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Abstract

Sorption and permeation of several organic vapours in poly(dimethylsiloxane) were investi-
gated. Solubility and permeability coefficients measured show a strong dependence of the applied
vapour activity typical for these systems, contrary to the behaviour of permanent gases. However,
as irregularities in the series of chloromethanes show, highest sorption does not necessarily lead
to the highest permeability value. A possible explanation of this effect can be found in the con-
centration dependent diffusion behaviour of poly (dimethylsiloxane) toward these organic va-
pours. Thus, from the kinetics of solvent uptake, i.e. the sorption isotherms over time, the diffu-
sion coefficients, which were corrected for swelling and thermodynamic activity of the vapour,
were calculated for the different vapour activities.
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Introduction

During the last years the transport behaviour of organic vapours through
polymeric membranes has again gained further interest. Particularly during
the forties till sixties of this century, the study on diffusion and permeation of
organic compounds in poly(dimethylsiloxane) was in a strong upswing; re-
grettingly the research efforts decreased in the years thereafter. Recently, re-
search has spurred more interest in these areas partly due to upcoming prac-
tical applications using newer methods of membrane separation. Here may be
mentioned the recovery or recycling of organic vapours from air streams and
the separation of aqueous-organic or organic-organic mixtures via
pervaporation.

In dense polymer films, where the solution—-diffusion mechanism holds, the

*Paper presented at the 6th International Symposium on “Synthetic Membranes in Science and
Industry”, Tiibingen, September 4-8, 1989.
**To whom correspondence should be addressed.

0376-7388/91/$03.50 © 1991 Elsevier Science Publishers B.V. All rights reserved.



86

transport of organic vapours can be investigated by measurements of permea-
tion, sorption and diffusion. For the case of organic vapour permeation, it can
be seen that concentration dependent sorption has a major influence on the
overall transport characteristics of the membrane and leads to extremely high
vapour permeability coefficients. A more fundamental understanding of the
sorption and permeation effects will help to gain further insight into the trans-
port of organic vapours through rubbery polymers. Many studies on diffusion,
and also sorption and permeation, of organic components in various rubbers
can be found in a vast number of papers. A review of Rogers back in 1965
already cited some odd 350 references [1]. Many excellent papers and reviews
on this subject can be found and the reader is referred to these for further
information [2-10]. A lot of studies, however, sometimes lack certain impor-
tant points. Either the range of penetrant concentration covered was rather
small or the studies only included either sorption or diffusion. It seems never-
theless necessary, especially if one likes to obtain a more complete picture on
the transport, to do a more complete study, i.e. measure both permeation and
sorption over a whole range of activities, from which then the diffusion behav-
iour can be deduced.

The goal of this study was to examine a large group of different organic
solvents in their permeation and sorption behaviour through poly-
(dimethylsiloxane), or silicone rubber as it is commonly called. In particular,
this paper will concentrate on the three solvents methylene chloride, chloro-
form and carbontetrachloride, which are part of the homologous series of the
chloromethanes, and we will describe permeation and sorption experiments
that were done over a larger range of solvent concentrations or activities,

Experimental

Membranes

Poly (dimethylsiloxane ) was chosen as polymer material mainly for two rea-
sons. Firstly, this polymer has shown extremely good permeation rates to-
gether with reasonable selectivities, and secondly it has been under study in
the past, which allows for data comparison. For this study, films of varying
thickness were prepared from a two-component rubber, RTV 615 (General
Electric), which is crosslinked via an addition hydrosililation reaction. Films
were prepared by a standard casting technique on plexiglas plates and cross-
linked at 80°C for 15 hr to yield clear and transparent membranes.

Solvents

As model solvents a group of 14 organics was selected from different chem-
ical groups, i.e. alcohol, ketone, ester, aliphatic and aromatic hydrocarbon, and
a series of chlorinated hydrocarbons on the basis of their industrial relevance.
All the solvents were of analytical grade and used without further purification.
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Apparatus

Using a continuous gravimetric method, the kinetics of mass uptake and the
equilibrium sorption behaviour of thick poly (dimethylsiloxane) films has been
studied for a variety of organic solvents at different vapour pressures. The
apparatus, shown in Fig. 1, mainly consists of two temperature regions, i.e.
constant temperature baths, and an electrical balance. Solvent vapour is gen-
erated at a constant temperature T, [vapour pressure p; =f(7})]. An air stream
saturated with this vapour is blown over the polymer sample, which is sus-
pended on an electronic balance in a second temperature bath (T,> T,). Sev-
eral coil heat-exchangers are included to secure temperature equilibrium of the
air stream. Mass uptake until equilibrium is continuously monitored on an
electrical chart recorder.

Besides the vapour sorption studies, static and dynamic sorption experi-
ments from the liquid phase were performed. Polymer samples were submerged
in bottles containing liquid solvent, which were placed in a constant temper-
ature bath. Mass uptake was monitored either by periodically removing, drying
by paper blotting and weighing a single polymer sample or by using several
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T1 = constant T2 = constant > T1

Fig. 1. Vapour sorption apparatus (explanation see text).
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Fig. 2. Vapour permeation apparatus (explanation see text).

samples simultaneously and weighing each after an appropriate time interval.
Equilibrium sorption was determined after 24 hr and one week of submersion.
No significant difference could be observed, indicating equilibrium was ob-
tained after 24 hr.

Permeation experiments for these solvents were performed on a typical vac-
uum test apparatus (Fig. 2). The solvent vapour generated by a constant tem-
perature bath (G,) permeates through the membrane (which is at a higher
temperature T, > T ) because of a very low and constant downstream pressure.
here the permeate is constantly condensed with liquid nitrogen. Fluxes are
calculated from the weight over time measurements using appropriate rela-
tionships. Different vapour pressures can be obtained by changing the tem-
perature T). Liquid permeation was measured by using a liquid feed reservoir
above the membrane test cell.

Results

Sorption and permeation from the liquid phase

Liquid sorption and permeation of most of the selected organics were per-
formed to obtain a first overview of their transport behaviour. Table 1 shows
the results, which were measured at a temperature of 40°C. For comparison,
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TABLE 1

Liquid permeability and sorption of organic solvents through silicone rubber

Permeability (barrer) Sorption (g/100 g)

Nitrogen 280 0.011 @latm
Oxygen 600 0.026
Methane 940 0.034
Carbon dioxide 3,200 0.282
Water 23,000 0.38
Ethanol 45,000 6.5
Methylene chloride 165,000 154
Chloroform 283,000 - 207
Carbontetrachloride 180,000 241
1.2-Dichloroethane 248,000 58
1.1.1-Trichloroethane 247,000 193
Trichloroethylene 614,000 235
Toluene 1,460,000 115

Temperature: 40°C; 1 barrer=1X%10"1°cm® (STP)-cm/ (cm?-sec-cmHg).

values for some permanent gases obtained from the literature [11] are in-
cluded too.

Remarkable differences can be seen from this table. The permeability covers
four orders of magnitude, e.g. the ratio of toluene to nitrogen is about 5200.
Similar differences can be found in sorption, the ratio of carbontetrachloride
toward water is about 630. The sorption of the permanent gases is even lower.
Another peculiarity can be seen among the group of chloromethanes, i.e. meth-
ylene chloride, chloroform and carbontetrachloride. Sorption increases with
increasing number of chlorine atoms or molar volume, as it would be predicted
from simple solubility parameter considerations. Permeability, however, shows
a distinct maximum for chloroform, which is outside of the error margins of
the experiments. The transport behaviour of this group of chloromethanes was
therefore studied more closely, i.e. sorption and permeation experiments were
done over a larger range of vapour activities.

Sorption from the vapour phase

Typical mass uptake over time curves for the three solvents methylene chlo-
ride, chloroform and carbontetrachloride for various vapour activities were ob-
tained. Sorption occurs very fast where 80% of the equilibrium value is already
reached after only a few minutes. The sorption isotherms of poly-
(dimethylsiloxane) at 40°C, which were calculated from these data, are shown
in Fig. 3. The progressive increase of the solubility with increasing vapour
pressure can nicely be seen (for permanent gases, sorption ¢ over pressure p
would yield a straight line according to Henry’s law ). These sorption isotherms
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Fig. 3. Sorption isotherms of three chloromethanes in poly (dimethylsiloxane) at 40°C.
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Fig. 4. Solubility coefficients of three chloromethanes in poly (dimethylsiloxane) at 40°C.

show a strong non-ideal behaviour, as the plot of the solubility coefficients
S(c)=c/p (cm®(STP)/cm®-cmHg) in Fig. 4 also indicates. At low penetrant
activity, a constant Henry-like solubility coefficient is found, which progres-
sively increases with higher activity. The tendency of increasing sorption going
from methylene chloride to carbontetrachloride is again found back over the
whole range of vapour activity.

Permeation from the vapour phase

Permeability measurements of the three chloromethanes are shown in Fig.
5. Unexpectedly, the permeability shows a maximum for chloroform, which is
true for all vapour activities measured. From the sorption data seen above,
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Fig. 5. Permeability of three chloromethanes through poly (dimethylsiloxane) at 40°C.

which were obtained from both liquid and vapour phase, a steady increase in
solvent uptake with increasing chlorine content was found. The question is
what causes this shift in transport behaviour. Obviously, the maximum in
permeability for chloroform can only be explained realizing that the diffusion
of the larger carbontetrachloride has a retarding influence, leading to a lower
overall permeability compared with chloroform.

Diffusion behaviour

As mentioned above, an answer for the maximum in permeability might be
found in the diffusion behaviour of these solvents. The kinetic sorption data
were recalculated, and from the linear parts of the normalized sorption iso-
therms, in which M,/M_, is plotted at various activities as a function of thick-
ness-reduced time, mean integral diffusion coefficients were calculated follow-
ing the analysis of Crank [12], showing a strong concentration dependence,
i.e. a decrease with activity or solvent volume fraction. These integral diffusion
coefficients are very complex functions, representing mean values over the
concentration range used for the appropriate sorption time curve. Crank and
Henry [13] found that the following equation is applicable, which relates D to
the differential diffusion coefficient D(c):

d(D*c)
de

ﬁ:lJD(c)dc or =D(c) (1)
Co

This diffusion coefficient normally starts out at low values at lower activi-
ties, increases first and then begins to decrease at higher solvent activities, i.e.
one often finds a maximum at some solvent concentration. However, this effect
is not unusual and can be found back in literature (see e.g. [14-16]). The
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Fig. 6. Diffusion coefficients D(c), D; and D vs. activity of methylene chloride (a), chloroform

(b), and carbontetrachloride (¢) in poly (dimethylsiloxane ) at 40°C.
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reason for this seems to be the enormous swelling of the polymer (i.e. the as-
sumed frame of reference of constant polymer dimensions is no longer true,
one must transform to a frame of constant polymer dimensions and a plane of
zero mass flow). One then arrives at the intrinsic diffusion coefficient D;, which
is a measure of solvent mobility in the polymer, defined by:

D;=D/(1-®,)""? (2)

where D is the mean diffusion coefficient obtained from the sorption experi-
ment and @, is the penetrant volume fraction.

The thickness correction factor 5/3 in eqn. (2) arises from the fact that
sorption was measured on a freely suspended polymer sample, i.e. for isotropic
swelling of the sample. Usually, for glassy polymers a factor of 9/3 can be
found, which is valid for one-dimensional swelling in the direction of the thick-
ness and with no lateral swelling [15].

To prove that isotropic swelling is a valid assumption for silicone rubber,
liquid sorption, which shows the largest effects, was measured via two different
methods. The weight increase over time was compared to experiments where
the area increase of the film sample was measured. Assuming isotropic swelling
behavior of the polymer, a change in area can be related to volume and hence
to the weight increase. Taking also the root of the area, the increase of thick-
ness can be determined. This method seems only suitable for polymers with
relatively large swelling. Nevertheless, as a result it was found that the two
methods agreed within experimental error with each other, and thus silicone
rubber swells isotropically.

Another factor for the strong concentration dependence is that one also has
to correct for the thermodynamic activity of the solvent vapour, i.e. correct
with dlna/dln® (which is the derivative of the activity coefficient) [4,11,15,17].
This function can be obtained from any suitable expression for the sorption
isotherm, e.g. the Flory-Huggins equation [16]. Equation (2) than expands
to:

Dy =D/[(1~®g)**dIna/dnd,) (3)

As a first approximation, the simple Flory-Huggins equation with a con-
stant interaction parameter was used, which is a prerequisite to be able to
differentiate dlna/dInds,.

Looking now at the three chloromethanes (Fig. 6) D(c), D; and Dy show a
decrease going from methylene chloride to carbontetrachloride, which can ex-
plain the decreased permeability of the latter solvent with regard to chloro-
form. The diffusion coefficients D1 show much less of a concentration depen-
dence, however, are still not linear.

Discussion

In the previous section, sorption and permeation data were presented, from
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Fig. 7. Permeability coefficients P (from steady-state permeation) (a) and Py (from sorption
kinetics) (b) vs. solvent molar volume of three chloromethanes.

which the concentration dependent diffusion coefficients were derived. Re-
plotting the data, it seems possible to explain the rather strange maximum of
the chloroform permeability if one combines both solubility and diffusivity.

The diffusion coefficients D were taken to calculate a permeability from
sorption analysis as a function of the vapour activity via:

Ps(c)=Dy(c)S(c) (4)

with S(c) the solubility coefficient (see Fig. 5).

It should be stressed that it is not our intention to derive a generalized pos-
sibility to calculate permeabilities from sorption and diffusion experiments.
After all, permeabilities can be measured directly in a relatively easy way. The
calculation is done only as we believe that it helps to explain the strange be-
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Fig. 9. Diffusion coefficients vs. solvent molar volume of three chloromethanes in
poly (dimethylsiloxane) at 40° C. The straight line is calculated from an empirical modification of
the Einstein relation after Wilke and Chang.

haviour found for the chloromethanes. Figure 7 shows permeability coeffi-
cients obtained from experiments and calculated from eqn. (4). As seen, at all
activities shown, the maximum in the chloroform permeability is found back.
Which is an indication that it is the diffusion of the three penetrants that
causes this effect.

The solubility coefficients of the three chloromethanes are shown in Fig. 8
as a function of their molar volume, which is a measure of the solvent size.
Obviously, the solubility increases with both activity and molar volume. This
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fact is commonly known because solubility increases with the boiling or critical
point of the penetrants, or to say it in other words, solubility increases with
the condensibility of the solvent [6,19].

The differential diffusion coefficient D(c), which is plotted versus molar
volume (Fig. 9), shows a different behaviour. As expected, D (¢) decreases with
increased molar volume. However, the decrease for carbontetrachloride is more
than linear if compared with the two other solvents, indicating a stronger in-
teraction with the polymer or a stronger steric hindrance. For comparison, the
diffusion coefficient of these three penetrants was calculated using an empir-
ical modification of the Einstein relation of Wilke and Chang [15,20]. The
underlying thought being that the highly swollen silicone rubber has a some-
what liquid-like nature. This simple equation however completely underesti-
mates the effect of solvent size for diffusion in the polymer, showing a much
smaller size dependence. It is now the fine interplay of solubility and diffusivity
that gives the surprising effect of a permeability maximum.

Conclusions

Using silicone rubber a study on the sorption and permeation behaviour of
various organic solvents in dependence of vapour concentration was per-
formed. Permeabilities of solvents are strongly dependent on applied vapour
pressure, i.e. concentration. The permeation is mainly determined by the large
sorption of solvent into the polymer. Solubilities of the solvents in the poly-
mers show a strong non-linear behaviour, clearly indicating again a concentra-
tion dependent relationship, S{c).

In the analysis of the permeation and sorption behaviour of three chloro-
methanes, methylene chloride, chloroform and carbontetrachloride, concen-
tration dependent diffusion coefficients were calculated from sorption kinetics
to explain the rather curious result of a maximum in chloroform permeability.
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