
In¯uence of D-limonene absorption on the
physical properties of re®llable PET

M. S. Taw®k,a,b* F. Devliegherea & A. Huyghebaerta

aDepartment of Food Technology and Nutrition, Faculty of Agricultural and Applied Biological Sciences, B-9000 Ghent, Belgium
bDepartment of Food Science and Technology, Faculty of Agriculture, University of Alexandria, El-Shatby, Alexandria, Egypt

(Received 3 February 1997; accepted 28 April 1997)

The absorption of d-limonene into polyethyleneterephthalate (PET) at di�erent
initial limonene concentrations and storage temperatures and the e�ect of this
addition on the physical properties of PET were investigated. Strips of PET were
immersed in model solutions (160 and 320 ppm limonene) for 45 days at 5, 22 and
37�C. The level of sorbed d-limonene and PET physical properties (tensile
strength, modules of elasticity, and % elongation) were monitored as a function
of time. Results indicated that the degree of absorption of d-limonene was
dependent upon storage temperature and initial limonene concentration. The
majority of limonene was absorbed after 30 days at 22 and 37�C, but at 5�C, less
absorption was observed. It was found that impact strength and modules of
elasticity properties of PET were signi®cantly a�ected with the level of absorption
of d-limonene (at con®dence level 0.05), while the elongation was not in¯uenced.
# 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

There has been an increase in recent years in the use of
plastics as food packaging materials. In order to reduce
the manufactured output of food packaging materials,
re®llable polyethyleneterephthalate (PET) has become a
widely used polymer. In its initial ®bre form, its use was
restricted to dry foods or in ®lters. Now with its avail-
ability in ®lm, foil and bottle form, its use has increased
considerably. The most widely spread application of
PET has, however, been in the form of stretch blown
bottles for carbonated beverages, where the polymer
provides an e�ective barrier against carbon dioxide los-
ses. In addition, PET is also relatively free of additives
and adventitious low molecular weight constituents and
so has intrinsic low migration characteristics (Castle et
al., 1989). Recently, re®llable PET appeared in the
market as packaging for orange juice and various soft
drinks. Meanwhile, a problem has arisen because ¯a-
vour compounds are being sorbed into, or are permeat-
ing through, the packaging during storage.

d-limonene is the main aroma compound in orange
juice where it is required at levels of 120±200 ppm for
acceptable ¯avour and mouthfeel (Kutty et al., 1994). In
studies of the interaction between PET and aroma
compounds, Neilsen et al. (1992) were the ®rst to show
that the loss of ¯avour components is of little signi®cance

for the product, while the residual aromas present in the
plastic could cause an o�-taste in the next product ®lled
into the same bottle. In a second study, Nielsen (1994)
has shown that 1±2% of the total content of myrcene
and limonene were absorbed in re®llable PET bottles
and that the absorption rate was temperature-depen-
dent. However, in the previous two studies there was no
information about the e�ect of migration levels on the
physical properties of PET. Hence, it is of major
importance to study not only the migration level of the
aromas into a speci®c plastic polymer but also the rela-
tion between this migrated material and its e�ects on the
physical properties of the polymer, especially when the
material is reusable. Model solutions were used to elu-
cidate the e�ect of contact surface on components in the
product (Mannheim et al., 1987).

It is reported that the thickness and molecular weight
of plastic ®lms and the content of plasticizers are the
main factors a�ecting the mechanical properties of plas-
tic. Park et al. (1993) showed that tensile strength (TS) of
methyl cellulose ®lms was not a function of thickness, but
elongation (E) slowly increased as ®lm thickness
increased. TS and E of hydroxypropyl cellulose ®lms
slowly increased as ®lm thickness increased. TS decreased
and E increased for both ®lm types as the concentration
of plasticizers was increased. Furthermore, TS and E
were a�ected by the molecular weight of ®lms.

In the literature, there is not much information
about the e�ect of the interaction between foods and
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packaging materials on its physical properties. The
e�ect of limonene sorption rate on the mechanical
properties of PET has not been reported before. To
date, the work of Hirose et al. (1988) is the only pub-
lished work investigating the e�ect on limonene
absorption on the mechanical properties of sealant
polymer ®lms (e.g. low density polyethylene).

The increased use of re®llable PET bottles as a
packaging for citrus juices has prompted us to investi-
gate the e�ect of d-limonene adsorption on the
mechanical characteristics of re®llable PET. The present
study was undertaken to assess the migration level of
d-limonene in a model solution into PET strips during
storage at di�erent temperatures and to evaluate the
e�ects of such additions on the tensile strength, elonga-
tion (%) and modulus of elasticity of re®llable poly-
ethylene terephthalate (PRBs).

MATERIALS AND METHODS

Model solutions

The model solutions used in this study were two con-
centrations of 160 and 320 ppm d-limonene (Aldrich
Co., Bornem, Belgium), containing 200 ppm of a mix-
ture of antioxidants, BHA and BHT (1:1 v/v), 200 ppm
antibacterial agent, sodium azide (Sigma Chemical Co.),
to prevent oxidative and microbial changes during stor-
age (Hirose et al., 1988), 800 ppm commercial citric
emulsi®er and 600 ppm Arabic gum (Aldrich Co., Bor-
nem, Belgium).

The solutions were homogenized by using a Schatten
Homogenizer (Diegem, Belgium) in two steps under
pressures of 2.07 and 1.38 MPa, respectively. Control
treatments were conducted using the model solution
without limonene.

Sample preparation

Newly manufactured PET bottles were used. The ¯at
parts of PET bottles were cut into strips of 5 cm�10 cm,
the strips were linked with glass rods to keep them
separated during immersion. Three strips per 300ml
solution were placed in sterilized glass jars, sealed and
stored in the dark at 5, 22 and 37�C for 15, 30 and 45
days; nitrogen was ¯ushed into the bottles to remove air
from head space, before sealing them. The ratio of ®lm
area to solution volume was 0.5 (cm2 mlÿ1).

Limonene in plastic

To determine the amount of d-limonene in the plastic
material, the plastic was cut into small pieces after the
solution was removed and the plastic pieces were rinsed
with distilled water. The plastic pieces were then placed
in a distillation ¯ask and 100ml isopropanol was added
so that the sample was completely immersed. The

sample/isopropanol mixture was allowed to rest for
approximately 24 h. Several extraction times were used
to determine recoveries of d-limonene from the plastic
stock. Distilled water (100ml) was then added and the
sample distilled to determine the amount of d-limonene
in the plastic (Hirose et al., 1988).

D-limonene

The bromide±bromate titration method (Scott and
Veldhuis, 1966) was employed for d-limonene determi-
nation.

Mechanical properties

Tensile strength, modulus of elasticity and percentage of
elongation were measured by the Houns®eld Test
Equipment (Department of Organic Chemistry of the
Faculty of Science, University of Ghent, Belgium) with
a cross head speed of 10mm minÿ1. The test was con-
ducted with 10mm wide samples with 40mm length.
Sample ®lms were cut into strips in the machine and
cross (or transverse) directions of plastic. The procedure
used was adopted from ASTM Standards D882-83
(1984). Eight specimens were tested to obtain an aver-
age value.

Statistical analysis

Each treatment was carried out in duplicate. Four analy-
ses each were taken for the test samples at each speci®c
time interval. Mean values and standard deviations
were calculated at each time interval and analyzed by
SPSS version 6 (SPSS Inc., Chicago, IL) for analysis of
variance, F-ratio test (at con®dence level 0.05) and
multiple regression analysis.

RESULTS AND DISCUSSION

No signi®cant changes in the pH, colour or total bac-
terial count were observed in the solution during storage
time due to the addition of antioxidant and antimicro-
bial agents.

Sorption of D-limonene into PET

In general, the absorption level of d-limonene from the
model solutions into PET strips ranged from 1.12 to
8.90 ppm. It is postulated that the sorption of d-limo-
nene into PET during storage time depends on the
initial concentration of the limonene, as well as storage
temperature (Fig. 1). After 15 days, the PET immersed
in a model solution containing 320 ppm limonene and
stored at 37�C had absorbed seven-times more d-limo-
nene than that stored at 5�C, but only four-times more
after 45 days. However, at the lower concentration
(160 ppm) of limonene the absorption ratio was 6:1 and
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3:1 after 15 and 45 days. In agreement with the present
study, Nielsen (1994) showed that there were relative
di�erences between sorption levels of PET bottles con-
taining a soft drink type orange (60mg limonene litreÿ1)
stored at 25�C and those at 4�C with ratio 7:1 after 1
week, decreasing to 3:1 after 12 weeks. This indicates
that the di�usion process is temperature-dependent, as
could be expected with a slower rate at lower tempera-
ture. A similar e�ect of temperature on absorption was
reported by Kwapong and Hotchkiss (1987).

After 45 days at the three storage temperatures (37,
22 and 5�C), there were signi®cant di�erences (at
P<0.05) of the absorption of limonene between the two
initial concentrations tested. This indicated that
absorption rate was dependent on the initial concentra-
tion of the aroma compounds as well as the e�ect of
storage temperature. The e�ect of the initial concentra-
tion on the absorption level was signi®cant (at P<0.05).
It has been reported that 1 g of PET stored in orange
juice with a content of 177mg litreÿ1 limonene at 22�C
absorbs 30�g limonene (Imai et al., 1990). The sorption
was 9.9�g limonene per gram of PET bottle storage at
25�C and the orange juice contained approx three times
less limonene than in the previous study (Nielsen, 1994).

The equilibrium sorption levels were reached within
30 days at 37 and 22�C at the two concentrations tested
(Fig. 1). However, at 5�C, stabilization was not achieved
even after 45 days. It was shown (Nielsen, 1994) that the
equilibrium sorption of PET is not achieved during 12
weeks of storage at 25�C. Approximately half of the
total amount of sorption occurred within the ®rst week
of storage. These di�erences between the two studies
can be explained by the di�erences in the initial limo-
nene concentration (160 and 320 ppm compared with
60 ppm) and thickness of the polymers (50�m com-
pared with 73±100�m). Nevertheless, Nielsen et al.
(1992) stated that the equilibrium sorption levels of
apple aromas into di�erent food packaging polymers
(including the PET) in thin ®lms of 12±50�m were
achieved within a week.

Kutty et al. (1994) reported that freshly squeezed
juice contains 200±400 ppm d-limonene, which was in

the range applied in the presented study. Hence, in
accordance with the presented results, between 0.2 and
2.8% of the limonene content in the liquid, whether it is
soft drink or pure orange juice, will be sorbed into the
PET over a 45-day period. This is, however, dependent
upon the temperature of storage and initial limonene
concentration used. A sorption percentage of 1.4% of
the total limonene in the soft drink into PET bottles was
detected by Nielsen (1994). Nevertheless, no other
reports were found in the literature about the absorp-
tion percentage of limonene in fresh orange juice in
re®llable PET bottles. The present study suggests a
strong likelihood of changes in the organoleptic prop-
erties of fresh orange juice when packed into re®lled
PET bottles. This damage will increase with unsuitable
storage conditions. In addition, caustic washing could
not remove more than half of the sorbed amounts
(Nielsen, 1994).

E�ect of D-limonene absorption on the physical
properties of PET strips

To determine the mechanical properties, four replicates
from each di�erent set with limonene and without
limonene, and two sets for every treatment were assayed
and the mean values are presented in Tables 1 and 2.

Tensile strength (TS)

Figure 2 shows the e�ect of immersing PET strips in
model solutions with (320 ppm) or without limonene on
the TS (MC). The present results showed that, even
in the absence of d-limonene, the tensile strength
(T/T0�100) of the PET was decreased signi®cantly (at
P<0.05) during contact with the solution. The addition
of limonene enhanced the decrease in the tensile
strength independent of the limonene concentration
(Fig. 3). In the model solution containing 320 ppm
limonene, the tensile strength, in machine direction
(MD) or in cross direction (CD), decreased signi®cantly
(P<0.05) with time at the three temperatures tested
(Table 1). However, at the lower concentration of limo-
nene (160 ppm), the decrease in tensile strength (CD)
was in accordance with absorption rate (Table 2). Hir-
ose et al. (1988) studied sorption of d-limonene (in
orange juice) into sealant polymer ®lms and the e�ect of
this sorption on the mechanical properties. They repor-
ted that the tensile strength decreased with an increase
of the absorption level of limonene into the polymer,
but this decrease was also dependent on the polymer
type. The maximum decrease was noticed with surlyn
sodium salt (sealent ®lm) (53% (MD) - 63% (CD)).
There have been no published studies investigating the
e�ect of the absorption of the aroma compounds on the
physical properties of PET.

In the present study, the maximum decrease of elong-
ation was 6.7% (MD) to 6.5% (CD) after 45 days in the
model solution, with 320 ppm limonene stored at 37�C.

Fig. 1. Absorption of d-limonene into PET strips in the model
solutions containing 320 and 160 ppm limonene at di�erent

temperatures (37, 22 and 5�C) during 45 days.
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This case also represented the maximum absorption
level (8.9 ppm).

Linear regression showed a good correlation between
sorption of limonene (320 ppm) into PET and the loss of
its physical properties at di�erent temperatures. An
example is represented in Fig. 4, which shows the e�ect
of sorption level on the tensile strength (r2=0.81) in the
machine direction (MD).

Elasticity modulus

Plastic ®lm elasticity, in model solution with no d-limo-
nene, did not alter signi®cantly whereas it did in the
presence of 320 ppm of d-limonene (Fig. 5). It is con-
cluded that, in the absence of limonene, there were no
signi®cant di�erences between the elasticity modulus of
PET at di�erent temperatures during storage.

Table 1. Changes in the physical properties of PET strips during 45 days of storage in model solution containing 320 ppm limonene at
di�erent temperaturesa

Temperature (�C) Time (days) Tensile strength (MPa) Elasticity modulus (MPa) Elongation (%)
(MD) (CD) (MD) (CD) (MD) (CD)

37 0 130.6 161.0 828.0 1066.0 12.1 12.5
(0.2) (0.4) (0.6) (0.5) (0.1) (0.2)

15 124.9 152.8 811.7 1004.4 12.3 12.9
(0.01) (0.01) (0.2) (0.6) (0.05) (0.6)

30 123.9 151.7 803.5 985.4 12.6 13.3
(0.1) (0.1) (0.2) (0.5) (0.2) (0.04)

45 121.8 150.5 797.1 879.6 12.4 13.3
(0.02) (0.2) (0.8) (0.6) (0.1) (0.6)

22 15 125.3 153.2 813.8 1005.8 12.2 13.0
(0.6) (0.3) (0.9) (0.4) (0.1) (0.7)

30 124.3 152.8 806.2 1002.6 12.1 12.7
(0.5) (0.1) (0.2) (0.7) (0.02) (0.5)

45 123.4 150.8 799.5 979.9 12.1 12.6
(0.9) (0.05) (0.3) (0.6) (0.2) (0.05)

5 15 130.6 154.3 822.1 1006.3 12.1 12.5
(0.3) (0.4) (0.2) (0.1) (0.01) (0.05)

30 128.9 153.8 810.2 1005.7 12.2 12.9
(0.3) (0.1) (0.2) (0.7) (0.03) (0.5)

45 127.3 153.0 801.6 989.8 12.0 12.7
(0.9) (0.2) (0.6) (0.3) (0.5) (0.4)

MD, machine direction; CD, cross direction.
aMeans of two separate experiments with four observations each. Values in parentheses represent the standard deviation.

Table 2. Changes in the physical properties of PET strips during 45 days of storage in model solution containing 160 ppm limonene at
di�erent temperaturesa

Temperature (�C) Time (days) Tensile strength (MPa) Elasticity modulus (MPa) Elongation (%)
(MD) (CD) (MD) (CD) (MD) (CD)

37 0 130.6 161.0 828.0 1066.0 12.1 12.5
(0.2) (0.4) (0.6) (0.5) (0.1) (0.2)

15 126.1 153.3 812.5 1004.6 12.3 12.9
(0.7) (0.4) (0.7) (0.6) (0.5) (0.05)

30 124.1 153.0 804.5 1004.2 12.5 12.8
(0.4) (0.1) (0.3) (0.5) (0.2) (0.2)

45 123.5 152.9 803.4 990.5 12.2 12.8
(0.7) (0.1) (0.5) (0.4) (0.07) (0.03)

22 15 126.5 153.6 812.8 1004.6 12.4 12.8
(0.8) (0.4) (0.4) (0.1) (0.05) (0.2)

30 124.9 153.1 807.2 1004.2 12.3 12.7
(0.1) (0.2) (0.3) (0.1) (0.2) (0.2)

45 124.4 153.0 804.9 991.4 12.2 12.7
(0.06) (0.2) (0.9) (0.2) (0.01) (0.4)

5 15 130.2 154.5 818.1 1016.4 12.1 12.6
(0.6) (0.2) (0.8) (0.4) (0.5) (0.06)

30 129.3 154.3 815.7 1005.4 12.2 12.7
(0.04) (0.08) (0.2) (0.1) (0.01) (0.4)

45 127.3 153.5 809.1 995.6 11.9 12.7
(0.4) (0.2) (0.3) (0.4) (0.6) (0.2)

MD, machine direction; CD, cross direction.
aMeans of two separate experiments with four observations each. Values in parentheses represent the standard deviation.
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The e�ects of storage of PET strips in limonene solu-
tions at di�erent temperatures on modulus of elasticity
are shown in Tables 1 and 2. The results show that the
elasticity always decreased signi®cantly (at P<0.05),
with both tested limonene concentrations, at di�erent
temperatures and di�erent sampling times. This sug-
gests that, in PET, the decrease in elasticity will con-
tinue even when the absorption rate of limonene reaches
equilibrium or increases slightly. In the study by Hirose
et al. (1988), d-limonene absorption signi®cantly a�ec-
ted the modulus of elasticity of LDPE and Surlyn
(sodium type) but, for the Surlyn ®lm (zinc type), the
modulus of elasticity in both MD and CD was not
a�ected signi®cantly by absorption of d-limonene. This
e�ect of the absorbed limonene on the elasticity will
limit the number of uses of re®llable PET bottles.
Re®llable PET bottles (PRBs) contain approximately
twice as much resin to increase the wall thickness (Feron
et al., 1994).

Percentage of elongation

Tables 1 and 2 show that the elongation percentages of
the PET strips were increased but not signi®cantly (at

P<0.05), either in the absence or presence of limonene.
Hirose et al. (1988) showed that percent elongation of
LDPE (MD) at break increased due to absorption. They
stated that the signi®cant increase in the percentage of
elongation may be explained by the absorbent acting as
a plasticizer to allow the chains to slide past one
another. Elongation of LDPE (CD) tended to decrease,
though the di�erence was not signi®cant. Moreover, the
absorption of d-limonene by the Surlyn ®lms did not
a�ect their elongation.

CONCLUSION

From the present study, it can be concluded that
absorption of limonene into re®lled PET will not exceed
2.8% of the total d-limonene. However, this might
a�ect the ®nal product taste (o�-¯avour) and the
absorption will be enhanced by increasing the initial
concentration of the limonene in the packed product
and the storage temperature. In addition, the physical
properties of PET will be in¯uenced in a negative way
by absorption of limonene. Tensile strength and elasticity
modules are in¯uenced signi®cantly by the absorption

Fig. 3. E�ect of limonene concentration on the tensile strength
(MD) of PET strips at di�erent temperatures. Two levels of
limonene were used, 320 ppm (high concentration, HC) and

160 ppm (low concentration, LC).

Fig. 4. Predicting relationship between absorbed d-limonene
into PET strips and its tensile strength (MD). The strips
immersed in model solution contained 320 ppm limonene and

were stored at di�erent temperatures.

Fig. 2. Tensile strength (MD) of PET strips a�ected by
immersing in model solutions without or with (320 ppm)

limonene at di�erent temperatures.

Fig. 5. Changes in the elasticity of PET strips immersed in
model solution without and with limonene (320 ppm) at dif-

ferent temperatures.
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of limonene into PET. A long storage time was used
here to examine the validity of the ®rst-order reaction
for limonene absorption and its e�ect on the physical
properties of PET. Attention should now be turned
towards a modi®cation of the polymer (such as
increased crystallinity, to avoid absorption of high con-
centrations of aroma compounds (Nielsen, 1994).
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