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ABSTRACT: The grafting of acrylic acid onto poly(ethyl-
ene terephthalate) films with � radiation was carried out.
The effects of different parameters, such as the monomer
concentration, inhibitor concentration, and irradiation dose,
on the grafting yield were investigated. The grafting yield
depended on these parameters, and its maximum value was
obtained at a 1.5% inhibitor concentration and a 40% mono-
mer concentration. The obtained grafting films were charac-
terized with water swelling measurements, differential scan-
ning calorimetry, and thermogravimetric analysis. The re-
sults of differential scanning calorimetry showed decreases
in the heat capacity step and the glass-transition tempera-

ture with increasing grafting yield. The ability of poly(eth-
ylene terephthalate) to crystallize and the size of the crys-
talline domains were affected by the grafting. The grafted
poly(ethylene terephthalate) that was obtained was tested as
an ion exchanger for copper, nickel, cobalt, and lead. The
capacity of the grafted films for ion recovery was dependent
on the grafting yield. © 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 102: 198–203, 2006
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INTRODUCTION

The graft copolymerization of functional monomers is
an effective method for the modification of the chem-
ical and physical properties of polymer surfaces. Sev-
eral methods have been proposed for initiating graft
copolymerization, including ionizing radiation, ultra-
violet light, plasma treatment, decomposition of
chemical initiators, and oxidation of polymers. The
radiation-induced grafting technique is an important
method because of its extensive penetration of the
polymer matrix and its rapid and uniform formation
of radicals for initiating grafting in many kinds of
polymers.1–5 A wide range of applications of radia-
tion-grafted materials have been discovered over the
years. Grafting processes have been developed partic-
ularly for wool, cotton, and synthetic materials to
improve flame retardation, permanent press, dyeing
soil release, antistatic properties, and other properties.

The �-radiation-induced graft copolymerization of
acrylic acid (AAc) onto different substrates, such as
polypropylene,6 cellulose triacetate,7 polycarbonate,8

poly(vinyl alcohol),9 waste rubber,10 and silicon rub-
ber,11 has attracted the attention of many investiga-

tors. According to Morlay et al.,12 poly(acrylic acid)
and its copolymers are useful for separating the metal
ions of Cu2� in solutions.

Poly(ethylene terephthalate) (PET) is one of the
most studied polymers because of its important com-
mercial significance and the very wide possibilities of
the physical state (wholly amorphous, thermally or
strain-induced semicrystalline states).13–15 The radia-
tion-induced graft copolymerization of various mono-
mers onto PET has been investigated earlier on many
occasions.16–18 The aims of this work were to prepare
modified PET through the grafting of AAc monomers
(PET-g-AAc) with a simultaneous �-irradiation graft-
ing method, to study the effects of different parameter
such as the monomer concentration, inhibitor concen-
tration, and irradiation dose on the grafting yield, and
to investigate the characterization of the grafted films
by means of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

The PET film (0.5 mm) had a number-average molec-
ular weight of 31,000 g/mol (supplied by the Carolex
Society, France). Experimental measurements were
performed on isotropic, amorphous PET films on the
basis of birefringence and density measurements. AAc
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(99% purity; Fluka, Switzerland) was used as received.
The other chemicals were reagent-grade and were
used as supplied.

Techniques

�-Radiation source

The irradiation of samples was carried out with a 60Co
� cell of the Russian dissolved type at room tempera-
ture at a dose rate of 2.15 kGy/h.

Graft copolymerization

Strips of PET were washed with acetone, dried at 50°C
in a vacuum oven, weighed, and then immersed in a
monomer solution. Ferric chloride (FeCl3) was intro-
duced into the reaction mixture to avoid the formation
of homopolymers by direct irradiation grafting. The
reaction mixture was deaerated with bubbling nitro-
gen gas for 7 min, sealed, and then exposed to the 60Co
� source at different doses. The obtained grafted films
were removed and washed thoroughly with hot dis-
tilled water for 10–15 min and were soaked overnight
in water at room temperature to ensure the extraction
of residual monomers and homopolymers from the
films. The obtained films were then dried in a vacuum
oven at 50–60°C for 24 h and weighed. The degree of
grafting was determined by the percentage increase in
the weight as follows:

Degree of grafting (%) �
Wg � W0

W0
� 100 (1)

where W0 and Wg represent the initial and final
weights of the films, respectively.

Swelling measurements

Clean and dried grafted PET films of known weights
were immersed in distilled water for 24 h at 20°C. The
films were, removed, blotted with absorbent paper,
and immediately weighed. The percentage of swelling
in water was calculated as follows:

Swelling (%) �
Ws � W0

W0
� 100 (2)

where W0 and Ws represent the weights of the initial
and swollen films, respectively.

Thermal analysis

The thermal analysis of the grafted films was per-
formed with the help of a Setaram DSC131 apparatus
(France). Calibration was achieved by the determina-
tion of the temperature and the enthalpy of fusion of

indium and zinc. Calorimetric measurements were
made under a nitrogen atmosphere at a heating rate of
10°C/min. TGA was carried out with a Mettler TGA50
apparatus (Switzerland) at a heating rate of 10°C/min
under a nitrogen atmosphere.

RESULTS AND DISCUSSION

Effect of the inhibitor concentration

AAc is known as a water-soluble monomer. Therefore,
the entire grafting reaction was carried out in an aque-
ous medium. However, the irradiation of AAc in wa-
ter results in homopolymer formation. Additives are
used in a wide range of radiation polymerization pro-
cesses to accelerate the rate of reaction and reduce
homopolymerization.19,20 The effect of the FeCl3 con-
centration, as an inhibitor, on the grafting yield of AAc
onto PET is shown in Figure 1. The grafting yield of
AAc increases with increasing inhibitor concentration
up to 1.5 wt %, after which it starts to decrease. Such
behavior is explained in the literature and has been
attributed to the formation of complexes between AAc
and iron ions.10,21 Increasing the concentration of the
inhibitor above the stoichiometric value allows the
excess iron ions to move toward the surface of PET
films, leading to an inhibition of the grafting process.

Effect of the radiation dose

The effect of the irradiation dose on the grafting yield
of AAc onto PET was studied. The results are shown
in Figure 2, which illustrates the grafting yield in-
creases with an increasing radiation dose in a nonlin-
ear form. Increasing the radiation dose above 100 kGy
results in increasing formation of the homopolymer.

Figure 1 Effect of the inhibitor (FeCl3) concentration on the
grafting yield of AAc onto PET (radiation dose � 100 kGy;
monomer concentration � 50 wt %).
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Effect of the monomer concentration

The effect of the monomer concentration on the graft-
ing yield of AAc on PET has been investigated, and
the results are given in Figure 3. The grafting yield
increases with increasing monomer concentration up
to 40%. Furthermore, an increase in the monomer
above these values reduces the grafting yield. This can
be attributed to the increase in the viscosity of the
medium due to the increase in the monomer concen-
tration. This increase in the viscosity hinders the
movement of the monomers toward the substrates
and consequently reduces the grafting yield.

Characteristics of grafted PET

Swelling measurements

The swelling of the samples in distilled water was
carried out, and the results are shown in Figure 4. As

expected, the grafting of hydrophilic monomers such
as AAc onto PET should improve the hydrophilic
properties of the polymer substrate. Consequently, the
swelling increases with the degree of grafting up to
80%, and a further increase in the grafting yield leads
to a leveling off of the swelling. This behavior has been
observed for the grafting of AAc onto low-density
polyethylene and polypropylene films and can be at-
tributed to the increase in the crosslinking content at
high degrees of grafting and the association of carbox-
ylic acid groups, which result in the hindering of the
diffusion and mobility of water molecules into the
bulk of the grafted copolymer.22

Thermal analysis

DSC investigations. DSC is a very useful technique for
evaluating the glass-transition temperature (Tg) of the
amorphous phase in the polymer before and after
grafting. To compare DSC data, all samples (grafted,
ungrafted, and AAc) were subjected to the same ther-
mal cycles and radiation dose (100 kGy). The DSC
results for all the samples are displayed in Figure 5.
For visibility, the different curves have been shifted
along the heat flow axis. The DSC curve of the un-
grafted PET film exhibits, at a high temperature, an
endothermic peak due to the melting of the crystalline
phase during the DSC scan. Between the Tg and melt-
ing temperature (Tm) range, we can observe an exo-
thermic peak for this sample,23 which is due to the
cold crystallization of a part of the amorphous phase
during heating. The DSC curve of the AAc sample
irradiated at 100 kGy shows a glass transition at 150°C
� Tg � 170°C and an endothermic peak at about
260°C, which could be due to the degradation con-
firmed by TGA (shown later in Fig. 10). The DSC
curves of the grafted films are quasisimilar to the

Figure 2 Effect of the irradiation dose on the grafting yield
of AAc onto PET (AAc concentration � 50 wt %; FeCl3
concentration � 1.5 wt %).

Figure 3 Effect of the monomer concentration on the graft-
ing yield of AAc onto PET (radiation dose � 100 kGy; FeCl3
concentration � 1.5 wt %).

Figure 4 Effect of the grafting yield on the equilibrium
swelling of PET-g-AAc.
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ungrafted PET curve, with a supplementary peak ap-
pearing in the melting peak. This supplementary peak
appears in the same temperature range as the degra-
dation of AAc, and this is probably due to the degra-
dation of AAc. Increasing the degree of grafting shifts
the cold-crystallization temperature toward the glass
transition, with a concomitant reduction of the crys-
tallization enthalpy (�Hc).

In the temperature range of the glass transition (Fig.
5), the change in the heat capacity (�Cp) indicates the
glass transition. The values of �Cp (J g�1 K�1) are
calculated from the difference in the thermal heat
capacities between the liquid and glassy states at the
Tg midpoint, and the masses used for calculation are
the whole masses of the samples. Figure 6 reports the
variation of Tg versus the degree of grafting. Tg de-
creases with an increasing degree of grafting up to
10%. Above these value, Tg is quasi-independent of

the degree of grafting and is close to 70°C. The graft
copolymerization proceeds on the surface of the films
by the formation of branched-chain structures. Such a
branched chain structure plays a diluting role and
could be responsible for the observed drop in Tg.24

Therefore, the decrease in Tg is perhaps a result of the
increase in the space available for molecular motion
and the decrease in the cohesive energy density with
the introduction of AAc.

The variations of the heat capacity step (�Cp) at the
glass transition shows an important decrease with an
increasing degree of grafting [Fig. 7(a)]. The decrease
in �Cp in Figure 7(a) could be due to the decreases of
the fraction mass of PET in the grafted samples [Fig.
7(b)]. The �Cp values normalized for a fraction mass of
PET still show a decrease with increasing grafting
yield, but this decrease can be attributed to the ap-
pearance of a rigid, amorphous part of PET that does
not participate in glass transition. This rigid part is
probably the part linked to the AAc monomers and
modified by the grafting. Such behavior cannot be
explained in terms of the susceptibility of PET toward
the effect of � radiation because all the grafted and
ungrafted samples were subjected to the same radia-
tion dose (100 kGy).

The effect of the grafting on the crystallinity has
been investigated by many authors.25 Some authors
have stated that a slight decrease in the crystallinity
occurs, and this has been taken as an indication that
the graft copolymerization proceeds not only on the
surface of the films but also in the amorphous part.
DSC has also been used to explore the change in the
ability to crystallize of PET before and after grafting.
The results are shown in Figure 8(a). �Hc decreases
with an increasing degree of grafting. This decrease in

Figure 5 Normalized DSC curves for ungrafted and
grafted PET. The curves have been shifted for visibility.

Figure 6 Variations of Tg versus the grafting yield for
ungrafted and grafted PET.

Figure 7 Variations of �Cp (difference of the thermal heat
capacities between the liquid and glassy states at the Tg
midpoint) versus the grafting yield for ungrafted and
grafted PET: (�) normalized for the whole mass of the
sample and (F) normalized for a fraction mass of PET.
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�Hc can be explained not only by the reduced weight
fraction of the PET part in the grafted samples [Fig.
8(b)] but also to the reduction of the ability to crystal-
lize the PET amorphous phase because the grafting
process forms irregular structures opposing the crys-
tallization.

Like the glass transition, the melting depends on the
presence of diluents and the structure of the chains.
For various reasons, in general Tm varies in the same
direction as Tg.24 The variations of the crystalline Tm of
grafted PET versus the degree of grafting are plotted
in Figure 9. Tm slightly changes with a changing de-
gree of grafting. Such a decrease can be explained by
the change in the size of the crystalline domains that
appear during the DSC scan.26

TGA investigation. TGA was carried out at heating rate
of 10°C/min under a nitrogen atmosphere, and the

results are given in Figure 10, indicating that the PET
thermal decomposition takes place in two stages. The
PET film degrades at about 435°C, whereas its graft
copolymers show supplementary stage decomposition
at low temperatures. This supplementary stage de-
composition starts from 250°C for the samples with a
low degree of grafting and reaches 285°C for the high
degree of grafting. Also, the extent and rate of weight
loss for this stage increase with an increasing grafting
yield. With respect to the thermal decomposition of
AAc irradiated to 100 kGy, we can observe that such
decomposition starts at about 260°C. Therefore, it is
evident that this supplementary stage decomposition
can be attributed to the decomposition of AAc grafted
onto the PET films. For the initial decomposition po-
sitions of the grafted samples, there are no significant
changes with respect to the temperature. From these
data, it can be concluded that graft copolymerization
proceeds only on the surface of the samples grafted.

Ion-exchange capacity

Poly(acrylic acid) is known as a water-soluble poly-
mer and can be used for heavy-metal recovery either
in their soluble state or as crosslinked hydrogels. Also,
grafted polymers containing this monomer were in-
vestigated as ion exchangers. The recovery of copper,
cobalt, nickel, and lead from their salt solutions with
an initial concentration of 100 ppm was carried out.
The clean and dried grafted PET films were immersed
in metal ion solutions for 24 h to attain the maximum
ion uptake. The results are presented in Figure 11,
which illustrates the variation of the ion uptake versus
the degree of grafting. The ion uptake increases with
the grafting yield up to its maximum at about 60%. A
decline in the metal uptake at a higher grafting yield is
due to a highly crosslinked network structure formed

Figure 8 Variations of �Hc versus the grafting yield for
ungrafted and grafted PET: (�) normalized for the whole
mass of the sample and (F) normalized for a fraction mass of
PET.

Figure 9 Variations of the melting temperature (Tf) versus
the grafting yield for ungrafted and grafted PET.

Figure 10 Variations of the loss of mass (%) versus the
temperature for ungrafted and grafted PET.
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via hydrogen bonding. Such crosslinking density re-
stricts more diffusion of the metal solution, causing a
decrease in its uptake. The efficiency of grafted PET
toward ion recovery can be arranged in the following
order: copper � nickel � cobalt � lead. Such a se-
quence indicates that the grafting film is highly selec-
tive for Cu2

� in comparison with the other metal ions
investigated. Also, it seems that the stability of the
Cu-metal/polymer complex is higher than those ob-
tained for others. The ionic radii and complexation
stability play important roles in the selectivity of
grafted polymers and their affinity toward different
metal ions. From these results, it can be assumed that
the Cu2

�-metal/polymer complex is more stable than
the other metal/polymer complexes formed. As a re-
sult, copper is more selective than the other metals
investigated here.

CONCLUSIONS

On the basis of these results, it can be concluded that
PET is susceptible to radiation-induced graft copoly-
merization of AAc. Modified PET (PET-g-AAc) can be
used for heavy-metal recovery from solutions. Ther-
mal analysis with DSC has shown that the grafting of
AAc onto PET affects the mobility of the chain of PET
and consequently its Tg and �Cp values. Moreover, the

grafting forms structural irregularities that inhibit the
crystallization and change the size of crystalline do-
mains that appear during the DSC scan.

The authors thank the director general and the head of the
Radiation Technology Department of the Syrian Atomic En-
ergy Commission for their support.

References

1. Charlesby, A. Atomic Radiation and Polymers; Pergamon: Ox-
ford, 1960.

2. Chapiro, A. Radiation Chemistry of Polymeric Systems; Wiley-
Interscience: New York, 1962.

3. Wellons, J. D.; Stannett, V. T. J Polym Sci Part A: Gen Pap 1965,
3, 847.

4. Dilli, S.; Garnett, J. L. J Appl Polym Sci 1967, 11, 859.
5. Hebeish, A.; Guthrie, J. T. The Chemistry and Technology of

Cellulosic Copolymers; Springer-Verlag: Berlin, 1981.
6. Yang, J. M.; Wu, T. H.; Chen, C. C. J Appl Polym Sci 2003, 90,

1331.
7. Mazzei, R. O.; Smolko, E.; Torres, A.; Tadey, D.; Rocco, C.; Gizzi,

L.; Strangis, S. Radiat Phys Chem 2002, 64, 149.
8. Aliev, R.; Garcia, P.; Burillo, G. Radiat Phys Chem 2000, 58, 299.
9. Abd El Rehim, H. A.; Hegazy, E. A.; Ali, A. M. J Appl Polym Sci

1999, 74, 806.
10. Abdel-Bary, E. M.; Dessouki, A. M.; El-Nesr, E. M. Polym Plast

Technol Eng 1997, 36, 241.
11. Yang, J. S.; Hsiue, G. H. J Appl Polym Sci 1996, 61, 221.
12. Morlay, C.; Mouginot, Y.; Cromer, M.; Vittori, J. Can J Chem

2001, 79, 370.
13. Dargent, E.; Grenet, J.; Auvray, X. J Therm Anal 1994, 41, 1409.
14. Kattan, M.; Dargent, E.; Grenet, J. Polymer 2002, 43, 1399.
15. Kattan, M.; Dargent, E.; Grenet, J. J Therm Anal Calorim 2004,

76, 379.
16. Rao, M. H.; Rao, K. N. Radiat Phys Chem 1985, 26, 669.
17. Carreon, M. P.; Aliev, R.; Ocampo, R.; Burillo, G. Polym Bull

2000, 44, 331.
18. Nasef, M. M. J Appl Polym Sci 2000, 77, 1003.
19. O’Nell, T. J Polym Sci Part A-1: Polym Chem 1972, 10, 569.
20. Garnett, J. L.; Senyon, R. S.; Levot, R.; Long, M. A.; Yen, N. T. J

Macromol Sci Chem 1980, 14, 87.
21. El-Nesr, E. M. J Appl Polym Sci 1997, 63, 377.
22. Abdel-Bary, E. M.; Dessouki, A. M.; El-Nesr, E. M.; El-Miligy,

A. A. Polym Plast Technol Eng 1995, 34, 383.
23. Montserrat, S. M.; Roman, F.; Colomer, P. J Therm Anal Calorim

2003, 72, 657.
24. Trotignon, J. P.; Verdu, J.; Dobraczynski, A.; Piperraud, M.
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Figure 11 Effect of the grafting yield on the ion uptake of
PET-g-AAc.
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