swelling time was benefit for PP swell and diffusion
of monomers/initiator into PP matrix, so Gp and Ge were
increased rapidly. But when the swelling time was over 10 h,
diffusion of monomers and initiator reached a dynamic bal-
ance between solvent and solid particles. In other words,
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Fig. 10 Influence of stirring speed on Gp and Ge (other conditions
were same as those in Table 1)

soaking equilibrium can be reached within 10 h. In fact, the
soaking process was a distribution procedure that allots the
monomer and initiator heterogeneously between solution-
phase and PP matrix [40] The monomer and initiator were
first dissolved into the ether, then diffused and absorbed onto
the grafting areas of PP with the aid of ether. As the soak-
ing time increased, the diffusion of monomer and initiator
molecules onto the PP particles surfaces also increased, so
the grafting percentage was growing. The parallel of grafting
percentage may be attributed to the saturation of active sites
on PP backbone by diffusion and absorbance of monomer
and initiator, which formed a diffusion barrier on the graft-
ing zones. This also implied that the swell ability of ether
towards this PP matrix had a limited value. The results were
in agreement with the findings obtained by using SC CO, as
a swelling solvent and carrier [26].

Effect of swelling temperature

Swelling temperature is one of the important factors that
control the soaking process [35]. Figure 4 shows the rela-
tionship between swelling temperature and Gp, Ge with
ether as a swelling solvent and carrier. The other condi-
tions are the same as those in Table 1. It can be seen that
Gp and Ge increase with increasing in swelling tempera-
ture and reach a maximum at 29 °C and then decrease
fast. This is due to thermal motion of small molecules like
monomers, AIBN and PP chains accelerate with increas-
ing swelling temperature, which is benefit for swell of PP
particles and diffusion of monomers and initiator [41].
However, the boiling point of ether is 36 °C. When swell-
ing temperature rose to 29 °C, ether vaporizes in intensity
and forms a huge cloud of gas. A crust of monomers and
initiator is left on the surface of the PP. When vent ether
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after swell process, most of monomers will be carried
away. Besides, monomers left on the PP surface incline to
homopolymerization, which is separate as by-products in
Soxhlet extraction. So Gp and Ge began decreasing.

Effect of initiator concentration

During the graft polymerization, the initiator, AIBN, gen-
erates two free radicals upon heating to its decomposition
temperature. The radicals abstracted hydrogen atoms from
the backbone of PP polymer, leading to the formation of
the macromolecular radicals of PP [42]. The macromo-
lecular radicals could initialize the grafting polymerization
of the functional monomer onto the backbones to form
desired modified polymers or could undergo polymer chain
session to produce lower molecular weight polymers, as
shown in Fig. 1. The effects of the initiator concentrations
on Gp and Ge were shown in Fig. 5. Gp and Ge reach their
peak when AIBN concentration is 0.5 wt% with ether as
a swelling solvent and carrier. The other conditions are
the same as those in Table 1. It can be seen that as AIBN
amount increases, Gp and Ge initially increase and pass
through a maximum. The initial increase in Gp and Ge is
caused by the increased amount of free radicals for the
chain transfer to the polymer backbone. However, Gp and
Ge tend to decrease if the initiator concentrations rise
continually. This is because that the concentration of the
initiator is so high that the free radicals have more chance
to meet with each other. Radical activity is too high to
exist in isolation, so termination reaction occurrs easily.
For this reason, side reaction (e.g. bi-radical termination,
B chain scission, chain transfer) increases, which leads to
the decrease of Gp and Ge.

Effect of monomer concentration

Figure 6 shows the effect of monomers concentration on
Gp and Ge with ether as a swelling solvent and carrier. The
other conditions are the same as those in Table 1. It can
be seen that Gp increases constantly with the concentra-
tion of the monomers but Ge decreases straightly. As the
concentration of monomers goes high, more monomers
will be impregnated into the PP matrix. As we all know,
a swelling agent mainly swells the amorphous regions of
PP matrix. Because of the existence of crystalline domains
in PP matrix, it can only swell the polymer to some extent.
When the swell degree is fixed, the absorbance balance of
monomer in solvent phase and PP matrix is obtained. An
increase of monomer concentration cannot increase the
grafting percentage. The extra amount of monomer will auto
polymerization. So Ge is constantly decreased..

Effect of reaction time

Figure 7 shows the effect of reaction time on Gp and Ge
with ether as a swelling solvent and carrier. The other condi-
tions are the same as those in Table 1. Gp and Ge increased
initially with prolongation of reaction time and then tended
to decline slightly. This is because all the AIBN had been
consumed and/or all the monomers had been polymerized
after a certain reaction time. The grafting polymerization
had been nearly over. However, the degradation reaction
of PP macromolecular chains became serious if prolonged
reaction time. So Gp and Ge tended to decline slightly.

Effect of reaction temperature

Figure 8 shows the effect of reaction temperature on Gp and
Ge by varying reaction temperature from 70 to 90 °C with
ether as a swelling solvent and carrier. The other conditions
are the same as those in Table 1. From the Fig. 7, it was
observed the peak of curves was obtained at 80 °C. Reaction
temperature effect on Gp and Ge is closely related to initia-
tor’s decomposition half-life. The decomposition halflifes
of AIBNare 5h,2.5h,1.3h,0.68 h, 0.36 hat 70 °C, 75 °C,
80 °C, 85 °C, 90 °C respectively [43]. At a low reaction tem-
perature, the decomposition of AIBN was incomplete. Most
of monomers were thermal initiation to homopolymeriza-
tion. When reaction temperature ranges from 70 to 80 °C,
more free radicals are present, so monomers tend to graft
alternatively onto the PP backbone, causing Gp and Ge to
increase rapidly. At 80 °C, the decomposition rate of AIBN
was compatible with the grafting polymerization rate, so Gp
and Ge reached at peak. However, if the reaction temperature
increased continually, the decomposition rate of the initiator
would exceed the grafting polymerization rate, resulting in
the surplus of free radicals in the sites of grafting reaction.
So side reactions such as homo-polymerization of monomers
and termination of free radicals occurred badly. These side
reactions consumed a lot of initiator and monomers, result-
ing in Gp and Ge decrease.

Effect of nitrogen flow rate

Figure 9 shows the optimal nitrogen flow rate is 30 ml/min
with ether as a swelling solvent and carrier. The other con-
ditions are the same as those in Table 1. The reaction of
oxygen with free radicals formed inactive peroxy radicals,
such as: M,-+ 0, — M,-0-0- [29]. Termination reaction
occurred between two peroxy radicals or peroxy radicals
and other radicals [44]. These reactions decreased the ini-
tiation efficiency of AIBN, leading to a low Gp and Ge. As
a protective gas, nitrogen drove oxygen out from the reac-
tor, resulting in the increase of Gp and Ge with nitrogen
flow increase. However, the whole reaction system was not
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completely sealed and the monomers were inclined to vola-
tile. So nitrogen would take away some monomers. Increase
of nitrogen flow, this effect became more and more seri-
ous. When the nitrogen flow increased to 30 ml/min or even
more, this effect exceeded the protective effect. So Gp and
Ge went down with nitrogen flow increase.

Effect of stirring speed

Figure 10 shows the relationship between stirring speed and
Gp, Ge with ether as a swelling solvent and carrier. The
other conditions are the same as those in Table 1. It can be
seen that the temperature dependences of Gp and Ge have
similar trends, which exhibit maximum at 50 r/min. As well
known, stirring is good for mass and heat transfer. However,
with the assistant of solvent swell process, stirring having
little or no impact on monomers/initiator transferring to
PP matrix. So the main effect of the stirring was on heat
transfer in this work. When the stirring speed was set at
20 r/min, stirring was too low to transport excessive polym-
erization heat away from warm region of the reactor. Most
of the monomers in the hotspot were thermally initiated to
homo-polymerization rather than grafting on PP. Increasing
the stirring speed from 20 to 50 r/min, polymerization heat
began to be removed effectively. Hence Gp and Ge went
significantly up with stirring speed increase. When the stir-
ring speed is raised over 50 r/min, PP granules were stirred
to the reactor wall. Due to polymerization heat, PP would
stick to the reactor wall, homo-polymerization of the mono-
mers would be accelerated and disadvantageous to the graft

polymerization. Therefore, a stirring speed of 50 r/min is
appropriate for practical applications.

Characterization
FTIR spectra

The grafting of AA, MMA and MAH onto PP was con-
firmed by FTIR spectroscopy, as illustrated in Fig. 11.
Compared with the spectrum of nascent PP, four new char-
acteristic absorption bands are observed in the grafted PP.
They appear at 1858 cm™' (asymmetrical C=0 stretching
of anhydride), 1781 cm™! (symmetric C=0 stretching of
anhydride), 1735 cm™! (symmetric C=0 stretching of ester)
and 1710 cm™" (C=0 stretching of carboxylic acid). Infrared
spectroscopy is the most commonly used method in deter-
mining MAH content in the polymer. In Ref. [45], two new
absorption peaks were observed at 1860 and 1780 cm™!,
corresponding to the symmetric and asymmetric stretching
of the two C=0 groups in the resulting succinic anhydride
group of PP-g-MAH. The 1732 cm™ that is attributable to
the ester carbonyl stretching vibration of PP-g-PMMA was
confirmed by Zhao [46]. The methyl methacrylate (MMA)
and acrylic acid (AA) bi-monomers grafting on PP using
corona discharge surface modification method was studied
by K. S. Abudonia, and 1749 cm™" (symmetric C=O0 stretch-
ing of ester) and 1712 cm™! (C=O0 stretching of carboxylic
acid) were confirmed [47]. These facts all suggest that AA,
MMA and MAH had been grafted onto PP successfully in
this work.

/M/vw P

——pP
Grafted PP
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Fig. 11 FTIR spectra of nascent and grafted PP
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SEM

Figure 12 displays SEM micrographs of nascent and
grafted PP. Compared with nascent PP (Fig. 11a, b), the
morphologies of grafted PP (Fig. 11c, d) were significantly
different. The inner and outer surfaces of grafted PP were
rougher than the original PP. This indicated that grafting
reaction occurred in the inner and outer of PP particles
simultaneously.

XRD spectra

In order to investigate the crystallization behavior of the
grafted samples, a WAXD study is performed. Figure 13
shows the XRD spectrum of the nascent PP and grafted
PP. As is shown, the characteristic diffraction peaks of
a-PP at 20=14.1°, 16.8°, 18.5° 21.2°, 21.8°, and 25.5°,
corresponding to specific crystallographic planes (110),
(040), (130), (131), (111), and (041), are all present in
PP and grafted PP. However, obvious diffraction peaks
at 260=15.9° corresponding to § hexagonal system of PP,
indicating that p crystal forms is present in grafted PP
[48]. Moreover, compared with nascent PP, the diffrac-
tion peak’s intensity of grafted PP becomes weaker, which
indicates the grafted branch-chains may lead to the slight
destruction of tacticity [41].

Fig. 12 SEM of nascent and
grafted PP [Surface and of inner
morphology of nascent PP (a,
b); surface and of inner mor-
phology of grafted PP (¢, d)]
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Fig. 13 XRD spectra of nascent and grafted PP

Contact angle

The water contact angle of nascent PP and grafted PP.
Compared with nascent PP (91°), the water contact angle
of modified PP significantly decreased to 79°, indicating
this method could improve PP polarity and hydrophilic
property effectively.
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Fig. 14 GPC curves for nascent and grafted PP

Table 2 GPC results analysis of the samples

Samples Mn Mw Mz Myv PDI
PP 105052 327529 746769 283733  3.11778
Grafted PP 154669 491320 1141643 424436  3.17659

Table 3 Tensile properties and MFR results of samples

MFR, g/10 min Tensile
strength,
MPa
PP 35 35.7
Grafted PP 3.8 354

MW determination

Figure 14 depicts the MWD curves of nascent and grafted
PP. From the comparison of the two figures, one can find
that both of them show very similar MWD, which indicates
that the two polymers have a very closer PDI. To describe
the difference between the two polymers, the MFR and
detailed GPC testing results have been listed in Tables 2
and 3. As is seen, the MW values (Mn, Mz, Mv, and Mw) of
the grafted polymer PP-g-AA—-MMA-MAH was obviously
larger than those of pure PP. This means that the grafting
reaction occurs at the high and low molecular weight parts of
polypropylene simultaneously. However, the monomers are
more likely to be grafted onto low molecular weight parts of
polypropylene, which is comparable with the MFR results.
As is shown in Fig. 1, the potential side reaction during
the grafting process is the undesired polymer chain scission
and homopolymerization of the monomer, leading to low
molecular weight and mechanical properties of the grafted
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Fig. 15 TGA patterns of the nascent and grafted PP

polymers. The GPC results indicate that the solvent assisted
solid-phase free radical grafting system had mild reaction
conditions and that the grafting reaction mostly occurred on
the shorter molecular chains of PP. Furthermore, the addi-
tion of AA-MMA-MAH largely suppressed the degradation
of the main chains of PP, which is beneficial for making
high-performance functional PP.

TGA

Figure 15 shows the TGA results of the nascent PP and
grafted sample. It can be seen from this figure that grafted
PP had a lower onset thermal degradation temperature. The
temperature when the nascent PP lost 50% of its mass was
375.8 °C comparing 374.3 °C of the grafted PP, while the
100% degradation temperature of nascent PP was 20 °C
below the grafted one. As we have discussed before, the
addition of MAH, AA and MMA can promote the PP mac-
roradicals to react with the monomers before the degradation
of the main chains of PP. However, there are still some PP
macroradicals that would degrade into small molecules. So
the onset of thermal degradation temperature is lower than
the nascent PP. In addition, the polarity monomers resulted
in the redistribution of the density of the electron cloud of
the intermolecular chemical bonds, which strengthened the
bond energy between the atoms and enhanced the thermal
stability of PP. So the 100% degradation temperature of nas-
cent PP was lower than the grafted one.

Tensile properties and MFR

The tensile properties and MFR of grafted samples were
determined and the results were listed in Table 3. The
tensile strength and MFR of grafted PP (35.4 MPa and
3.8 g/10 min) is similar to raw material (35.7 MPa and
3.5 g/10 min), indicating that the grafting reaction didn’t
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change PP mechanical properties significantly. This result
could be explained as grafting chains are so short that they
hardly influence PP macromolecular chains. Due to most
of their copolymerization sites lie in the micropores and
defects of PP granules. These restricted spaces suppress the
grafted branch-chains propagation. Moreover, the reaction
conditions are too moderate to initiate degradation and the
crosslinking reaction of PP macromolecular chains.

Conclusion

PP-g-(AA-MMA-MAH) grafted copolymer could be pre-
pared by solvent assisted solid-phase free radical grafting
of multi-monomer acrylic acid (AA), methyl methacrylate
(MMA) and maleic anhydride (MAH) onto PP and ether as
swelling solvent and carrier. The optimum grafting condi-
tion is obtained at swelling solvent of ether, swelling solvent
dosage of 14 ml, swelling time of 10 h, swelling tempera-
ture of 26 °C, AIBN concentration of 0.5 wt%, monomer
concentration of 6 wt%, the reaction time of 1.5 h, reaction
temperature of 80 °C, nitrogen flow of 30 ml/s and stirring
speed of 50 r/min with Gp of 3.29 wt% and Ge of 54.8%. As
is seen, solvent assisted solid-phase free radical grafting pro-
cess is an easy and efficient approach to produce functional
polypropylene, which polar branch-chains can be control-
lable introduced with a dense and exact localization to the
surface and inner of PP powder. Because the diffusion of
monomers and the initiator had reached a dynamic balance
between solvent and solid particles before the beginning of
reaction, grafting reaction occurred in the inner and outer of
PP particles simultaneously. Due to the introduction of short
branch-chains in PP macromolecules, p crystal form was
induced. Comparing with neat PP, the polarity and hydro-
philic property of grafted samples was improved effectively;
the bulk property, especially the tensile strength and MFR
remains unchanged.
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