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Plasticized PV C packaging of liquid foodstuffsleadsto a
simultaneous diffusion: additives (plasticizer in particular) -
liquid. The temperature used currently higher than the PVC
glass transition temperature Tg. In such circumstances the
diffusionisgenerally Fickian, with adiffusion depending on
the concentration of the liquid and plasticizer. Nevertheless,
when the liquid is an edible ail this dependence may be ad-
justed by neglecting the small amounts of oil which diffuse
into the polymer. A simplified predictive mathematical model
of dioctyl phthalate (DOP) plasticizer migration from PVC
into sunflower oil wastested. The statistical results show that
the computed DOP concentrationsinto the edible oil, aswell
ascomputed profiles of DOP concentration devel oped through
PV C matrix correlate with measured ones, with a P-value =
0.001. Diffusivitiesat variousthicknessesinsidethe PV C disk
vary exponentially interm of reciprocal plasticizer local con-
centration.
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INTRODUCTION

Putting into contact asolid polymer and aliquid, isan usual practicein
packaging. It involves generally mass exchanges between the two phases,
which constitute a major drawback, especially when the liquid is a
foodstuff *®. In al applications, the plasticized PV C isin contact with the
surrounding medium and the plasticizer may migrate with the following
results”™™: (i) Because of plasticizer loss, the polymer deteriorates its
mechanical properties, (ii) The surrounding medium is contaminated by
several factors: (@) In avariety of contexts, there is a simultaneous trans-
port of the liquid into, and the plasticizer out of the PVC. However, the
amount of liquid transported into PVC often follows a more complex
phenomenon. Thisamount increases rapidly to amaximum value; then the
liguid comes out partially (counterdiffusion)*?, (b) For both these
transfers, the diffusivity is concentration-dependent and (c) Many factors
may affect the migration process, including the nature of polymer and
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plasticization process, the surrounding medium, the nature and amount of
plasticizer and the conditions of migration process, i.e., stirring, time and
temperature.

The migration is a slow process which can take several months at
storage temperatures, thus shorter time tests at higher temperatures were
proposed. On the other hand, the problem of identifying migrating species
in the presence of chemically complex structures led very quickly to the
simulation of real foodstuffs by pure products. However such simulations
are, not conclusive.

Some authors' consider it better to derive mathematical models rather
than change the conditions of the experiments. Sophisticated theoretical
models, concerned with transfer of plasticizer into pure solvents, have been
referred to in the literature and they must be adjusted to real foodstuffs.

In the present paper, migration of dioctyl phthalate (DOP) from solid
polyvinyl chloride (PVC) discs into sunflower oil in contact was studied
for severd plasticization level sand temperature testing. Quantitative analy-
sisin such acomplex mixture and in polymer matrix itself was made easy
by using radioactive tracer technique (the choice technique for migration
studies on alarge scale).

No analytical solution can be found when the diffusivity is not con-
stant. A theoretical model based on asecond-order partial differential equa-
tion solved by an explicit finite-difference numerical method, was built by
neglecting the small amounts of foodstuff liquid transferred into the bulk
polymer and tested on limited volume of well-stirred sunflower oil.

Theoretical approach

The following assumptions were made:

(1) We used PVC discs and considered unidimensionnal diffusion in a
medium bounded by two parallel planes, e.g., the planesx =+ L.

(2) The small amount of oil transferred in the bulk polymer is negligible.

(3) The transfer of DOP through PVC mass is obtained by diffusion in
unsteady-state, as the diffusivity is dependent on the plasticizer con-
centration.

(4) The concentration of the plasticizer on the PVC surface reaches the
equilibrium value as soon as the PVC sample is soaked in the sun-
flower ail.

It has been generally assumed that diffusion under transient conditions
is as described by Fick's equation™:

oC 8( oC

—=—|D— -
ot ox aX),for L<x<L (1)

wheretisthetime, x isthe abscissa measured through the thickness (=2L)
of thedisc and D isthe diffusivity. The latter depends on the concentration



1546 Fertikh et al. Asian J. Chem.

of the diffusing plasticizer according to the relationship:
D(x,t) = Do exp (-A/C) 2
The values of the coefficients A and Do depend on the nature of the
liquid foodstuff and the temperature.
The boundary conditions were:

C(x,0)=C,, -L<x<L
=0 cx,0)=0, xAx-L and xolL (3)
t>0 C(-Lt)=C(+Lf)=C. (4R)

D(x,t) and C(x,t) denote the diffusivity and the concentration of DOP
measured at abscissa x and timet, 2L is the thickness of a particular disc,
C.. is the equilibrium concentration of plasticizer and Cy is its initial
concentration.

Mathematical analysis of short tests

Equation (1) isanaytically intractable with the above conditions. How-
ever, for very short times, the small amount of substance transferred at
times‘t’ was very low, so that the concentration of the plasticizer isamost
constant. In this case, the value of Mt, as a fraction of the quantity trans-
ported after infinite time M.., can be expressed in terms of the square root
of the time®™*:

M, 2 |D,
M, LV=A ©)

Thisequation is very useful for determining the diffusivity which cor-
responds to the concentration of plasticizer in the PV C at the beginning of
this short test.

Numerical Analysis

Since eg. 1 cannot be analytically solved under the above conditions,
the problem is solved using anumerical explicit method with finite differ-
ences. The numerica analysis'* applied to eg. 1 allows to write:

Cx,t+A0) ~Clx,t) _ D(Hg’tj Clx+Ax,t)-C(x1)
2

At AX? ©)

_D(X_%,t)c(x,t)—ACX(?—Ax.t)

by assuming:
D(x+%,t) =D(x,t)= D(x—%,tj
it follows:
C(X,t+At):%[C(x—Ax,t)+C(x,t)(M _2)+ Clx + A, )] )
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where M is the dimensionless modul us:
2
- ®
At,D(x,t)

We can then cal cul ate the concentration within the disc at the abscissa
x and time (t +At), when we know the concentration at time t and at the
abscissa (x -Ax), X and (X +AX).

From this concentration profile we can deduce, the total quantity of
plasticizer transferred for a given time; we shall calculate the mean con-
centration of the DOP remaining in the polymer disc using the trapezium
rule.

M, = zAxEcp(o)+Zcp(1)+cp(z)+cp(3)+.......+cp('; _1}; cp[';‘ﬂ ©)

EXPERIMENTAL

Synthesis of labelled DOP

The plasticizer was prepared from labelled phthalic anhydride [ 74 mg;
(7-**C); 0.5 mCi, CEA (Paris)]. The synthesis conditions were defined and
best parameter for optimum yields (92%) specified™. Products with lower
radioactivities were obtained by dilution with pure unlabelled DOP.
Sample preparation

Commercial PVC [Sicron 540HV (Sonatrach-Algeria); K70] was
blended at 80°C with the calculated amounts of |abelled DOP (20-30-40
and 50% by weight) and a fixed amount of barium-cadmium-zinc stabi-
lizer was plasticized in a plastograph (Haake) working at 135°C, 35 rpm,
for 10 min under a pressure of 50 bars, to form a sheet ca. 3 mm thick. A
number of discs were cut, having nearly the same characteristics (18 mm
dia; 3 mm thickness); those discs with a weight difference not exceeding
5% were selected for use and distributed into groups of 20 samples.

Method for studying thetransfer

All experiments were carried out by using 20 PV C solid discs dipped
into aclosed glass reactor of 250 mL capacity, kept at atemperature fixed
t0 0.1°C, using acontrolled rate of stirring. At intervals, PV C samples and
sunflower oil were taken for analysis, so that the PV C-liquid ratio remains
constant. Each PV C disc is weighed, and the concentration of the plasti-
cizer inthe oil is measured, so that the amounts of DOP and sunflower oil
transferred can be determined. Then, each disc was wiped quickly and
peeled off into 15 slices (0.200 mm) by using alathe with aknife at theend
of it. These slices were parallel to each other and to the flat faces of the
discs. This operation works properly when the PVC is hardened with
liquid nitrogen.
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M easurement

The variations of the DOP contents of the two phases in contact were
separately monitored by using the radioactive tracer technique, with
automatic quenching correction and the external standard technique. The
method is ssmple and reproducible. It was used to find the amounts of the
DOP in complex mixtures prepared in the laboratory. The accuracy was
+ 3% for the least successful test and the reproducibility was + 0.25%.

The radioactivity of the liquid medium, removed after given time of
immersion is measured by transferring 0.5 mL of sunflower oil to aplastic
measuring vial containing 10 mL of the scintillation solution (ready-solv.
NA-Beckman) shaking to ensure complete solution and measuring the
radioactivity by means of aBeckman 3-L S 2800 Spectrophotometer over a
period of 10 min. The analyses were done six times, thus each quoted
result represents the average of six measurements.

The following operations were carried out successively in order to
measure the concentration of plasticizer mixture inside every PVC disc,
for different x values of the abscissaalong the thickness of disc: (1) weigh-
ing of peeled dices; (2) dissolution of slicesin 3 mL of THF; (3) anaysis
on 0.5 mL of the obtained solution as described previoudly.

RESULTSAND DISCUSSION

Diffusion coefficient variation with concentration

Experiments were performed under isothermal conditions (20, 30 and
50°C) in the well-stirred sunflower oil, by using PVC discs plasticized
with various DOP percentages (20-30-40 and 50% by weight). Diffusivities
of DOP were calculated from the slopes of straight lines obtained by
plotting the values of the amount of DOP transferred at short timesvs. the
square root of time. Since the logarithm of diffusivities of the DOP were
found to be related to the reciprocal of the initial plasticizer level, it was
easy to obtain the coefficients D, and A (Table-1) appearing in eq. 1.

TABLE-1

VARIATIONS OF THE DIFFUSIVITY [EQ.(1)] WITH THE RECIPROCAL
OF THE DOP CONCENTRATION

T(°C) 10’ D, A
20 1.12 193
30 2.15 100
50 2.15 63

Profiles of DOP concentrations developed through PV C disks
According to the process described before, PV C discs were removed

from sunflower oil at different times, and every disc was peeled off in

fifteen 200 um-thick layers. The DOP concentration was measured in
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every layer. This concentration was related to the position of the centre
plane of every layer in the PV C disc before cutting; this position was ex-
pressed by the relative abscissa X, where -7 < x < 7. the 0 point on the
abscissa was taken for the centre plane of the PVC disc, paralel to the
faces, and + 7 the abscissa at the centre plane of the two layers close to
each disc face. The problem issymmetric with respect to x = 0, so, we give
thedataonly for0<x < 7.

The computation of DOP concentration profiles was carried out with
the help of an Unisys micro-computer, utilizing Turbo-Basic language.

Following parameters realize the best possible compromise between
calculus precision and stability. (1) space increment: Ax = 0.01 cm. (2)
Disc thickness: 2L = 0.30 cm. (3) time increment: At = 3600 s.

The model wasfound to be useful for determining the profiles of DOP
concentration. The calculated concentrations (Cth) vs. the time for differ-
ent positionsin the disc and various experimental conditions, compared to
the corresponding measured concentrations (Cm) are shown in Table-2.

TABLE-2

EVALUATION OF CONCENTRATION PROFILES MEASURED (m) AND CALCULATED(th)
WITHIN DISK WHEN: (1) % DOP = 30; T = 30°C (2) % DOP=20; T =50°C.

Relative abscissax 0 1 2 3 4 5 6 7
Disc thickness (mm) 15 13 11 0.9 0.7 0.5 0.3 0.1
m 2800 2770 2610 2550 2430 2210 21.60 20.40
th 2848 2830 2775 2685 2561 2408 2235 20.50

1

120h 2 m 14.88 1471 1453 1420 1395 1345 1280 12.25
th 18.16 1815 1757 1697 1588 1478 13.39 12.00

1 m 2490 2460 2400 2340 2250 2130 20.10 18.30

240h th 2469 2452 2400 2323 2217 2090 1949 18.00
2 m 1381 1371 1365 1344 1323 1272 1243 1191

th 15.68 1567 1531 1492 1426 1358 1275 11.91

1 m 2040 2010 1950 1860 1800 1710 16.20 15.00

360h th 2049 2035 1995 1929 1842 1738 16.22 15.00
2 m 12.97 1286 1270 1254 1200 1191 1152 11.06

th 13.57 1356 1332 1306 1263 1217 1162 11.06

The regression lines:
Cth =a+bCm (10)
fitting the N pairs of values Cm/Cth were found by the method of least
sguares.

The calculation of the parameters aand b and the subsequent variance
analysiswere donefor every experiment and by considering the combined
data.

The standard deviations SE (a) and SE(b) can be used as a measure of
the precision with which the parameters aand b have been obtained, if the
degree of freedom (N-2) istaken into account.
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Fos = $17/S% Si2 is the variance due to the regression (variation of Cth
with Cm) and s, the residual variance around the regression straight line
(measures the scatter of the values of Cth around the regression straight
line). The values of calculated F (Table 3) are higher than the correspond-
ing valuesgiven by the Fisher-Snedecor's F(1; N-2) table, for aprobability
P = 0.999. Therefore the test is meaningful and there is a correlation
between Cth and Cm.

TABLE-3
COMPARISON OF THEORETICAL AND MEASURED CONCENTRATION PROFILES,

DETERMINATION OF PARAMETERS aAND b [EQ. 11] AND VARIANCE ANALYSIS.
EXPERIMENTAL AND THEORETICAL DOP CONCENTRATIONS PRESENTED IN TAB.2

a b r SE(a) SE(b) SE(C) N Fobs. Fo.ge (1;N-2)
72h 1 -229 114 098 210 0.08 057 8 193.33 3551
2 -621 146 0979 197 0.12 054 8 140.37 3551
1 090 100 0976 226 009 069 8 119.43 3551
120 h 2 -1775 243 0997 106 008 019 8 100100 3551
3 551 097 098 461 011 306 8 66.75 3551
240h 1 -153 106 0998 055 002 015 8 183940 3551
2 -1253 204 09% 102 008 014 8 685.94 3551
1 -064 105 0994 08 005 024 8 509.46 3551
360 h 2 -388 135 0992 087 007 013 8 362.30 35.51
3 690 084 0973 316 008 191 8 106.48 3551

Diffusivity dependence on local concentration of migrating speciesis
characteristic of diffusion in bulk polymer. The diffusion coefficient
values of plasticizer in PVC were found to vary with the plasticizer
concentration (Fig. 1) according to eg. 1, rewritten as follows:

LnD=InDy-A/C (12)

The correlation coefficients (0.99523 < r < 0.99999) near 1 showed
close agreement. Thus by contrast with another model tested previously*,
the present model is self-consistent.

Kinetics of the DOP transfer in the ail

The integration of the concentration profiles provides the quantities of
DORP transferred into sunflower oil at different times, for the following
conditions: (% DOP = 20- T = 50°C) and (%DOP = 30- T= 30°C).

Table-4 compares the theoretical masses (Mth) to the measured ones
(Mm). The statistical analysis (Table-5) shows that these two parameters
arein correlation, with a P-value= 0.001.

TABLE-4

MEASURED (m) AND CALCULATED (th) MASSES (g) OF DOP
TRANSFERRED IN THE OIL AS FUNCTION OF TIME

. th)
Co (%) 0 6 24 48 72 120 240 360
m 0.0270 01092 0.1161 01210 0.1297 0.1383 0.14%
th 0.0781 0.0869 0.0927 0.0973 01047 01139 0.1236
m - 0.1197 01205 0.1262 01500 0.1723 0.1919
th - 01268 0.1332 01382 01620 0.1665 0.1891

20 50

30 30
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Fig. 1. The variation of Ln D in term of reciprocal plasticizer local
concentration (1/C)

TABLE-5
TRANSFER KINETICS: PARAMETERS AND VARIANCE ANALYSIS. G, ISTHE
PLASTICIZED LEVEL (WEIGHT %) OF SAMPLE

Co TG a b SE@ SEb) N Fous  Fowe(l;N-2)
20 50 0063 0327 00113 009 7 11673 6.869
30 30 0037 0767 00112 0075 6 104.84 8.610

Combined results 0.036 0677 0.0195 0146 13 21472 4.437
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Conclusion

The results of long time tests were given for migration of dioctyl
phthalate from solid PV C discs into sunflower oil, using a method based
on labelled plasticizer and measurements of the radioactivity of the two
phasesin contact. The following factors were examined: time, plasticizing
level (20, 30, 40 and 50% by weight), temperature (20, 30 and 50°C). The
transport kineticsin theliquid foodstuff were completed by studying of the
migratory phenomenon devel oped through the matrix of a particular disc.
The model described in this paper took into account two different points:
the concentration of sunflower ail in the polymer matrix was neglected;
diffusion in transient conditions through the PV C mass with concentra-
tion-dependent diffusivities was considered. Using this self consistent
model, it was possible to reproduce the experimental results with a good
approximation.
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