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ABSTRACT: Poly(1-trimethylsilyl-1-propyne) (PTMSP)
membranes have been used to separate ethanol-water mix-
tures by pervaporation. This polyacetylene is known to
present high affinity toward ethanol, showing high selec-
tivity and ethanol permeation flux. The performance of
this polymer in the separation of alcohol-water solutions
has been evaluated over long periods (572 h) at a high
temperature (75°C) to examine the deterioration of the
transport properties in the separation of 50 wt % ethanol-
water solutions. Although PTMSP membranes present
good characteristics for the separation of gases and liquid
mixtures, their organic selectivity decrease with the operat-
ing time because of the relaxation processes of the poly-

meric chains, which affect the free volume of the polymer,
the deterioration being more evident for concentrated solu-
tions. The effects of the operation temperature on the char-
acteristic parameters of pervaporation have also been stud-
ied to establish how this variable affects the performance
of PTMSP membranes. The selectivity increases slightly
with the operation temperature, but the effect of the tem-
perature on the separation factor decreases as membranes
are degraded with the operation time. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 103: 2843-2848, 2007
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INTRODUCTION

Membrane technology is considered one of the most
effective and energy-saving separation processes. The
pervaporation technique has not yet been put to practi-
cal use because of the delay in the development of
membranes with high selectivity and flux with the oper-
ation time. In recent years, there has been increasing
interest in the use of the pervaporation technique for
the separation of organic liquid mixtures. There is one
area of application in which pervaporation can play an
important role: the continuous removal of biosolvents
with inhibitory effects on the production rate, such as
ethanol and acetone from fermentation broths.™
Poly(1-trimethylsilyl-1-propyne) (PTMSP) is known
to show good performance in the separation of
diluted ethanol-water solutions.” Because this poly-
mer presents high affinity for ethanol, the pervapora-
tion of 50 wt % ethanol-water mixtures at high tem-
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peratures has been studied with this polymer to deter-
mine the possibility of using it in the recovery of
ethanol from concentrated solutions.

The stability and degradation of PTMSP mem-
branes have been tested over long periods during the
pervaporation of 50 wt % ethanol-water solutions at a
high temperature (75°C) with polymeric films of dif-
ferent thicknesses. The characteristic parameters of
pervaporation systems, that is, the separation factor
and permeation flux, decrease with the operation
time. On the other hand, the operation temperature
affects the selectivity and permeation flux; neverthe-
less, its effect decreases as membranes are degraded
with the operation time.

EXPERIMENTAL
Materials

1-Trimethylsilyl-1-propyne (TMSP; 99%) and TaCls
(99.9%) were purchased from Aldrich (Madrid,
Spain), toluene (analytical-grade) and methanol (ana-
lytical-grade) were purchased from Panreac (Barce-
lona, Spain), and ethanol (analytical-grade) was pur-
chased from Merck (Madrid, Spain). TaCls was used
as received, with care being taken not to allow decom-
position from exposure to moisture and/or air. TMSP
and toluene were distilled in the presence of calcium
hydride under nitrogen before use.



2844 LOPEZ-DEHESA, GONZALEZ-MARCOS, AND GONZALEZ-VELASCO

TABLE I
Characteristics of the Membranes Used for the
Pervaporation of 50 wt % Ethanol-Water Solutions

Membrane M7 M10 M29 M40
Temperature (°C) 75 50 75 75
Membrane thickness (um) 52 59 78 61

Polymerization procedure

PTMSP was synthesized with a method previously
described'’ that was adapted from Masuda et al.’s
method."""* The polymerization of PTMSP was car-
ried out under dry nitrogen at 80°C for 24 h. The cata-
lyst, TaCls, was dissolved in toluene, and the mono-
mer was added to this solution. The reaction mixture
was poured into a large amount of methanol, in which
the catalyst was deactivated. The polymer was puri-
fied by the solution—precipitation method with a tolu-
ene-methanol system and was dried to a constant
weight.

Measurement of the molecular weight

The molecular weight of the samples was determined
with gel permeation chromatography (Water 510
pump, Waters 410 differential refractometer, and
Waters Styragel HR 5E column, Barcelona, Spain).
Tetrahydrofuran was used as the solvent, and stand-
ard polystyrenes were used for calibrating the molec-
ular weight.

Membrane preparation

The membranes were fabricated through the casting
of polymer—toluene solutions (1.5-2.0 wt %) into a Pe-
tri dish, and the solvent was allowed to evaporate at
room temperature until a constant weight. The fabri-
cated membranes were transparent and yellowish and
appeared to be uniform and dense. The membrane
thickness was determined through the direct mea-
surement of its weight, with a reported density value
of 0.75 g/cm?,'*'7 and with scanning electron micros-
copy (6400, JEOL, Tokyo, Japan).

Pervaporation experiments

The pervaporation apparatus was presented in a pre-
vious publication.'® The effective area of the mem-
brane was 14 cm? and the permeate pressure was
kept at about 2 mmHg by a rotary vacuum pump. The
ethanol contents in the feed, in the permeate, and in
the retentate were analyzed by refractive-index meas-
urements with a calibration curve (RX-5000 refracto-
meter, Atago, Tokyo, Japan).

The performance of the PTMSP membranes in per-
vaporation was evaluated with the permeation flux
and the separation factor. The total permeation flux
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[F (g m 2 h™")] was calculated with the following
expression:

F=q/(Axt) )

where g is the collected amount of the permeate (g), A
is the area of the membrane (m?), and ¢ is the sam-
pling time (h).

With the composition of the permeated fraction,
individual fluxes could be calculated. The separation
factor (aff3') was defined as follows:

VI/X/(1 = X)] )

where X is the weight fraction of ethanol in the feed
solution (wt %) and Y is the weight fraction of ethanol
in the permeate (wt %).

EtOH [Y/(l _

RESULTS AND DISCUSSION
Stability and degradation

The stability of the PTMSP membranes has been eval-
uated with membranes of a molecular weight of 1.6
x 10° g/mol and different thicknesses during the per-
vaporation of 50 wt % ethanol-water solutions at
75 and 50°C for different periods. The characteristics
of the membranes used in the pervaporation runs are
summarized in Table I. Polymers of the same molecu-
lar weight were selected to obtain membranes so that
we would not need to consider this variable in the
study of the stability of the polymer in the pervapora-
tion process.

Separation factor

The variation of the separation factor with the opera-
tion time for the membranes used for the pervapora-
tion of 50 wt % ethanol-water solutions is presented
in Figure 1.
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Figure 1 Variation of the separation factor (ocEf%H) with
the operation time (t) at 75 and 50°C for 50 wt % ethanol-
water solutions.
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Although M7, M29, and M40 were obtained from
the same polymer (the same molecular weight), for
the same operation time, they present different values
of the separation factor. The separation factor
increases with the membrane thickness up to 50—
60 pm approximately, and for thicker membranes, it
remains constant.'® Although M40 is thicker than M7,
it presents an initial value of the separation factor
lower than that of M7. This is because with mem-
brane M40, the variation of the transport properties
with the operation temperature was studied before
the variation with the operation time. Therefore, the
initial free volume of the polymeric membrane was
slightly modified, and the initial value of the separa-
tion factor was not as high as expected. On the other
hand, the deterioration due to the temperature study
was almost nil, and the experimental data obtained in
the study of time were valid because M40 shows the
same tendency as that obtained with fresh mem-
branes.

On the other hand, the separation factor decreases
very quickly for a short operation time, and for opera-
tion times longer than 250 h, it decreases slightly. The
decrease in the separation factor obtained for 50 wt %
ethanol solutions is higher than that for diluted solu-
tions.”® The high ethanol content in the feed solution
enhances the mobility of the polymeric chains, mak-
ing the reorientation of the chains easier and causing
a decrease in the size of the free-volume elements and
higher deterioration of the transport properties. Fig-
ure 1 also shows that for the M10 membrane run at a
lower temperature, the rate of the decrease in the
ethanol selectivity with the operation time is less.
Therefore, the experimental results suggest that a
high operation temperature allows a higher mobility
of polymeric chains, causing a higher reduction of the
free-volume elements. The decrease in the size of the
free-volume elements makes it difficult to transport
ethanol molecules because they are higher in size than
water molecules; therefore, the selectivity decreases
with the operation time.

Permeation flux

The permeation flux is a measurement of the number
of permeate molecules that cross the membrane per
unit of time and unit of the membrane surface. Figure
2 shows the variation of the total permeation flux with
the operation time for membranes at 75 and 50°C. For
both operation temperatures, first the permeation flux
decreases quickly, and for operation time longer than
250 h, it decreases slightly with the operation time. On
the other hand, as seen for the separation factor, the
deterioration of the transport properties at the low
temperature (50°C) is lower than at the high tempera-
ture (75°).
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Figure 2 Variation of the total permeation flux (Fiotar)
with the operation time (t).

Although it seems that the decrease in the separa-
tion factor with the operation time is higher than that
observed for the flux, the reduction of the pervapora-
tion parameters with the operation time is about 35%
for both variables. The initial value of the separation
factor for M10 is approximately 4.5, and it decreases
up to 3, so the separation factor decreases 35% for the
whole operation time. For the permeation flux, the ini-
tial value of the variable is 1200 g m* h~! and approxi-
mately decreases to 800 g m* h—1, so the total permea-
tion flux also decreases 33% (same order).

Effect of the temperature

The operation temperature is a variable that affects
the performance of polymeric membranes in the per-
vaporation of liquid mixtures; therefore, the effect of
this variable in the pervaporation of 50 wt % ethanol-
water solutions has been evaluated.

Separation factor

The influence of the temperature on the separation
factor is shown in Figure 3, in which the standard
deviation of the separation factor is also presented.

For the M7 membrane, the effect of the temperature
has been studied after stabilization for 572 h. For the
M7 membrane, the separation factor remains constant
with the operation temperature in the range of 50-
75°C because the polymeric material has been
degraded by the operation time. This tendency has
also been observed for membranes used for the sepa-
ration of 10 wt % ethanol-water solutions for longs
periods.*

For the M29 and M40 membranes, the effect of the
temperature has been studied after stabilization for
229 and 0 h (fresh membrane), respectively. Figure 3
shows that for the M29 and M40 membranes, the
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Figure 3 Effect of the operation temperature (T) on the

separation factor (aQ3!).

ethanol selectivity increases slightly with the operation
temperature because the polymer is not completely
degraded. Thus, the polymeric chains present higher
mobility with the temperature, making more free vol-
ume available for the diffusion process. Because of the
hydrophobic nature of the polymer, the ethanol selec-
tivity increases with the operation temperature, and
this is more evident for the fresh membrane.

Figure 1 shows that for the same operation time, the
separation factor is lower for membranes studied at
high temperatures. For the initial time (0 h), the value
of the separation factor for the membrane run at 50°C
(M10) is lower than that of the runs at 75°C (M7, M29,
and M40; M40 presents a lower value because it is a
fresh membrane). For the higher operation time, the
separation factor of M7, M29, and M40 is lower than
that of M10. Therefore, a higher operation tempera-
ture (75°C) causes a higher reduction of the transport
properties.

Permeation flux

The temperature dependence of the permeation flux
[F (g m > h™")] generally exhibits an Arrhenius-type
relationship:

F = Bexp[Ep/(R x T)] ®

where B is a pre-exponential factor (g m > h™"), Ep is
the apparent activation energy of permeation (cal/
mol), R is the gas constant (cal mol ' K™), and T is
the operation temperature (K).

The effect of the temperature on the permeation
flux is shown in Figure 4. For all the studied mem-
branes, the permeation flux follows the Arrhenius
law.
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Figure 4 Effect of the temperature (T) on the permeation
flux (F total)'

Membranes M7 and M29 present almost the same
slope because they have worked for a long period,
and molecules find it difficult to diffuse through the
polymer. On the other hand, the M40 membrane
presents a smaller slope because it is a fresh mem-
brane and molecules can diffuse easily through the
polymeric material. This tendency is related to the
apparent activation energy of permeation. From the
slope of Figure 4, the values of the apparent activation
energy of permeation for the total flux are summar-
ized in Table II. For all the membranes, ethanol flux
and water flux present the same tendency with the
operation temperature as that shown for the total flux.
From the slope of the individual fluxes versus the
operation time, the apparent activation energy of per-
meation for each component has been determined
and is given in Table II.

As can be seen in Table II, the values of the appa-
rent activation energy of permeation obtained for the
membranes used for long periods (M7 and M29) are
higher than those of the fresh membrane (M40). This
suggest that when membranes are degraded because
of the operation time, water and ethanol molecules
require more energy for diffusing through the poly-
meric membrane because the polymer presents fewer
and/or smaller free-volume elements; that is, the
degraded polymer presents denser structures and
chains with lower mobility, and this means high val-
ues of the apparent activation energy of permeation.”!

TABLE II
Apparent Activation Energy of Permeation (kcal/mol)
Component M7 M29 M40
Ethanol 125 £ 27 139 £ 6.6 54 *+17
Water 125 + 2.7 134 =79 40 18
Total 125 = 2.7 137 =71 50 17
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Figure 5 Variation of the total specific permeation rate
(Ptotar) With the operation temperature (T).

According to some authors, the first effects of poly-
mer degradation are an increase in the density and a
degradation of the transport properties. Consolati
et al.** observed that because of aging, the polymer
presented a higher density and the permeability
decreased. They established that the reduction of the
transport properties was due to a reorientation of
polymeric chains with the reduction of the size and/
or number of free-volume elements.”> >

On the other hand, a thermal treatment causes a
degradation similar to that obtained with physical
aging.”> Experimentally, it has been observed that for
polymers of the same thickness that have been ther-
mally treated in a temperature range of 160-180°C for
100 min, the N, adsorption capacity decreases with
the temperature of the thermal treatment.”® The dif-
ference in the adsorption of thermally treated poly-
mers can be related to low permeation properties
and a more stable performance in the pervaporation
process.

The values of the apparent activation energy of per-
meation obtained for the 50 wt % ethanol-water solu-
tions with membranes used for long periods of time
are similar to those obtained for 10 wt % ethanol-
water solutions.!” In principle, when the ethanol con-
centration in the feed solution increases, the poly-
meric material suffers from a swelling process, and
polymeric chains become more flexible and present
higher mobility; this makes it easier for the transport
of molecules and reduces the energy for the diffusion
process.”’

Specific permeation rate

The variation of the total specific permeation rate for
the studied membranes is shown in Figure 5. For all
the studied membranes, the variation of the water and
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ethanol specific permeation rates is the same as that of
the total specific permeation rate.

At a high temperature, permeating molecules can
diffuse faster through the polymeric material because
the frequency and jump amplitude of the polymeric
chains make free-volume elements bigger. Therefore,
when the operation temperature is high, the diffusion
rate of individual and associate molecules is higher,
increasing the total specific permeation rate.

CONCLUSIONS

A high operation temperature allows high values of
the permeation flux to be obtained, as well as quick
degradation of the transport properties in short peri-
ods.

The selectivity increases slightly with the operation
time; nevertheless, the effect of this variable decreases
with the operation time because of a relaxation
process of the polymeric chains that reduces the num-
ber and/or size of the free-volume elements of the
polymer.

Membranes used for long periods for the pervapo-
ration of 50 wt % ethanol-water solutions present
higher values of the apparent activation energy of
permeation than fresh membranes because of the
decrease in the size of the free-volume elements.

References

1. Schmidt, S. L.; Myers, M. D.; Kelley, S. S.; McMillan, J. D.;
Padukone, N. Appl Biochem Biotechnol 1997, 63, 469.

2. Volkov, V. V.; Khotimsky, V. S.; Litvinova, E. G.; Fadeev,
A. G; Selinskaya, Y. A,; Plate, N. A.; McMillan, ].; Kelley, S. S.
Polym Mater Sci Eng 1997, 77, 339.

3. Fadeev, A. G.; Meagher, M. M.; Kelley, S. S.; Volkov, V. V.
J Membr Sci 2000, 173, 133.

4. Fadeev, A. G; Kelley, S. S;; McMillan, J. D.; Selinskaya, Y. A.;
Khotimsky, V. S.; Volkov, V. V. ] Membr Sci 2003, 214, 229.

5. Masuda, T.; Tang, B. Z.; Higashimura, T. Polym ] 1986, 18,
565.

6. Inaba, T.; Kondo, M.; Izawa, H.; Nagase, Y.; Sugimoto, K. Proc
Int Conf Pervaporation Process Chem Ind 1989, 4, 28.

7. Masuda, T.; Takatsuka, M., Tang, B. Z. Higashimura, T.
J Membr Sci 1990, 49, 69.

8. Nagase, Y.; Ishihara, K.; Matsui, K. ] Polym Sci Part B: Polym
Phys 1990, 28, 377.

9. Schmidt, S. L.; Myers, M. D.; Kelley, S. S.; McMillan, J. D.;
Padukone, N. Appl Biochem Biotechnol 1997, 63, 469.

10. Gonzalez-Velasco, ]. R.; Delgado, J. A.; Gonzalez-Marcos, J. A.;
Gutiérrez-Ortiz, M. A. ] Polym Sci Part B: Polym Phys 1999,
37, 4309.

11. Masuda, T.; Isobe, E.; Higashimura, T. ] Am Chem Soc 1983,
105, 7473.

12. Masuda, T.; Isobe, E.; Higashimura, T. Macromolecules 1985,
18, 841.

13. Ichiraku, Y.; Stern, S. A. ] Membr Sci 1987, 34, 5.

14. Platé, N. A.; Bokarev, A. K, Kaliuzhnyi, N. E.; Litvinova,
E. G, Khotimskii, V. S.; Volkov, V. V.; Yampol’skii, Y. P.
J Membr Sci 1991, 60, 13.

15. Pinnau, L; Toy, L. G. ] Membr Sci 1996, 116, 199.

Journal of Applied Polymer Science DOI 10.1002/app



2848

16.

17.

18.

19.

20.

21.

Doghieri, F.; Sarti, G. C. J Polym Sci Part B: Polym Phys 1997,
35, 2245.

Nagai, K.; Freeman, B. D.; Hill, A. J. ] Polym Sci Part B: Polym
Phys 2000, 38, 1222.

Gonzélez-Velasco, J. R.; Gonzalez-Marcos, J. A.; Lopez-Dehesa,
C. ] Appl Polym Sci 2003, 90, 2255.

Lopez-Dehesa, C.; Gonzalez-Marcos, J. A.; Gonzalez-Velasco, J. R.
Adv Res Polym Sci, to appear.

Gonzalez-Marcos, J. A.; Lopez-Dehesa, C.; Gonzalez-Velasco, J. R.
J Appl Polym Sci 2004, 94, 1395.

Yeom, C. K.; Lee, K. H. ] Appl Polym Sci 1998, 67, 209.

Journal of Applied Polymer Science DOI 10.1002/app

22.

23.

24.

25.

26.

27.

LOPEZ-DEHESA, GONZALEZ-MARCOS, AND GONZALEZ-VELASCO

Consolati, G.; Genco, L.; Pegoraro, M.; Zanderighi, L. ] Polym
Sci Part B: Polym Phys 1990, 34, 357.

Tanaka, A.; Nitta, K.; Maekawa, R.; Masuda, T.; Higashimura,
T. Polym J 1992, 24, 1173.

Yampol’skii, Y. P.; Shishatskii, S. M.; Shantorovich, V. P.; Anti-
pov, E. M.; Kuzmin, N. N.; Rykov, S. V.; Khodjaeva, V. L,;
Platé, N. A. ] Appl Polym Sci 1993, 48, 1935.

Madkour, T. M. Polymer 2000, 41, 7489.

Lopez-Dehesa, C. Ph.D. Thesis, University of the Basque
Country, 2004.

Huang, R. Y. M.; Feng, X. Sep Sci Technol 1992, 27, 1583.



