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ABSTRACT:

Hydrophobic composite membranes with a crosslinked poly(dimethylsilox-

ane)-poly(methyl hydrogen siloxane) selective layer were prepared by using a new
laboratory made catalyst agent. The pervaporation separation of five organic solvent—
water mixtures was carried out with these composite membranes, together with swell-
ing experiments in the same feed mixtures. The volatile organic compounds employed
were ethanol, methanol, 1-butanol, acetone, and ethyl acetate. The pervaporation and
swelling experiments revealed that both the 1-butanol and the ethyl acetate solutions
showed the highest affinity for the composite membrane. When these components were
employed as feed solutions, the membranes showed both high selectivity and high
permeation. Mechanical-dynamical experiments of swollen and nonswollen composite
membranes were also performed. The relaxation spectra were analyzed in terms of the
interaction of the components of the different mixtures with the composite membrane,
and the free volume corresponding to the each sample was obtained. Once the mem-
branes had reached an equilibrium swelling, a decrease in the free volume was ob-

served. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 546556, 2001

Key words: pervaporation; composite membrane; silicone membrane; swelling ratio;
mechanical relaxation; volatile organic compounds

INTRODUCTION

During the few last years the removal of volatile
organic compounds (VOCs) from liquid mix-
tures at a low concentration level by pervapo-
ration has gained further interest, especially in
the recovery and recycling of substances from
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effluent streams, as well as in environmental
and biotechnological applications. Although the
pervaporation separation of many industrial
solvents such as alcohols and ketones, esters,
halogenated hydrocarbons, and mixtures of
them has been widely studied, few applications
have come to an industrial scale. The cause for
this is probably the lack of high performance
specific materials and membranes. The separa-
tion of each organic solute, or mixture of them,
from aqueous solutions requires a specific type
of membrane due to the various natures of the
organic solvents employed.!
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In this work, different crosslinked composite
membranes were prepared using a new catalyst
agent. The membranes had the following three
layers: a nonwoven polypropylene (PP) support, a
poly(ether imide) (PEI) microporous structure,
and a silicone selective layer. This active layer
was prepared from a mixture of poly(dimethylsi-
loxane) (PDMS) and poly(methyl hydrogen silox-
ane) (PMHS).

The composite membranes thus obtained were
employed for the pervaporation separation of dif-
ferent VOCs from aqueous solutions. Liquid
transport in pervaporation takes place by three
consecutive steps described commonly as a solu-
tion— diffusion model.2 The first step is the sorp-
tion of the components from a liquid mixture on
the membrane surface; the second step is the
diffusion of the sorbed components across the
membrane due to the concentration gradients of
the individual permeants; and the third step is
the evaporation from the membrane into the va-
por phase on the downstream side of the system.

According to this model the permeability of a
membrane is a function of the solubility and dif-
fusivity of the components of the mixture into the
polymeric membrane.?

The goal of this study was to examine the per-
meation and sorption behavior of different VOC—
water mixtures through the PDMS-PMHS com-
posite membranes. Pervaporation and swelling
experiments were performed with ethanol, meth-
anol, 1-butanol, acetone, and ethyl acetate—water
mixtures (5 vol % VOC ratio). The dynamical—
mechanical relaxation spectrum at low tempera-
tures for composite membranes swollen in the
solutions described above was also studied. The
swelling ratio and the pervaporation behavior of
the membrane swollen in each solution were in-
terpreted in terms of the interaction of each sol-
vent mixture with the membrane polymers and
the free volume obtained from the relaxation pro-
cess.

EXPERIMENTAL

Materials

The PP was commercial grade FO-2431 from
Freudenberg. The PEI was Ultem 1000 from
General Electric Polymers. Dimethylacetamide
(DMAc) was used as a solvent. The PMHS was a
silicone oil hydrofugant H-619, and the PDMS
was the dense fluid 331-V50.000 from Siliconas

Hispania S.A. 2-Ethylhexanoic acid zinc salt
(Kemisol O Zn 22, 22% Zn) was supplied by Unién
Derivan, S.A., and di-n-butyl tin dineodecanoate
(Metatin Kat 730, 20% Sn) was supplied by Acima
Chemical Industries, Ltd. Toluene, perchloroeth-
ylene, and n-hexane P.A. were analytical grade
from Scharlau. Water was double distilled before
use.

The reagent grade solvents used as penetrants
were ethanol, methanol, 1-butanol, acetone, and
ethyl acetate.

A commercial silicone composite membrane
manufactured by Sulzer was also employed in the
pervaporation experiments. Its performance was
compared to that of the composite membranes
prepared in our laboratory.

Preparation of Samples

The procedure employed for the preparation of
the silicone composite membranes was as follows:
first the microporous structure was formed from
PEI by casting a DMAc solution (15% w/w PEI) on
a nonwoven PP support, following the phase in-
version method.*® Then the selective layer was
prepared from a mixture of PDMS and PMHS by
casting a hexane solution on the microporous
structure. The silicone hydrofugant (PMHS) and
dense fluid (PDMS) in a 40% (w/w) PDMS/PMHS
ratio were dissolved with hexane ina 1.7 mL g !
PDMS ratio and hydrolyzed by catalyst action
through a heat treatment at 85°C in an oven for
2 h.

The catalyst agent used was prepared in our
laboratory from a solution consisting of 27.2%
(w/w) Kemisol, 9.5% (w/w) Metatin, 4.8% (w/w)
toluene, and 58.5% (w/w) perchloroethylene. In
our previous studies®’ we prepared similar sili-
cone composite membranes employing different
amounts of a commercial catalyst agent.

The pervaporation behavior of the resulting
membranes was studied,®” and it was stated that
an optimum amount of catalyst exists between a
7.5 and 10% catalyst ratio. In this work the cat-
alyst agent was added to the PDMS-PMHS solu-
tion in a 7.5 wt % ratio.

During the crosslinking reaction induced by
catalyst action, the Si—H bonds of the PMHS
reacted with the PDMS liberating hydrogen
(Scheme 1). In order to prevent the formation of a
porous structure in the active layer of the com-
posite membrane, all nascent hydrogen was re-
moved.
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Scheme 1

The PDMS-PMHS solution was cast on the mi-
croporous structure. Different amounts of casting
solution (all in the range of 0.005 g cm ™ 2) were
employed in the preparation of each membrane
and, consequently, membranes with active layers
of different thicknesses were obtained. Table I
shows the amount of silicone solution coated in
each sample. The thicknesses of the active layers
thus obtained were in the range of 40 um (which
represents an average of measurements in three
equivalent membranes). The final structure of the
active layer and its mechanical behavior is depen-
dent on the composition of the PDMS-PMHS, the
heat treatment, and the catalyst ratio employed.®

In order for an in-depth study of the complexity
of the structure of the active layer of the PDMS-
PMHS composite membranes, homogeneous films
made with the rubber alone were also prepared
and their dynamical-mechanical response was
studied separately. Crosslinked silicone films
were prepared following the procedure explained
above, but the PDMS-PHMS hexane solution was
directly cast on a clean Teflon plate. The film
thickness measured by a thickness gauge was 600
+ 1 pum.

Pervaporation Experiments

Pervaporation experiments were carried out by
employing a laboratory plant described in our
previous works.’ The pervaporation cell was ca-
pable of holding several flat membranes at a time.
The experiments were performed with three flat
membranes, each with independent permeate col-
lection. The effective area in contact with the feed
solution of each membrane was 78.54 cm?. A vac-

Table I Characteristics of Membranes

uum pump maintained the downstream pressure
at 7 mmHg, and the permeate was collected in a
trap cooled at a temperature of —22°C. The feed
temperature was maintained at 40°C, and a feed
flow of 4.8 L h™! was used.

The feed solutions employed were the mixtures
of different VOCs (ethanol, methanol, 1-butanol,
acetone, and ethyl acetate) and water at a 5 vol %
VOC ratio. The membranes were previously swol-
len in the same feed mixtures. The concentration
of VOCs in the feed and permeate were deter-
mined by refraction index (*£0.0005 precision,
ABBE refractometer, Shibuya Optical) and den-
sity measurements.

The pervaporation performance was character-
ized in terms of the steady-state flux and selectiv-
ity. The flux (J) at a steady state was obtained by

Q

J=2; (D

where @ is the total amount permeated during
the experimental time interval ¢, which is deter-
mined by measuring the volume of the collected
sample; A is the effective membrane surface area;
and o is the total flux (Lm 2 h™1).

The selectivity («) is defined in the usual man-
ner as

Xv/X,

= XUXI, @

o

where X is the volume fraction; and the super-
scripts p and f and the subscripts o and w stand
for the permeate, feed, VOC, and water, respec-
tively.

In order to compare the pervaporation perfor-
mance of the PDMS-PMHS composite mem-
branes prepared in our laboratory, pervaporation
experiments were also carried with the same feed
mixtures using a commercial silicone pervapora-
tion membrane. Table I summarizes the main
characteristics of the membranes employed.

Membrane Type of Membrane Catalyst (% w/w) Silicone Coated (g cm™2)
PV-1 Laboratory made 7.5 0.0048
PV-2 Laboratory made 7.5 0.0060

Sulzer membrane Commercial membrane
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Table I Pervaporation Data of Organic Solvent-Water Mixtures (5 vol % Organic)

for Membranes at 40°C

PV-1 PV-2 Sulzer Membrane
Total Flux Total Flux Total Flux
VOC (Lm2hY Selectivity « (Lm2h?Y Selectivity o Lm2h?Y Selectivity a
Ethanol 0.27 3.7 0.08 4.1 0.16 5.5
Methanol 0.29 2.7 0.08 2.8 0.165 3.05
1-Butanol 0.50 6.7 0.15 15.7 0.26 20.9
Acetone 0.49 5.6 0.15 13.3 0.335 34.1
Ethyl acetate 0.55 8.4 0.27 23.7 0.46 76.2

Swelling Test

The increase in weight of the membranes during
the swelling process was determined following
the procedure reported by Ruckensteim and
Chen.® The composite membranes were cut into
the shape of a slab with dimensions of 12 X 50
mm. The slabs were first dried at 65°C in a vac-
uum oven for 2 h, and the weight of the dried
membranes was determined. The dry slabs were
then immersed in various organic solvent and
water mixtures (5 vol % VOC ratio) at 40°C. The
membranes were periodically removed from the
mixtures and the solution on the surface of the
membranes was carefully wiped with tissue pa-
per, then the membranes were weighed. The
amount of solution absorbed into the membranes
and the swelling ratio were calculated from the
weight increase of the samples. This process was
carried out for each organic solvent and water
solution wuntil an equilibrium swelling was
reached. The swelling ratio of the membrane (S)
is defined as

_ (Ws - Wd)

S W,

3

where W, and W, represent the weight of the dry
and swollen membranes, respectively.

Dynamical-Mechanical Measurements

The mechanical spectroscopy was performed in a
dynamic—mechanical thermal analyzer (Mark IV
DMTA, Polymer Laboratories Ltd.) with deforma-
tion applied in the cantilever flexure double-
clamping mode. Measuring scans were performed
between —140 and —80°C in a frequency—tem-
perature sweep test mode with 5°C steps and
frequencies ranging between 0.1 and 100 Hz with

five points per decade. The values of the damping
(tan 6), storage modulus (E’), and loss modulus
(E") were obtained.

RESULTS AND DISCUSSION

Pervaporation Experiments with Different VOC-
Water Mixtures

Pervaporation experiments were carried out with
the different composite membranes described in
Table I. The selectivity and total flux for the dif-
ferent membranes and the VOC—water mixtures
studied are summarized in Table II. The PDMS-
PMHS composite membranes showed very good
pervaporation performance. Usually most poly-
mer membranes with high permselectivity have
disappointingly low fluxes, which would indicate
that, although the polymer is efficient at separat-
ing molecules, diffusion through the membrane is
low, resulting in no economic benefit. On con-
trary, the PDMS-PMHS composite membranes
possessed both high selectivity and high perme-
ation. As shown in Table II, the total flux obtained
with membrane PV-1 was even higher than that
obtained with the commercial membrane for all
the VOCs studied. With respect to the selectivity,
the commercial membrane showed the highest
selectivity for all the solutions employed, but
membrane PV-2 presented very similar values.
A comparison of the performance of the two
different PDMS-PMHS membranes studied
showed that PV-2 had a very high selectivity but
its flux was lower than that of PV-1. This was due
to the fact that the silicone active layer of mem-
brane PV-2 was thicker than that of membrane
PV-1. This was confirmed by the larger quantity
of silicone deposited on the microporous layer of
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membrane PV-2 during membrane preparation
(see Table I).

A comparison of the different VOCs used showed
that the order of increasing permeability and in-
creasing selectivity was methanol = ethanol < ac-
etone < 1-butanol < ethyl acetate—water solution.

The order of increasing permeability established
with the three alcohols studied was methanol
= ethanol < 1-butanol, independent of the mem-
brane employed. As shown in Table II, ethanol and
methanol solutions had very similar total fluxes,
but the total flux obtained with the 1-butanol-wa-
ter solution was substantially higher than the
former. These results were in accordance with other
studies where it was stated that, in general, the
permeability of alcohols increases with increasing
chain length (i.e., decreasing polarity).?

Pervaporation is a process that combines evap-
oration of volatile components of a mixture with
their permeation through a membrane. Its selec-
tivity depends on the following three factors con-
cerning the nature of the molecule: affinity to the
membrane material, the bulkiness of the mole-
cule, and the vapor pressure of the feed solution.
Generally, for glassy polymers the permeability is
mainly determined by the diffusivity (depending
on the size of the permeating molecules) while for
elastomeric polymers the solubility contribution
is decisive.'® Moreover, membrane swelling plays
an important role in determining the permselec-
tivity and the pervaporation performance of the
membranes. Separation can be obtained from dif-
ferent transport rates of permeants through a
membrane, but the physical-chemical interaction
of the membrane material with permeating mol-
ecules should also be taken into account.

Many works sought to study the solution—diffu-
sion mechanism occurring in the pervaporation sep-
aration of different mixtures.!'~!3 Most frequently,
the solubilities and diffusivities are determined
from sorption and pervaporation rate measure-
ments. Time-lag experiments allow the diffusion
coefficient and the solubility to be determined from
the approach to steady state in a permeation exper-
iment. Sorption equilibra and diffusion coefficients
of molecules sorbed into a polymer are also usually
studied by performing sorption—desorption experi-
ments by means of a microbalance.'*

Our work was also aimed at studying the
transport phenomenon occurring in the pervapo-
ration separation of a mixture in terms of solution
and diffusion processes, but other techniques
were employed. The diffusion mechanisms were
studied in terms of the swelling behavior of the

membranes. The interaction of low molecular
weight components in the polymeric membrane
were analyzed in terms of a modification of the
relaxation spectra of swollen and nonswollen
samples, which was related to the solution mech-
anisms occurring in the membrane.

Swelling Behavior

Swelling experiments were performed with differ-
ent slabs of membrane PV-1, which was the mem-
brane that showed the highest flux and relatively
high selectivity in the pervaporation experiments
described previously. Swelling in various VOC-
water mixtures (5 vol % VOC ratio) was carried
out until equilibrium swelling was reached.

Figure 1 compares the swelling ratio of the
PDMS-PMHS composite membrane as a function of
time in five different VOC—water mixtures. The
membranes showed a relatively high swelling ratio
in all the solutions. This confirmed the high affinity
for organic solvents of the PDMS-PMHS mem-
branes. Equilibrium swelling was reached by about
50 h in all cases. The highest swelling ratio was
obtained in the ethyl acetate—water solution, fol-
lowed by the 1-butanol-water solution. This was in
agreement with the pervaporation results that con-
firmed that the solution preferentially permeated
was also the ethyl acetate—water solution, followed
as well by the 1-butanol-water solution. On the
other hand the ethanol solution presented the low-
est swelling performance. Swelling in the ethanol
solution was even lower than that of methanol,
which was supposed to be the solution with less
affinity for the PDMS-PMHS membranes, accord-
ing to the pervaporation results.

In order to compare the amount of solvent
sorbed in each VOC—water mixture, the ratio of
the amount of solvent sorbed at time ¢ (£,) to the
amount sorbed at equilibrium (M.) versus the
square root of the time is plotted in Figure 2. The
diffusion coefficient of solutions in the PDMS-
PMHS composite membranes can be obtained
from the slope of the curves thus obtained, accord-
ing to Fick’s law'®

M. x| L @

M, 4 [D X t]m
where M, and M, are the amount of solvent
sorbed at time ¢ and at equilibrium, respectively;
D is the diffusion coefficient; and L is the speci-
men thickness.
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Figure 1 The swelling ratio of PV-1 membrane strips with different VOC—water
solutions as a function of time: (O) 5% ethanol, (m) 5% 1-butanol, ((J) 5% methanol, (A)

5% acetone, and (A) 5% ethyl acetate.

Figure 2 shows that, for small times of perma-
nence, a linear dependence of swelling with time
could indeed be established, but for larger times
of permanence swelling became parabolic with
the square root of time. This probably meant that
the diffusion coefficients changed when the mem-
branes were highly swollen. The swelling finally
reached equilibrium after 50 h of permanence in
the solution. This result suggested that the
PDMS-PHMS composite membrane had a maxi-
mum quantity of solvent that was capable of ab-
sorbing, independent of the mixture used.

A comparison of the slopes of the curves ob-
tained revealedthat the slope corresponding to
the 1-butanol-water mixture was the steepest,
followed by the ethyl acetate—water solution.
Thus, the order of an increasing diffusion coeffi-
cient of the different organic solvent—water mix-

M,/ M,

tures was ethanol < methanol < acetone < ethyl
acetate < 1-butanol-water mixture. This meant
that the 1-butanol-water solution entered the
PDMS-PMHS network faster, even if the equilib-
rium swelling reached with this solution was
lower than that reached with the ethyl acetate—
water mixture.

Both representations (Figs. 1, 2) allowed us to
establish a general order of affinity of the mem-
brane from the pervaporation and swelling experi-
ments: the membrane showed high affinity for both
ethyl acetate and 1-butanol while it showed less
affinity for the other three components studied.

Viscoelastic Relaxations

In order to further investigate the effects of the
absorbed molecules on the behavior of the com-

o 40 &0 120 160 200 240 280 320 380 400

0z

Time™ (seg 1er

Figure 2 The normalized swelling of PV-1 membrane strips with different VOC—
water solutions: (O) 5% ethanol, (m) 5% 1-butanol, ((J) 5% methanol, (A) 5% acetone,
and (A) 5% ethyl acetate.
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Figure 3 The temperature dispersion of the loss tangent (tan 6) and storage modulus
(E") of crosslinked PDMS-PMHS films made with 7.5% catalyst ratio at different
frequencies: (X) tan 8 at 2.51 Hz, (—) tan 6 at 6.31 Hz, ((J) tan 6 at 15.85 Hz, (O) tan
8 at 39.81 Hz, (A) tan & at 63.09 Hz, (*) log E' at 2.51 Hz, (+) log E’ at 6.31 Hz, (m) log
E’ at 15.85 Hz, (®) log E’ at 39.81 Hz, and (A) log E’ at 63.09 Hz.

posite membranes, dynamical-mechanical exper-
iments were performed. First the silicone active
layer was characterized. Crosslinked PDMS-
PMHS films with a final structure similar to that
of the active layer of the composite membrane
were prepared. Figure 3 represents their corre-
sponding relaxation spectrum in terms of tan &
and log E’ as a function of temperature at differ-
ent frequencies. The PDMS-PMHS film showed a
well-developed process centered at —103°C (15.85
Hz), which was conventionally designated as the
a-mechanical relaxation and can be attributed to
the glass transition of the PDMS-PMHS.'® More-
over, a slight shoulder appeared at around
—95°C, which might be explained in terms of the
crosslinking of an initially linear polymer.® In our
previous studies®’ we stated that the mechanical
relaxation of the PDMS-PMHS films became
more complex as the percentage of catalyst used
or the curing time increased. In fact, as the
crosslinking of the sample increased, the main
relaxation shifted to higher temperatures and
broadened and an overlapped shoulder appeared,
all together with a reduction of the intensity of
the relaxation peak. Although in this work a new
self-made catalyst agent wasn used, the resulting
structure was comparable to that obtained in our
previous studies.

Dynamical-mechanical experiments of swollen
and nonswollen strips of membrane PV-1 were
performed. Once the strips were immersed in
each VOC—water mixture and had reached equi-
librium swelling, their mechanical-dynamical re-

sponse was obtained by means of a Mark IV
DMTA. The values of tan 6 and log E’' at a
15.85-Hz frequency of all the samples tested are
plotted as a function of temperature in Figures 4
and 5, respectively. Similar spectra were obtained
at other frequencies, but they are not included for
the sake of clarity.

Figures 4 and 5 show that the dynamical-me-
chanical response of the membranes was modified
when the membranes were swollen in different
organic-water solutions. Figure 4 shows that the
temperatures of the maximum of the « peak of the
swollen membranes compared to that of the non-
swollen membrane shifted to higher values, inde-
pendent of the mixture employed. The solution
that led to a higher shifting of the temperature
was the ethanol-water solution, while the rest of
the solutions had very similar shifting.

If we analyze the shape of the relaxation spec-
tra in more detail, we can observe that the spectra
corresponding to membranes swollen in the meth-
anol-water and the ethyl acetate—water mixtures
were significantly modified when compared to
that of the nonswollen membrane. However, the
changes in the spectrum observed with the meth-
anol-water and the ethyl acetate—water solutions
were different. Thus, we suggested that the mod-
ifications occurring in each solution were of dif-
ferent origin.

The membrane swollen in the methanol-water
mixture showed a decrease in the intensity of the
spectrum, but its pattern was maintained. The
decrease of the maximum values of the « peak can
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Figure4 The plot of the tan 8 versus the temperature at 15.85-Hz frequency for PV-1
membranes swollen in various VOC—water solutions: (@) not swollen, (O) 5% ethanol,
(m) 5% 1-butanol, ((0) 5% methanol, (A) 5% acetone, and (A) 5% ethyl acetate.

be partially explained by a difference in the thick-
ness of the active layer of the membranes em-
ployed. In fact, the method employed for the dep-
osition of the silicone active layer did not allow for
very precise control over the thickness of the ac-
tive layer.

On the other hand, the o relaxation corre-
sponding to the membrane swollen in the ethyl
acetate—water mixture was more complex. Not
only was the intensity of the a peak reduced, but
the overlapped shoulder, already described, also
became more important. This effect might have
been due to the high interaction of the small mol-
ecules of the penetrant with the PDMS-PMHS
network. This was in agreement with the order of

10.5

affinity established for the PDMS-PMHS; the
ethyl acetate—water mixture presented the high-
est swelling ratio.

The anomalous behavior of the PDMS-PMHS
membrane swollen in the ethyl acetate-water so-
lution may be explained in terms of intramolecu-
lar interactions of the solvent with the top layer
network. The small molecules of ethyl acetate
have a very high affinity for the PDMS-PHMS
layer, and their inclusion in the polymer network
might have induced further rearrangements of
the polymeric chain similar to a crosslinking re-
action. This would explain the change in the
shape of the relaxation spectrum of the sample
swollen in the ethyl acetate—water mixture to-

Log E’

9.0 1

8.5
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M40 435 430 125 120 15 110 405 100 95 90 -85  -80
Temperature (°C)
Figure 5 The plotofthelog E’ versus the temperature at 15.85-Hz frequency for PV-1

membranes swollen in various VOC—water solutions: (@) not swollen, (O) 5% ethanol,
(m) 5% 1-butanol, ((0) 5% methanol, (A) 5% acetone, and (A) 5% ethyl acetate.
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ward more complex and less intense spectra. Sim-
ilar transformations of the relaxation spectrum
were obtained in our previous studies®’ when a
higher catalyst ratio or longer curing times of the
PDMS-PHMS layer were employed.

Figure 5 plots a comparison of the storage mod-
ulus of the samples swollen in different mixtures.
It is shown that E' increased when the sample
was swollen in any of the solutions employed. The
highest storage modulus was obtained with the
ethyl acetate—water mixture. This meant that the
absorption of the molecules of the mixture in the
composite membrane led to a more rigid PDMS-
PMHS structure. This confirmed that the ethyl
acetate—water solution highly interacted with the
polymer matrix and that the intramolecular reac-
tions occurring led to a higher crosslinking de-
gree, accompanied by a higher modulus value.

In order to correlate the dynamics of the com-
posite membrane with the swelling and pervapo-
ration results and to try to clarify the effect of the
sorbed components on the viscoelastic properties
of the polymer, the data of the distribution of the
relaxation times and the temperatures corre-
sponding to the maximum values of the loss mod-
ulus, for all the frequencies employed, were fitted
to the Vogel equation.

The viscoelastic mechanisms associated with
the glass—rubber transition are in most systems
dependent on the free volume, so that the relax-
ation time m;, associated with the viscoelastic
mechanism i, is related to the free volume by the
Doolittle!” equation

Int,=InA+B(v—v)/yy=InA+B¢$ (5

where v is the specific volume, v, is the free vol-
ume, ¢ is the relative free volume at temperature
T, and B is a constant whose value is believed to
be close to unity. If the assumption is made that
the free volume linearly increases with tempera-
ture in accordance with

where a,is the thermal dilation coefficient, T is a
reference temperature, and 7, is the temperature

at which the free volume would be zero, one ob-
tains the Vogel relationship'®

Int,=A+m/(T-T.) (7)

where

Ln Frec
3

-20 4
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-30 T T T
0.0059 0.0061 0.0063 0.0065 0.0067

UTax (1/K)

Figure 6 The plot of the logarithm of the relaxation
times associated with the maximum of the « peak as a
function of 1/T for PV-1 membranes swollen in various
VOC-water solutions: (@) not swollen, (O) 5% ethanol,
(m) 5% 1-butanol, ((O) 5% methanol, (A) 5% acetone,
and (A) 5% ethyl acetate.

B
m = (Kg (T,— T.) = Blay (8)

Figure 6 shows the plot of the relaxation times
associated with the maximum of the « peak as a
function of 1/T',,,, for all the samples tested. Be-
cause fitting of experimental results to eq. (7)
required a choice of T, trials were made until the
best fitting was obtained by using the rule of
thumb that this parameter was usually about
50°C below the glass transition. As shown in Fig-
ure 6, the experimental results fit the Vogel equa-
tion reasonably well for T, = —148°C. The values
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Table III Parameter of Vogel Equation for «
Relaxation and Values of Free Volume

(¢ ,/(T, — T.)]
Sample m X 1074
Silicone film 1132 9
PV-1 nonswollen 707 14
PV-1 swollen in 5%
Ethanol solution 1657 6
Methanol solution 823 13
1-Butanol solution 1040 10
Acetone solution 950 11
Ethyl acetate solution 941 11

of ¢, /(T, — T.) obtained by using this procedure
are presented in Table III. These values were in
fair agreement with the values for ¢,/B reported
by other authors.*®

The values presented in Table III show that
the nonswollen membrane had the highest free
volume while the sample swollen in the ethanol—
water solution had the lowest free volume. The
three solutions with which better pervaporation
results were obtained (ethyl acetate, 1-butanol,
and acetone) led to very similar values of ¢,/(T,
— T) of around 11 X 10 *. These solutions were
supposed to show more affinity for the PDMS-
PMHS composite membranes.

We found that the entrance of small molecules
in the composite membranes led to an increase in
the temperature of the « peak and a decrease in
the free volume. Other authors'®2° reported that
swelling can alter the polymer structure by forc-
ing rearrangement of the polymer chain, but the
disruption of the polymer matrix due to swelling
usually caused an increase in free volume. This
was associated with a plasticizing effect of the
absorbed molecules on the polymer, which is ac-
companied by a shifting of the glass-transition
temperature of the swollen polymer to lower tem-
peratures.®’ Anyway, we should take into ac-
count that in this work the whole composite mem-
brane (support, microporous structure, and active
layer) was involved in the swelling and the dy-
namical-mechanical experiments, while other
works only reported the behavior of swollen and
nonswollen active layers.®” The PEI microporous
layer, which is hydrophilic, might have also inter-
acted in the absorption process of small molecules
in the composite membrane.

It is known that PDMS possesses one of the
greatest permeability coefficients of any polymer,
because of its large free volume and low selectiv-

ity. It was already stated that the liquid mixtures
employed here largely swell the composite mem-
branes, but the permselectivity obtained was rel-
atively high. In fact the solution that gave a
higher swelling ratio was also the solution that
led to a higher selectivity parameter. So it can be
finally stated that a more complicated interaction
between the organic solvents employed and the
composite membrane was occurring.

CONCLUSIONS

The following conclusions can be drawn from this
study:

1. Pervaporation experiments with different
organic solvent—water mixtures (5 vol %
VOC ratio) showed that the PDMS-PMHS
composite membranes were organic com-
pound selective and that they had very
high total flux and high selectivity.

2. The order of increasing permeability and
increasing selectivity obtained was metha-
nol = ethanol < acetone < 1-butanol
< ethyl acetate—water solution.

3. From the pervaporation and swelling ex-
periments, an order of affinity of the com-
posite membrane could be established: the
membrane showed high affinity for ethyl
acetate and 1-butanol and showed lower
affinity for the other three components
studied.

4. The dynamical-mechanical experiments
revealed that the relaxation spectra of the
membranes were modified when the mem-
branes were swollen in different VOC—wa-
ter mixtures.

5. Swelling of the composite membranes in
different VOC—water mixtures led to a
shifting of the relaxation spectra to higher
temperatures together with a decrease in
the free volume. These anomalous results
indicated that a more complicated interac-
tion between the VOC and the polymeric
materials of the composite membrane oc-
curred.
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