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ABSTRACT: The grafting of acrylic acid onto electron
beam-irradiated polypropylene was carried out using preir-
radiation method. The stability of peroxy radicals was in-
vestigated by electron spin resonance. It was found that the
decay of peroxy radicals is much faster at 70°C than at 40°C
and ambient temperature. The grafting has been observed to
be strongly dependent on the monomer dilution in the re-
action medium. The grafting was ascertained by attenuated
total reflectance (ATR). The distribution of grafts across the
samples was monitored by infrared microscopy. It was
found that the graft management is considerably influenced

by composition of the grafting medium. The grafting involv-
ing pure monomer leads to the surface enrichment with the
polyacrylic acid chains. The samples grafted in pure mono-
mer led to much lower contact angles as compared to the
diluted monomer solution. The swelling of the grafted sam-
ples also showed a trend that was governed by the graft
management. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 100:
546-553, 2006
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INTRODUCTION

Polymeric materials have acquired enormous poten-
tial in the packaging industry, where food materials
are needed to be preserved for a long duration with-
out altering their inherent physical characteristics.!
One such requirement is the development of a proper
packaging so that the food stays fresh and remains
protected against any microbial infection during the
storage span. Researches have been directed towards
the development of the proper polymer packaging
where the material surface exerts antimicrobial nature
and provides enhanced self life of food without any
risk of pathogen contamination.” These studies in-
volve the modification of the polymer composition by
chemically altering the macromolecular structure, im-
mobilization of an antimicrobial agent onto the sur-
face, and by blending the polymer with an antimicro-
bial agent. As a result, a wide range of antimicrobial
compositions have been projected as the appropriate
alternatives for food packaging. However, one has to
keep in mind not only the tiresome processing of the
blended composition with respect to the stability of
the additive at processing temperature but also the
changes in the physical properties of the finished ma-
terials due to the incompatibility of the two compo-
nents. This opens up considerable activity in the de-
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velopment of polymeric materials in such a way that
the antimicrobial nature is achieved but physicochem-
ical properties, such as mechanical, thermal, optical
behavior, and permeability, are still retained.

The modification of polymers by radiation grafting
is the state-of-the-art to produce materials with re-
quired architecture. The attractive feature of the graft-
ing is that the desired properties may be incorporated
onto a polymer without any significant alteration of its
inherent characteristics. Radiations, such as gamma
radiation, and electron beam by virtue of their high
energy may be used to activate and create free radical
sites in polymers so that the graft polymerization of a
monomer may be initiated.® The major advantage of
the radiation grafting is that it provides an unique
way to combine properties of two incompatible poly-
mers. Moreover, modification may be carried out on
the polymer already existing in a film form of the
polymer, which eliminates the difficult processing of
the graft copolymer into a thin foil. The radiation-
induced graft modification of polymers has been in-
vestigated by a number of workers keeping in view a
wide range of applications of the modified materi-
als.”™'® These studies suggest that the grafting is sig-
nificantly influenced by the irradiation as well as the
reaction conditions and a proper designing of the
polymer structure may be accomplished by careful
variation of these grafting conditions. It has been ob-
served that the nature of the grafting medium and the
additives influence the surface characteristics of the
acrylamide-grafted polyethylene films.'” The addition
of inorganic salts (such as ferrous sulfate) and the
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organic additives (such as acetone and methanol) lead
to a homopolymer free grafting reaction, but subse-
quently render the surface hydrophobic in nature in
spite of the hydrophilic nature of the grafted poly-
acrylamide chains. In one of the studies of Chapiro
and Bozzi'® methylene blue has been found to exert
homopolymer inhibition in the grafting of acrylic acid
into Teflon-FEP films. These investigations show that
the additives tend to inhibit graft propagation on the
surface, as the surface remains directly in contact with
the reaction medium, and whatever the grafts are
generated on the surface, they undergo surface reor-
ganization due to the interfacial tension between the
hydrophilic surface layer and hydrophobic bulk. Sim-
ilar behavior has been observed for the acrylic acid
grafting onto polyester films."” These studies are in
contrast to the observations on the grafting of acrylic
acid on FEP where a significant decrease in contact
angle was observed.”” It seems that the surface hydro-
philicity is dependent on the nature of the polymer—
monomer combination and is essentially a function of
the reaction conditions.

The tailoring of the polypropylene (PP) structure
by radiation grafting has been projected as one of
the most convenient routes to achieve desired chem-
ical functionality. A wide range of monomers have
been grafted onto PP and interesting materials for
medical, antimicrobial, textile, and membranes have
been developed.? ! The approach behind modifi-
cation for biomedical domain is to functionalize the
polymer surface in such a way that it becomes re-
ceptive to bioactive molecules by hydrogen bonding
or by ionic interaction. These molecules are subse-
quently released once the polymer surface comes in
contact with the proper environment. This develop-
ment may well be extended to the food packaging
industry where the antimicrobial nature of the poly-
mer becomes primary requirement. As it is the sur-
face of the polymer that remains in contact with the
food, the polymer modification route must allow
selective functionalization of the surface so that the
bulk matrix remains almost unaltered with its in-
herent physicochemical characteristics. These obser-
vations led us to extend our investigations to the
surface construction vis-a-vis the reaction condi-
tions during the grafting of acrylic acid onto PP. In
the present investigation, the PP was modified by
the grafting of acrylic acid using preirradiation
method. The polymer sheets were activated by elec-
tron beam irradiation in air under ambient condi-
tions so that radicals are generated in the polymer
matrix, which are subsequently transformed into
peroxides and initiate the grafting process. The sur-
face behavior of the grafted sheets prepared under
different grafting conditions is also investigated.
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EXPERIMENTAL
Material

Polypropylene (PP) of 1 mm thickness was received
from Goodfellow Ltd. Cambridge, UK. Acrylic acid
and Mohr’s salt were supplied by Aldrich (Steinheim,
Germany). Acrylic acid was used without any purifi-
cation. RBS-35 was supplied by Chemical Products
(Brussels, Belgium). Distilled water was used for all
the experiments.

Irradiation

Electron beam (Linear electron accelerator CIRCE II)
was used for the irradiation of PP sheets. The energy
of electron beam was 10 MeV and the power was 20
kW, with the speed of 0.44 m/min (IONISOS labora-
tory, Orsay, France). The irradiation was carried out in
air for a dose of 100 kGy. Samples were exposed twice
for the irradiation (dose of 50 kGy each). After the
irradiation, PP sheets were kept at —80°C prior to the
grafting reaction.

Electron spin resonance

Electron spin resonance (ESR) spectra were measured
with a Bruker ESP 300 (9.6 GHz) spectrometer
(Wissembourg, France) in the temperature range
0-70°C, using a variable temperature unit (Bruker ER
4111 VT). The conditions of ESR measurement were as
follows: magnetic field, 3415 gauss; microwave power,
20 mW; modulation, 2.29 gauss; sweep width, 200
gauss; and receiver gain, 10. The weighed samples (2
X 3 X 30 mm?® slices) were placed in an ESR tube
(diameter, 5 mm; height, 18 cm) and analyzed directly
in the spectrometer cavity.*> Radical density was ac-
cessed from the area (double integration) of the signal
per mass unit, using a computer-controlled software
system.

Contact angle measurement

Contact angle measurements were carried out on
KRUSS G 40 goniometer. Samples were mounted on
platform and a drop of water was placed on the sur-
face. The contact angle was measured within 30 s of
placing the drop on the sheet surface and an average
of seven measurements were reported.

Attenuated total reflectance

Attenuated total reflectance (ATR) measurements
were carried out on Magna 560 from Nicolet. Sixty-
four scans were made for each spectrum and the back-
ground was refreshed before each analysis.
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Figure 1 ESR spectra of exposed samples. Preirradiation
dose, 100 kGy.

Infrared microscopy

Infrared microcopy measurements were carried out
on Michelson MB 100 microscope from BOMEN.
Slices of grafted PP were cut into 10 um thickness with
a Microtome. The slices of the sample were placed
perpendicular on a sodium chloride plate. The sam-
ples were analyzed on a microscope (Spectra Tech),
which is connected to an FTIR spectrometer. We used
a mask of 20 X 40 um? for analysis and a step of 20 um
between two analyses. For each spectrum, 16 scans
were made.

Grafting procedure

Grafting reaction was carried out in a closed reactor.
PP sheet was cut into 5 X 2.5 cm® pieces and washed
with 2% RBS-35 solution in water for 10 min at 40°C,
followed by five times each in tap water at 40°C and
distilled water at room temperature. Washed samples
were dried at 40°C overnight. The required amount of
monomer solution in water (v:v) was added to the
reactor. Mohr’s salt was added to the monomer solu-
tion as homopolymer inhibitor. The reactor was
placed in an oven at 70°C. Electron beam-irradiated
PP sheet (100 kGy) was placed in monomer solution in
a closed reactor. Argon was continuously purged into
the reaction mixture to create inert atmosphere. After
desired period, grafted PP sample was taken out and
washed with distilled water in ultrasonic water bath at
40°C. Grafted PP samples were dried overnight in an
air oven at 40°C. The degree of grafting was calculated
from the following equation.

W, — W
2 0100

Degree of grafting (%) = W
0

Where, W, and W, are the weights of ungrafted and
grafted PP, respectively.
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Swelling measurements

Swelling measurements on predried samples were
conducted by placing the sheets of known weight into
deionized water a solution for overnight at ambient
temperature. The samples were subsequently wiped
with a paper and the weight was measured. The per-
cent swelling was obtained from the following equa-
tion.

W, — W,
Swelling(%) = W X 100
0

Where, W, and W, are the weights of dried and swol-
len PP, respectively.

RESULTS AND DISCUSSION

The electron beam irradiation of PP sheets and its
subsequent grafting with acrylic acid has been ob-
served to be significantly influenced by the grafting
conditions. These studies reflect that proper control
over the grafting conditions may be utilized to achieve
modification of the PP surface. The ESR spectra of PP
exposed to 100 kGy are presented in Figures 1 and 2.
As the irradiation was carried out in the air, the spec-
tra are typical of the peroxy radicals as per egs. (1) and
(2). These results are well in agreement with our pre-
vious studies on irradiation, where we could not see
any residual peak for P’ radicals.*® These observations
suggest that a very fast transformation of P" radicals to
POO'radicals proceeds in the polymer.

Interestingly, the spin density (DI/N) of radicals
remains almost identical for the sample stored at room
temperature. In fact, we noticed slight increase in the
spin density of radicals after the storage. This indi-
cates that some of the trapped primary radicals are
still reacting with the oxygen that diffuses slowly in-
side the polymer matrix and lead to peroxide radicals.
However, the area of the spectra decreased consider-
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Figure 2 ESR spectra of exposed samples. Preirradiation
dose, 100 kGy.
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TABLE 1
Spin Density of Peroxy Radicals at Different Storage
Periods for Different Doses

Storage time (months) Spin density (DI/N)

at —80°C 30 kGy 50 kGy 100 kGy
0 87 107 178
1 51 45 182
2 64 58 161

ably when the storage is carried out at 70°C. This
indicates the quick transformation of POO" radicals to
POOH. Even if the trapped primary radicals are react-
ing with the oxygen during storage, this is superim-
posed by the fast deactivation of the radicals at an
elevated temperature of 70°C.

The irradiated samples were stored at —80°C for
different periods. The spin density of peroxy radicals
for different doses is shown in Table I. The spin den-
sity tends to be higher at 100 kGy as compared to 30
and 50 kGy. However, the spin density of peroxy
radicals for 100 kGy has almost identical values after
one and two months of storage. Interestingly, when
samples exposed for 30 and 50 kGy were stored for
one and two months, a decrease in spin density was
observed.

The decay of peroxy radicals with time for the sam-
ple exposed to 100 kGy at different temperatures is
presented in Figure 3. The radical decay was found to
be much faster at 70°C than at room temperature and
40°C. This may be due to the fact that at 70°C, the
process of recombination and termination of radicals
is enhanced and most of the radicals decayed within
20 min. The irradiation of PP under oxygen leads to
the formation of alkyl radicals (P%), which subse-
quently undergo reaction with oxygen to produce per-
oxide radicals (POO") [egs[i]. (1) and (2)].5%4+% It is the
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Figure 3 Radical decay with the time at different temper-
atures. Preirradiation dose, 100 kGy.
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Figure 4 Variation of the degree of grafting with the reac-
tion time at different monomer concentrations. Preirradia-
tion dose, 100 kGy; temperature, 70°C; and Mohr’s salt,
0.25%.

peroxy radicals that subsequently undergo stabiliza-
tion by H-abstraction from the polymer main chain or
by combining with primary radicals to produce hy-
droperoxides and diperoxides, respectively, as per
egs. (3) and (4). It seems that at 70°C most of the
radicals are stabilized within 20 min and then rest of
the radicals follow only a slow transformation.

Irradiation: P — P* (1)
Propogation: P* + O, — POO’ (2)

H-abstraction: POO® + PH — POOH + P
(3)

Termination: POO" + P* — POOP (4)

The graft polymerization was carried out in the
presence of Mohr’s salt as the homopolymer inhibitor.
Mohr’s salt deactivates the hydroxyl radical into a
hydroxyl ion so that this radical is unable to initiate
the homopolymerization during the grafting pro-
cess.' Figure 4 shows the variation of degree of graft-
ing with time at different monomer concentrations.
Degree of grafting increases with time up to 20 min for
10 and 40% monomer concentrations and then tends
to reach equilibrium. In case of 80 and 100% monomer
concentrations, the grafting increases even after 30
min. The interesting observation in these results is that
the grafting increases with the monomer concentra-
tion up to 80%, beyond which it tends to decrease
significantly (Fig. 5).

It may be assumed that the grafting process pro-
ceeds under the cumulative influence of the two fac-
tors, viz, monomer availability to the grafting sites,
and monomer permeability into polymer bulk. Earlier
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Figure 5 Variation of the degree of grafting with the mono-
mer concentration. Preirradiation dose, 100 kGy; tempera-
ture, 70°C; Mohr’s salt, 0.25%, and reaction time, 20 min.

investigations involving grafting on different poly-
mers has established that the process follows “grafting
front mechanism” where the initial grafting takes
place only on the film surface and leads to the forma-
tion of a front, which moves farther deep into the
polymer matrix by progressive diffusion of monomer
into the polymer bulk.**~*’ Here, one crucial factor is
the swelling of the very first grafted layer in the reac-
tion medium so that the more monomer could diffuse
within the polymer bulk. This is where the degree of
grafting would also increase with the increasing
monomer concentration because of the enhanced
availability of the monomer to the grafting sites. How-
ever, this scenario is limited to the grafting process
where monomer is diluted with water, which is a
solvent for the polyacrylic acid (PAA) chains. As soon
as the very first grafting takes place, owing to the
solubility of PAA grafts in water, the grafted zone
swells in the grafting medium and allows more mono-
mer to diffuse in so that the propagation proceeds
smoothly [egs[i]. (5) and (6)]. This is subsequently
reflected in the higher graft levels with the increasing
monomer concentration up to 80%. Once the mono-
mer concentration reaches 100% (pure monomer), the
swelling of the grafted layers in the reaction medium
is no more there (acrylic acid acts as the nonsolvent for
the PAA grafted chains) and this inhibits the graft
penetration within the polymer bulk. As a result, the
monomer accessibility to the primary radicals (")
within the polymer bulk is markedly lowered. The
ultimate fate of these primary radicals is therefore to
deactivate by mutual recombination [eq][i]. (7)] or by
transfer to some impurity (Q) present in the medium
[eq[i]. (8)]. The degree of grafting therefore tends to
diminish. The importance of the swelling of the
grafted layers in the grafting medium is supported by
the studies of Plessier et al.*! on the grafting of acry-
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lonitrile into PP filament. It was found that the graft-
ing diminished once the pure monomer is utilized for
the grafting reaction probably because of the precipi-
tating action of the monomer on the grafted layers.
Moreover, the samples that are grafted with pure
monomer are opaque and white, while samples
grafted under aqueous monomer solutions, such as 10,
40, and 80%, are transparent almost like virgin PP.

Initiation: P* + M — PM’ (5)
Propagation: PM" + nM — PM,,,; (6)
Termination: P* + P* — P—-P (7)
Transfer: P"+ Q - P—-Q° (8)

The presence of PAA grafts in PP was ascertained
by ATR and IR microscopy measurements on the sam-
ples. The differential ATR of the samples grafted with
PAA is presented in Figure 6. The two spectra show
peak at 1705 and 1710 cm™' characteristics of the
carboxyl group (the two measurements were taken on
the same sample). Interestingly, the peak for the sam-
ple grafted with pure monomer was more pronounced
than the one grafted under dilute monomer concen-
tration. As ATR can monitor in submicron range on
the surface, it may be deduced that the grafts are
located in the surface layers in both samples. The IR
microscopy results on the grafted samples are pre-
sented in Figure 7. The distribution of the PAA grafts
was monitored by the carboxyl peak across the sample
thickness. This figure shows the origin of this peak at
the surface layers and the middle of the sample does
not have PAA chains. These observations support the
grafting front mechanism (as discussed in the preced-
ing section) where initial grafts remain confined only
to the surface and move to the middle as the grafting
progresses. With pure monomer, the grafting is re-
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Figure 6 ATR spectra of (A) degree of grafting, 10% (pre-

pared in pure monomer) and (B) degree of grafting, 11%
(prepared in 80% monomer).
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Figure 7 Infrared microscopy of samples at different thick-
nesses. Degree of grafting, 4% (prepared in pure monomer)
and degree of grafting, 7% (prepared in 80% monomer).

stricted more towards the surface but penetrates rela-
tively deeper for the 80% monomer concentration. A
comparison of these results with the contact angle
measurements would offer exact nature of the graft
movements in and on the sample surfaces.

The contact angle measurements on the original and
the grafted samples are shown in Table II and Figure
8. Contact angle of virgin PP was observed to be 90°
and decreases for all samples irrespective of the graft-
ing conditions. However, the grafting with pure
monomer ensures much lower contact angles as com-
pared to samples prepared under dilute monomer
conditions (10, 40, and 80% monomer). These results
indicate that the graft management is truly a function

TABLE 11
Contact Angle of Polypropylene-g-polyacrylic
Acid Copolymers

Monomer Degree of Contact angle
concentration (%) grafting (%) (degree)
10 0.19 65 *+20
0.3 63 =20
0.54 61 *14
0.74 61 =15
40 1.3 59 *12
1.9 58 *+1.0
2.47 58 *£1.0
248 57 *12
2.49 54 *+0.7
80 59 65.0 £ 1.2
7.8 61.0 = 1.0
8.0 599 13
10.8 59.4 + 0.6
141 58.0 = 0.9
100 4.0 45 *13
6.0 36 *15
7.0 33 *+0.8
9.7 30 =05
11.6 26 *£09
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Figure 8 Variation of the contact angle with the degree of
grafting at different monomer concentrations. Preirradiation
dose, 100 kGy; temperature, 70°C; and Mohr’s salt, 0.25%.

of the monomer concentration. Although ATR and IR
microscopy show the presence of grafts on the poly-
mer surface (Figs. 6 and 7), it is evident that the
grafted chains are not localized only at the interface.
Instead, a significant fraction of these chains is con-
fined to the subsequent surface layers to an extent,
which seems to be governed by the monomer concen-
tration. In the presence of pure monomer, the grafted
chains remain confined more to the surface. This sur-
face enrichment by grafts tends to increase the surface
energy and the contact angle as a result decreases. The
effect of the surface enrichment by grafted PAA chains
is so intense that the contact angle decreases to 26° for
a graft level of 11%. In case of dilute monomer condi-
tions, water acts as the vehicle for the monomer per-
meation within the surface layers. Therefore, most of
the grafts tend to move inside and little grafts remain
on the surface. This renders the PP surface still signif-
icantly hydrophobic in nature and contributes to the
higher contact angles (>58°) as compared to the one
obtained at pure monomer conditions. Our results are
supported by the studies of other workers where the
grafting of acrylic acid (~2%) led to a minor decrease
in contact angle up to 80°.>* Authors have attributed
this behavior to the heterogeneous distribution of the
grafting at the film surface. However, if we look at
their grafting conditions, the reaction was performed
at 50% monomer concentration and most of the grafts
truly would have migrated within the surface layers
and needs to be considered. These results are ex-
tremely attractive and provide unique concept in the
grafting process where one single consideration of
monomer concentration may lead to the surface de-
signing and construction of the PP matrix without any
significant alteration of the bulk structure.

It is interesting to mention that the ferrous salt is
also used as the additive in the grafting medium. This
is known as the inhibitor to the growing PAA-grafted
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or homopolymer chains.'"'® In one of the studies on
polyethylene—acrylamide system, it is found that the
Mohr’s salt (0.2-0.6%) hinders the growth of grafted
chains and introduces hydrophobicity on the surface
in spite of the high graft levels (high contact angles
were observed for the grafted surfaces).'” It seems that
the Mohr’s salt concentration in our system is too low
(0.25%) and does not cause any appreciable impact on
the graft inhibition on the surface. A significant graft-
ing still remains on the surface and influences the
surface contact angle.

The swelling behavior of these grafted samples in
deionized water is shown in Figure 9. An increase in
the water up take with the increase in the degree of
grafting was observed. This is because of the fact that
as the grafting increases, the amount of carboxyl
groups also increases, which leads to the increase in
the hydrophilicity of the sample and is reflected in the
higher water up take. However, the most innovative
aspect of these results is that the swelling is signifi-
cantly influenced by the monomer composition in the
grafting medium. The swelling of the samples pre-
pared in pure monomer was higher than the one
prepared under aqueous monomer conditions. This
indicates that it is the graft localization within the
samples that controls the swelling behavior. On the
basis of our contact angle measurements, we assume
that under pure monomer conditions, the grafts are
more inclined to the surface due to limitation of the
monomer diffusion into the polymer bulk as observed
in the IR microscopy. Once the monomer is diluted
(irrespective of the concentration), it facilitates the
graft penetration inside. This leads to a situation
where a major fraction of the PAA grafts is confined
within the PP matrix. During the water absorption by
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PAA chains, these PP chains impose some restrictions
on the grafts displacement and influence the swelling
process. In pure monomer, the grafts are confined
more on the surface and the restrictions from PP
chains are not much pronounced and hence higher
swelling is observed for the identical graft level.

CONCLUSIONS

The surface designing of PP may be achieved by ra-
diation-induced graft polymerization of acrylic acid
under proper variation of the grafting conditions. One
controlling factor for the graft management on the
surface is the behavior of the grafted surface towards
the grafting medium. If the grafted zone does not
swell in the reaction medium, it tends to restrict the
monomer diffusion towards the bulk. The grafted
chains, as a result, remain confined to the surface and
that is what we have observed in the grafting process
involving pure acrylic acid monomer. Once the mono-
mer is diluted with water, the grafted layers on PP
surface swell and the monomer penetrates into the
matrix and further grafting proceeds. This is where
the grafting front mechanism operates in the system.

The surface grafting is subsequently reflected in the
contact angle, which decreases significantly in the
samples that are grafted with pure monomer. Here,
we need to make a distinctive approach towards the
surface and surface layers. The surface describes the
very first molecular layer to which the grafts interact
with. However, the surface layer involves the region
comprising of subsequent molecular layers towards
the PP bulk. Although ATR is the surface selective
technique, it still takes into account a few microns
inside the surface. The IR microscopy also shows that
grafts are localized within the surface layers and their
localization is governed by the monomer concentra-
tion. The carboxyl peak intensity was higher for the
system involving pure monomer as compared to di-
luted monomer. These observations are in line with an
assumption that the grafting with pure monomer
leads to accumulation of grafts on the surface. The
swelling of grafted samples in water also follows a
trend, which is dependent on the monomer concen-
tration in the grafting medium. Grafting under pure
monomer leads to the higher swelling of the samples.
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