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Abstract--When plasticized PVC is in contact with acetic acid, there is simultaneous diffusion of the liquid 
into, and the plasticizer out of the polymer. These transfers are controlled by diffusion in the unsteady 
state, with concentration-dependent diffusivity for both liquids. The transfer process is complicated for 
acetic acid, because the amount transferred rises quickly to a maximum with a resulting swelling of 
polymer, and then decreases to the equilibrium value. A model is used for calculating the amount of the 
liquids transferred at various times, as well as the profiles of concentration developed through the PVC. 
Short tests help to give information on the kinetics of these transports. 

INTRODUCTION 

Polyvinyl chloride (PVC) plays an important role in 
the packaging industry, and a large part of it is used 
in this application as soft and plasticized material. 
Extensively plasticized PVC is accepted for many 
biomedical applications such as blood bags and other 
blood-handling devices, in spite of the fact that major 
components in the plasticizer are not biologically 
inert [1-4]. Most foodstuffs are packed in PVC [5]. In 
all these applications, plasticized PVC is in contact 
with some kind of surrounding medium and the 
plasticizer may stay in place or migrate with the 
following results. Because of loss of plasticizer, a 
considerable change in mechanical properties of the 
PVC packaging. The surrounding medium is con- 
taminated by the plasticizer and other additives. 

The following factors can affect the migration 
process [6]. (i) The kind of PVC, and the plas- 
ticization process. (ii) The nature of the liquid, its 
compatibility with the plasticizer and polymer. (iii) 
The nature and amount of plasticizer. (iv) The condi- 
tions of the migration process, agitation of liquid, 
temperature and time. 

Experiments for determination of transfer kinetics 
at room temperature are very time-consuming (25 °, 
6 months; 45 ':, 10 days), but studies involving shorter 
times and higher temperature showed that simulation 
conditions can only give a very rough idea of the real 
test, and results did not correlate [7, 8]. A high 
plasticizer content is responsible for faster transport 
into the liquid. The migration of phthalate plasticizer 
from PVC into various liquids has been reported [5]. 
Several studies were done with liquid foods [9, 10]. 
Some alcohols were tested [11, 13], and the effect of 
water content in ethanol was found to affect transfer 
[14]. The migration was strongly affected by the 
nature of petroleum oils, and the effect of aromatic 
content was important [15]. Transfers from PVC into 
peanut oil [16] and n-heptane [17] were also studied, 
and n-heptane was found not to be a perfect simulant 

for oil [18]. The effect of the external phase on 
migration has been especially studied [19]. 

The problem is rather complicated. In a variety of 
liquids, one must study the simultaneous diffusion of 
the liquid into, and the previously dispersed plas- 
ticizer out of the PVC [20]. Both transfers can be 
explained by diffusion in the unsteady state, and the 
coefficients of diffusion are concentration dependent. 
In view of the complicated concentration dependence 
of the diffusion coefficient of liquid penetrating PVC, 
the liquid diffusion is directly coupled to the plas- 
ticizer loss. Moreover, another experimental fact was 
found in the case of simultaneous diffusion of the 
plasticizer and benzyl alcohol chosen as the liquid: 
the mass of liquid entering the PVC reached a 
maximum and then decreased before attaining the 
equilibrium value [13-18, 20, 21]. 

Some results are now reported on the simultaneous 
transfer of acetic acid into, and plasticizer out of 
plasticized PVC, when the polymer was contacted 
with the liquid. The effects of temperature and plas- 
ticizer content on the transfer process were studied by 
using long real experiments and short tests followed 
by calculation. These short tests detailed in earlier 
papers [22, 23] are of interest for the understanding of 
the kinetics of transfer, because the concentration of 
both liquid and plasticizer can be considered as 
constant during the short experiment. The calcu- 
lations were done by using an explicit numerical 
method of finite differences. These calculated results 
were found to be in agreement with experimental 
results determined under the same conditions (long 
real tests). 

THEORETICAL 

Our prototype problem elucidates the effect of the 
diffusion of a liquid into a polymer on the simulta- 
neous diffusion of plasticizer out of the polymer into 
an infinite bath of stirred liquid. Each transfer is 
regarded as governed by Fick's law [6], in transient 
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conditions. The diffusion coefficients are dependent 
on the concentrat ion of both liquid and plasticizer. It 
was assumed in earlier studies that the concentrat ion 
of plasticizer on PVC surfaces is the same as that in 
the liquid as soon as PVC slabs are dropped into the 
liquid [15, 20, 24]. This assumption allows solution of 
the equation of diffusion, but  the concentrat ion is not  
zero on PVC faces as shown by measurements with 
attenuated total reflectance [18]. 

Mathematical treatment for PVC sheets 
The equation of diffusion with concentrat ion de- 

pendent diffusivity is: 

( 
~t - a x \  ~x/ (1) 

For  very short times, the amount  of substances 
transferred at time t as a function of the quantity at 
equilibrium is expressed by the equation: 

F D . t  ]°" M, _ 4 (2) 

where x is the sheet thickness, and D is the constant  
diffusivity at time zero. 

The solution cannot  be given in a mathematical 
form for long times by keeping in mind the above 
assumption. 

Numerical treatment 
The problem has to be solved with the help of a 

numerical explicit method with finite differences [23]. 
Consider the PVC sheet of thickness x as divided 

into n equal finite slices of thickness Ax by concen- 
tration time reference planes (n, for space; i, for time). 
The liquid balance considered for liquid and plas- 
ticizer on the plane n enables one to find the following 
recurrent equations. 

l _ 1 l C, .~+,-~[C,_l , i+(M,-2)Cl j+C~,+, ,~]  (3) 

with 

(Ax) 2 1 
Mt (4) 

At D~ 

and 

l ? l = e x p  C p + C I  "~ B (5) 

C~,i+ ~ being the concentrat ion of liquid in PVC at the 
plane n and time (i + 1) At. 

For  the plasticizer, we have also: 

1 
CP, i+ ,=~[CP_, , i+(Mv-2) 'CPi+CP+,~ i  I (6) 

with 

(Ax) 2 1 
Mp At Dp (7) 

and 

A '  
Dp~-exp( CP + C,. fl B ' )  (8) 

CPj+t being the local concentrat ion of plasticizer in 
PVC at the plane n and time (i + 1) At. 

When the liquid diffuses into the polymer while 
plasticizer diffuses out, diffusion coefficients are a 

function of concentrations of liquid and plasticizer 
[23, 25]. 

The dimensionless numbers M~ and Mp must be 
kept higher than 2, as convergence of equations 3 and 
6 is required. 

Other equations are used for calculating the liquid 
concentrat ion on PVC faces. 

1 l 
Cface,/+ 1 ~- ~11 [Cliq, iq-(MI-2)'C~ace, i-[-C],i] (9/ 

1 
C L . , + , = ~ p - [ C ~ q , i +  (Mp-2).Cp,~o, i+ Cp,,] (10) 

where C]~q and C~q are the concentration on PVC 
when equilibrium is reached; Cfac,,i and CP, ce,~ are the 
concentrat ion on PVC faces at time i At. 

The values of the coefficients A, B, A' ,  B',  a and 
fl, depend on the working conditions, and must be 
determined for each liquid. 

The total amount  M t of both liquids transferred at 
time t can be calculated by integrating the profiles of 
concentration with respect to time obtained with the 
above equations. 

EXPERIMENTAL 

Materials 
Dioctylphthalate was used as plasticizer and pure acetic 

acid for the liquid (Rh6ne-Poulenc). A commercial PVC 
resin in the form of white powder was used (Lucovyl, 
Rh6ne-Poulenc, France). Components of PVC compounds 
were mixed in a steel mould operated by a press at 150 ° 
under a pressure of 50 bars. Discs (18ram in diameter, 
3.4 mm thick) were cut from PVC sheets. 

Apparatus for study of transfers 
Experiments were carried out with 20 PVC discs in 200 ml 

acetic acid in a 500 ml closed flask using a controlled rate 
of stirring. Samples of PVC and liquid were taken at 
intervals for analysis: so that the liquid-PVC ratio was kept 
constant, for one PVC disc 10ml solution was removed. 

Each PVC disc was weighed and dissolved in 
acetone-carbon disulphide mixture, and this solution was 
injected for analysis by gas chromatography after addition 
of dioctyl adipate as internal standard. Operating conditions 
were as follows: gas chromatograph (IGC 16, Intersmat, 
France). The glass column was 2 m long, and the stationary 
phase was chromosorb Q 60/80 mesh and 3% OV 17 silicone 
rubber (Dow Chemical). The column temperature was 270 °. 

Calculation 
Calculation was performed by using a microcomputer 

(Micral, R2E, France). The values for essential parameters 
were: number of slices = 10; Ax = 0.033 cm; At = 1800 sec; 
M,=4;  Mp : 17. 

RESULTS 

As shown earlier [21-23], the following parameters 
are of importance: temperature, plasticizer concen- 
tration in PVC, stirring of the liquid, and especially 
nature of the liquid. 

Because of the great importance of stirring on both 
transfers, particularly for short times when transports 
are partly controlled by boundary  layer phenomena 
in the liquid phase next to PVC faces, all experiments 
were performed in a well-stirred vessel (Reynold's 
number  3000). 
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Fig. 1. Short test, amount of plasticizer and acetic acid 
transferred vs (time)['2 for different initial plasticizer concen- 

trations in PVC at 30-'. 
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Fig. 2. Logarithm of diffusivity vs (concentration of plas- 
ticizer in PVC) x. 

PVC samples with different plasticizer concen- 
tration were used for studying the kinetics of  both 
transfers. 

Short tests .for determining diffusivities 
As shown in Fig. 2, the amount  of  liquid trans- 

ferred up to time t is directly proport ional  to (time) ~'2, 
and diffusivities can be obtained from the slope of  
these straight lines. Results for four initial concen- 

trations of  plasticizer in PVC are plotted in Fig. 1 for 
transfer of  plasticizer and that of  liquid. 

The diffusivity in the logarithm form for both 
liquids is shown in Fig. 2 to be proport ional  to 
(plasticizer concentration in PVC) ~. The values of  
diffusivities obtained for those liquids are cited in 
Table 1 for 30, 40 and 50'C. 

The diffusivity of  the liquid is considerably higher 
than that of  the plasticizer. Moreover ,  the total 
concentrat ion of  both plasticizer and liquid has to be 
taken into account, and notably in the denominator  
of  equation (5) and (8) relating diffusivity to the local 
concentration of  liquids. 

The following expressions for the diffusivity were 
set up, with two coefficients e and/3 depending on the 
operational conditions of  temperature and local plas- 
ticizer concentration as shown in Table 2. 

117.35 12.41) (5') 
D ~ = exp C p + C~" 

D p ~ exp C p + CI ' jq 13.65 (8') 

Al though the liquid and plasticizer are in PVC at 
the same time, they do not play exactly the same role 
in rate transfer, as coefficients ~ and/3 are not equal 
to 1. We do not have a satisfactory explanation at 
present for this fact. It is obvious that these two 
liquids have quite different physical properties, no- 
tably viscosity, molecular size and diffusivity. 

Long real experiments 

The amounts  of  liquid transferrred into the plas- 
ticizer out of  PVC discs, are shown in Fig. 3 (25% 
plasticizer), as a function of time, and for other initial 
plasticizer concentrations (35-45~o). In this Figure, 
we can appreciate transfers for both liquids. Experi- 
mental values can be compared with those calculated 
by applying our model. 

Experimental results are in close agreement with 
those calculated for plasticizer over the whole range 
of  the transfer process, and for all the PVC samples 
of  different initial plasticizer concentrations. 

The problem for acetic acid is difficult. Although 
good agreement between theoretical and experi- 
mental results is obtained for a short time, up to the 
maximum value reached by the amount  of  liquid 
transferred, quite different results are shown for 
longer times. In fact, unlike calculation, experiments 
show that the amount  of  liquid transferred into PVC 
reaches a maximum after a steep rise and then 
decreases rather slowly before attaining the equi- 
librium value. This fact is not new as recently demon- 
strated in other cases with a variety of  liquids 
[2, 6, l 3]: it occurs very often when the rate of  transfer 

Table I. Diffusivities related to liquid for different plasticizer concentrations in PVC and 
temperature 

Temperature 30" 40 50" 

% Plasticizer 25 35 45 25 35 45 25 35 45 
D I x l0 s (cm~/sec) 3.7 14 27.7 7.8 17.3 27.4 12.1 18.9 48.7 
Op x l0 n (cm2/sec) 0.58 2 6.3 0.7 3.4 8.2 1.7 5.3 16.5 
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Table 2. Variation of c~ and fl with temperature and % DOP 
Temperature 30 ° 40 50 ° 

% Plasticizer 25 35 45 35 35 
0.7 0.5 0.2 0.9 1.0 
0.7 0.8 0.6 1.0 1.2 

is notably higher for the liquid than for the plas- 
ticizer, when considerable swelling is observed. 

Studies on the above-mentioned problem are in 
progress, and we hope to be able to improve our 
model, so that it gives calculated values in agreement 
with experimental when a maximum is obtained. 

The profiles of both liquids (plasticizer and acetic 
acid) developed through PVC samples can easily be 
calculated by applying our model and using data 
concerned with diffusion coefficients obtained in 
short tests. The shape of the profiles are illustrated in 
Figs 4-6 for initial plasticizer concentrat ions of 25-35 
and 45%. These profiles are determined over the 
whole transfer process for the plasticizer, and only up 
to the maximum value for the liquid. Two interesting 
points can be mentioned about  the concentrat ion of 
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Fig. 3. Long real test, amount of liquids transferred vs time. 
P = plasticizer; A = acetic acid. A: (+)  45% DOP; ( x ) 35% 
DOP; (©) 25% DOP. P: ( l l )  45% DOP; (O) 35% DOP; (71) 

25% DOP. 

both liquids on PVC faces. (i) Concentrat ions of the 
plasticizer are not  zero on PVC faces, as proved 
previously [18] with the help of attenuated total 
reflection. (ii) The concentrat ion of acetic acid on 
PVC faces is not  the same as that in the liquid phase, 
because of the presence of PVC and plasticizer. (iii) 
As soon as the process starts, concentrations of the 
plasticizer and acetic acid on PVC surfaces tend 
rapidly to the value at equilibrium. These last values 
are also the same as those obtained inside PVC at 
equilibrium. 

However, if the profiles of concentration of plas- 
ticizer through PVC mass are well described, our 
model is not  suitable for determining the profiles of 
concentrat ion of acetic acid for times longer than 
150hr for 25% DOP, 100hr for 35% DOP and 30hr  
for 45% DOP. This is due to the fact that the model 
does not  take into account the right situation for 
acetic acid transport  with the maximum shown in 
Fig. 3. 

CONCLUSIONS 

In this paper, concerned with the effect of con- 
tacting plasticized PVC with acetic acid, simulta- 
neous diffusion of the liquid into, and plasticizer out 
of the PVC has been observed. Both transfers are 
controlled by diffusion in a non-steady state, and 
diffusivities are concentration dependent. In both the 
equations expression diffusivities for the liquid and 
plasticizer, concentrations of the liquid and plas- 
ticizer do not  play exactly the same role; no expla- 
nat ion is yet available. 

A model previously described has been shown to 
give calculated results in good agreement with experi- 
mental for the amount  of plasticizer leaving PVC. 
The model is useful to find the amount  of liquid 
transferred into PVC, when this amount  is rising to 
the maximum value. It also gives information of 
interest on the profiles of concentration of both 
liquids developed throughout  the PVC sample. 

The work is continuing, in order to improve the 
model so that it leads to correct calculated values, 
especially for the liquid when a maximum has been 
reached. 
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Fig. 4. Profiles of concentration developed through polymer thickness. P: 25% plasticizer; A: acetic acid. 
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Fig. 5. Profiles of concentration developed through polymer thickness. P: 35~!~, plasticizer: A: acetic acid. 
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Fig. 6. Profiles of concentration developed through polymer thickness. P: 45~'~, plasticizer: A: acetic acid. 
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