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Sorption Behavior of Permeants in the
Polyurethane-Based Pervaporation
Membranes Studied by DSC

ALEKSANDRA WOLINSKA-GRABCZYK
AND ANDRZEJ JANKOWSKI

Institute of Coal Chemistry Polish Academy of Sciences, Gliwice, Poland

Differential scanning calorimetry (DSC) was used to study sorption behavior of various
liquid permeants in the pervaporation membranes formed of homologous series of
polyether-, polyester-, and polydiene-based polyurethane elastomers. It has been
found that there are three major types of liquid permeant within the membrane: (1)
non-crystallizable liquid, (2) crystallizable-bound liquid, and (3) crystallizable-bulk
liquid. The kind and number of these forms and their relative contribution appear to
be a characteristic feature of a particular system and depend on the specific inter-
actions between permeant and membrane material and between permeant molecules
themselves. For weak polymer-permeant interactions compared to those concerning
permeant, crystallizable-bulk liquid (3) has only been detected within the membrane.
For moderate polymer /permeant interactions, represented by the sorption equilibrium
values falling around 30%, the permeant in two different forms, (1) and (3), of various
composition has been found to exist. For strong polymer/permeant interactions, all
types of permeant have been observed including a form (2) classified as crystalliz-
able-bound liquid. This type of liquid permeant, showing complex melting
endotherm of significantly depressed T, values, has been identified for the first time
for permeants without hydrogen-bonding ability. The observed phenomena are con-
sidered as general behavior of membranes under pervaporation conditions and are
expected to have an effect upon permeation.

Keywords polyurethane, sorption, pervaporation membrane, differential scanning
calorimetry, permeant

Introduction

Contrary to the permanent gases for which the transport through dense polymer films is
independent of pressure at a given temperature, the permeation behavior of condensable
vapors and liquids strongly depends on the relative strengths of the interactions
between the permeant molecules and the polymer, and between the permeant molecules
themselves. In the extreme, a strong affinity of permeant towards membrane may lead
to swelling or even dissolution of the membrane. On the other hand, strong negative inter-
actions like ionic repulsion can prevent the permeant entering the membrane phase.
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Depending on the magnitude and nature of the interaction forces, the permeant molecules
may become immobilized at sites created by the polymer groups, or at pre-existing micro-
voids or related structures. When cohesive forces between permeant molecules are greater
then attractive forces between permeant and polymer, the permeant tend to cluster within
the polymer, decreasing its mobility. Since the partitioning of the permeant between the
free solution and the membrane phase, as well as its transport through the membrane
phase are both influenced by strength and nature of these interactions, it is a topic of
interest to obtain more knowledge on the behavior of the permeant molecules within
the membrane.

One of the methods to study the state of liquid permeant in polymer membrane is
differential scanning calorimetry (DSC). There are a number of studies on the states of
water in various hydrophilic polymers,"! = or in polymers grafted with hydrophilic
monomers.>® It has been reported that three distinct behaviors of the sorbed water
may be identified in those polymers. One is the lack of any first-order transition peak in
the temperature range from —123°C to 27°C below a certain critical water content,
then the appearance of a multi-peak melting endotherm and a crystallization exotherm
at T < 0°C for a higher water content. Finally, the presence of a melting endotherm at
T = 0°C, identical to that of bulk water, as the amount of the sorbed water further
increases. These observations enabled three types of sorbed water to be differentiated:
non-freezable bound water, freezable bound water, and free water.

The state of organic liquids in polymers received less attention, however it has been
expected that organic liquid with high affinity towards a polymer can exhibit similar
behavior. There are few studies on alcohol™” ! and cyclohexane!'®! sorbed in poly(di-
methylsiloxane) (PDMS) showing that the investigated liquids can indeed be presented
in the bound state, as well as in the bulk state in the polymer. The more comprehensive
study concerning the behavior of various liquids, classified as “poor” solvents and
“good” solvents, has been presented recently,!''! however, these investigations were
also performed for PDMS, the same polymer studied by other authors.

The objective of the presented work was to investigate the state of liquid permeant in a
polymeric membrane regarding both the structure of a polymer and the kind of liquid.
The homologues series of polyurethane elastomers with modified soft segments, along
with various liquids, have been used for these studies. These materials belong to a
broad family of polyurethanes synthesized by us which have already been subject to
extensive morphology analysis using small-angle X-ray scattering,"'*'*! or atomic force
microscopy!'¥ as well as to the investigations of their transport properties using the per-
vaporation method."">~'”! The systems chosen in this work comprise a wide range of
polymer-solvent and solvent-solvent interactions resulting from the different nature and
composition of the components. This should allow for a deeper knowledge about the
behavior of a permeant in the membrane and their mutual interactions and to help
defining factors, which influence the permeation properties of the polymers involved.

Experimental

Materials

Polyurethanes (PU) used in these studies were synthesized in a DMF solution in the reaction
of equimolar amounts of 2,4-tolylene diisocyanate (TDI, Aldrich) with a macrodiol (or
macrodiamine). Poly(oxytetramethylene) diol (PTMO, M,, = 2000, BASF), poly(oxypropy-
lene) diol (PPO, M,, = 2000, Aldrich), poly(oxyethylene) diol (PEO, M,, = 1000, Aldrich),
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poly(monoethylene adipate) diol (PEA, M,, = 2000, Alfa Systems), polybutadiene diol (BD,
M, = 1200, Aldrich) and poly(butadiene-co-acrylonitrile) diamine (BAN, M, = 570,
Aldrich) were applied. The details of the polyurethane synthesis have been described
elsewhere.!'®!'”! The synthesized PUs were determined to have the relative molar masses
(M,), in the range of 35,000-55,000 compared with polystyrene standards, with
molar mass distribution values close to 2, as expected for conventional condensation
polymerization.

The PU films for the DSC studies were obtained in a similar way as the PU-based per-
vaporation membranes, by pouring the 15 wt% solution of a given PU in DMF onto a glass
plate, and by evaporating the solvent at 60°C for 3 days. The analytical grade solvents
were used in the swelling experiments.

Measurements

DSC measurements were performed on a Rheometric Plus differential scanning calori-
meter, after previous calibration with benzene for melting temperature and enthalpy.
Each sample was cooled down to —150°C and held at that temperature for 2 min. Then,
the DSC measurements were carried out up to 30°C at a heating rate of 10°/min.
Melting or crystallization temperatures were taken as the endotherm or exotherm
maximum peak values, and the corresponding enthalpies were measured by integration
of the peak areas. Polyurethane films of thickness of about 300 pum were immersed in
the liquid studied at 25°C for a time required to reach the equilibrium saturation. After
equilibrium was attained, the films were taken from the liquid, blotted with a filter
paper to remove the liquid from the film surface, cut into 5mm discs using a special
knife, and put into aluminium sample pans. Then, the DSC measurements started,
which were renewed for every sample at various time intervals for a period of time
necessary for desorption of liquid from the sample, i.e., until no peak was observed in
the DSC thermograms. Measurements were repeated several times with freshly swollen
sample each time to receive the data comprising the wide range of swelling degrees.
After the DSC measurements, the pans were opened and polymers were dried in
vacuum at 60°C. The liquid content in the sample at a particular swelling degree was deter-
mined by subtracting the weight of a dry polymer from the weight of a swollen one.

The amount of non-crystallizable solvent in the membrane was determined by
plotting enthalpic heats of melting for a given solvent as a function of its total content
in the membrane and by extrapolating the resulting linear relationship to AH = 0. The
intercept with the solvent content axis is equal to the amount of the non-crystallizable
solvent (see Fig. 1).

Results and Discussion

The PU elastomers studied in this work were selected based on the chemical nature of the
macrodiol used in the PU synthesis. This kind of structural variations allowed the wide
modulation of the PU hydrophobicity, starting from hydrophilic PEO-based PU to a hydro-
phobic BD-based one. The differences in chemical nature between particular PUs are illus-
trated by the solubility parameter values listed in Table 3 for some of the polymers
corresponding to the polyurethane soft segments. In accordance with these data, various
solubilities of a particular solvent in the PUs studied have been observed. Thus, the
sorption equilibrium values received from the isothermal sorption experiments have
been used as a measure of the respective affinity of the membrane materials towards
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Figure 1. Variations of the transition enthalpies with cyclohexane content for polybutadiene-
based PU.

different liquid permeants. To minimize the effect of the hard segment domains on the
properties of the investigated PUs, the polymers were synthesized without a chain
extender keeping the weight fraction of the hard segments as low as possible.

Water in Polyurethanes

Three polyether-based PUs with different hydrophobicity, from hydrophilic PU-PEO to
hydrophobic PU-PTMO, were used in these studies. As is generally observed for all PUs
studied in this work, besides the glass transition of the soft segments of the dry PUs, the
DSC thermograms reveal only the characteristic features of the solvent sorbed. The
results of water sorption and its melting behavior in the PUs tested are given in Table 1.

An example of the melting endotherms of water in PU-PEO at different degrees of
swelling is shown in Fig. 2.

The melting endotherms of the sorbed water seem to be similar to that of pure water for
all three PUs, however the melting point depression can be observed which follows the set of
increasing sorption equilibrium values determined for those polymers. As is displayed by the
data in Table 1, the shift of the endotherm maximum is of a opposite direction than could be
expected based on the amount of solvent in the membrane samples. Along with the shift of
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Table 1
Phase transition temperatures and enthalpies of water in polyurethanes at
various degrees of swelling

Crystallization Melting
Equilibrium  Swelling Content of non-
swelling degree T, AH ¢ T, AH“ crystallizable
Sample [Wt%] wt%]  [°C]  [J/g] [°C]  [J/gl water [wt%]
PU-PEO 85.6 83 — — 04 6438
51 —24.2 34 —-1.5 30.1
38 —26.6 8.9 —36 163 27
31 —26.3 35 —54 44
PU-PPO 27.9 15 1.5 242
10 0.8 143
6 0.2 9.9 1.5
3 -1.0 2.4
PU- PTMO 9.3 4 1.0 6.9
0
2 0.7 1.2
Pure 0.30nset/ 207
2.6

“[J/g-membrane].

1%
38 %
51%

Endothermic

83 %

-
~
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Temperature [°C]

Figure 2. DSC heating curves of poly(ethylene oxide)-based PU/water system at different swelling
degrees (Wt%).
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the melting point towards lower temperatures, there is also an increase in the amount of non-
crystallizable water in those membranes. From the data obtained, it may be concluded that
almost all water in the PU-based membranes of higher hydrophobicity (PU-PTMO,
PU-PPO) exists in a form of bulk water. In PU-PEO with the highest affinity towards
water, two states of water can be distinguished depending on its total amount sorbed. At
low water content, up to 27%, the lack of any peaks in the DSC thermograms indicates
that the sorbed water is in the non-crystallizable state. At equilibrium saturation, only one
peak corresponding to the melting of bulk water is observed (see Fig. 2). However, at inter-
mediate water content, a small crystallization peak, followed by a melting peak can be
detected at the heating run. This melting peak has also been identified as melting of the
normal ice of free water, which shows a depression of its transition temperature due to
the perturbing action of the polymer chains. The disturbing effect of the macromolecules
is found to be greater, the smaller the water content in membrane. This effect can also
account for the crystal formation during the heating step, which involves water molecules
not having enough time to crystallize during the cooling process.

Cyclohexane in Polyurethanes

The state of cyclohexane in structurally different polyurethanes was studied for the
selected polydiene-based PUs (PU-BD and PU-BAN) and polyether-based PUs (PU-
PPO and PU-PTMO).

As can be seen from Table 2, the differences in chemical nature of the macrodiols
chosen as the PU soft segment precursors are closely related to the observed differences
in the affinity of the resulting polymers towards cyclohexane, displayed by the sorption
equilibrium values. The DSC thermograms illustrating the transition behavior of cyclo-
hexane in this set of polymers are shown in Figs. 3 and 4. The values of melting tempera-
tures and enthalpies at various degrees of swelling are given in Table 2. In the thermogram
of pure cyclohexane two endotherms are observed, at —84°C (—87°C, onset) for solid-
solid transition, and at 8.8°C (7.2°C, onset) for solid-liquid transition. The similar
pattern can be observed for melting of cyclohexane sorbed in PU-BD and PU-PPO (see
the representative DSC thermograms in Fig. 3).

No melting point depression other than that resulting from the decreasing amount of
cyclohexane for lower swelling degrees, and no additional peaks, neither endotherm nor
exotherm, have been detected in the DSC thermograms of those polymers. On the other
hand, a significantly high amount of cyclohexane has appeared to be in a form unable
to crystallize. This part constitutes even 74% of the total amount of cyclohexane in PU-
PPO at equilibrium saturation and about 40% of cyclohexane in PU-BD. In the thermo-
grams of cyclohexane in PU-PTMO and PU-BAN, an additional two endotherms have
been observed within the temperature range from —84°C to 8.8°C, between the tempera-
tures corresponding to both transitions of bulk cyclohexane (see the example in Fig. 4).

The experimental data for PU-PTMO, relating the enthalpic heat of the transition
initially observed at —26.6°C to the cyclohexane content, gives the straight line intersect-
ing the cyclohexane content axis at the same point obtained by extrapolating the data of the
bulk cyclohexane transition at —84°C to AH = 0. The enthalpic heat values of other extra
transitions observed for PU-PTMO or PU-BAN were too low to allow any meaningful
results to be obtained. However, the same values of the amount of non-crystallizable
cyclohexane obtained as a result of the two independent extrapolations enable the assump-
tion to be made, that the new endotherms detected in the DSC thermograms originate from
a transition of cyclohexane alone. The data in Table 2 show that as the cyclohexane
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Table 2
Phase transition temperatures and enthalpies of cyclohexane in polyurethanes at various degrees of swelling

Solid-solid

transition Melting Content of non-
Equilibrium Swelling crystallizable
swelling degree T, AH T, AH? Ts AH;“ T, AH“ cyclohexane
Sample [wt%] [wt%] [°C] /1 [°C] /1 [°C] /gl [°C] /1 [wt%]
PU-PPO 34.0 31 — 0.6 8.5 0.3 25
85.5
45 — 0.8 — 6.7 2.0 1.2 8.4 —
84.5 26.6
40 — 0.6 —28 4.8 0.8 1.0 8.4 —
84.5
PU- 64.8 35 — 0.2 — 3.0 1.2 1.0 8.4 — 22
PTMO
84.5 29.5
27 — — — 1.2 2.1 0.6 — —
31.2
23 — — — 04 6.5 0.7 — —
41.7
19 — — — — 8.5 0.5 — —
PU-BD 66.5 47 -85 7.1 8.1 34
41 -85 4.7 7.5 2.2 29
37 -85 2.5 7.3 0.8
47 — 1.5 — 1.1 04 1.2
84.5 36.5
PU-BAN 47 43 — 0.8 — 1.0 04 0.6 34
84.5 38.5
38 — 0.4 — 0.3 0.2 0.3
84.5 37.5
36 — 0.1 — — —-14 0.2
84.5
Pure cyclohexane —87onset/ — 72.8 7 20nset/8-8 26.2

“[J/g-membrane].
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Figure 3. DSC heating curves of poly(butadiene)-based pu/cyclohexane system at different swel-
ling degrees (wWt%).

content in PU decreases, the position of both endotherms generally shifts towards lower
temperatures. This shift is especially marked for PU-PTMO, for which the heats of the
new transitions are higher than those corresponding to the transitions of bulk cyclohexane.

From the results presented, it appears that three kinds of cyclohexane can be distin-
guished in PUs: (1) non-crystallizable cyclohexane, which shows no endothermic peak
in the temperature range from 30°C to —150°C, (2) crystallizable-bound cyclohexane
with two different melting points, well below 0°C and round 0°C, (3) crystallizable-
bulk cyclohexane showing solid-to solid transition at —84.5°C and melting at about
8°C. For the PUs investigated, the amount of non-crystallizable cyclohexane in all
membranes is found to be remarkably high. Its dependence on the polyurethane
structure, however, seems to be less pronounced than is observed for the amount of cyclo-
hexane at equilibrium saturation. The bulk cyclohexane, the concentration of which
depends on the kind of PU, has also been detected in each of the PUs studied. The third
kind of cyclohexane, which has been found in two of the PUs investigated, PU-PTMO
and PU-BAN, corresponds to the form of crystallizable-bound solvent, not reported in
the literature so far. Moreover, it seems to be the major state of cyclohexane in PU-
PTMO. The two endotherms in the low temperature region, which characterize the
melting behavior of the new type of cyclohexane, can be explained as being attributed
to the melting of crystals, the structure of which are different from each other and from
that of the pure solvent due to the disturbing effects of the polymer chains. Surprisingly,
this type of bound solvent has not been detected in PU-BD showing the highest affinity
towards cyclohexane, as it comes from the sorption equilibrium value, as well as from
the smallest difference in the solubility parameters between BD and cyclohexane.
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Figure 4. DSC heating curves of poly(tetramethylene oxide)-based PU/cyclohexane system at
different swelling degrees (wt%).

Benzene in Polyurethanes

A broad range of PUs varying in the kind of the soft segments, like polyether-, polyester-,
and polydiene-based PUs has been used to study the state of benzene in those structurally
different membranes. The DSC thermograms for a series of PU/benzene systems are
presented in Figs. 5-9, and the values of the transition temperatures and enthalpies for
benzene in various PUs in Table 3.

Solubility parameters of polymers and solvents [(cal/ cm®)!/?]: PEO & = 9,9; PPO
6=29.1; PTMO 6=28.7; BD 6=28.2; BAN 6=9,0; water 6 =23.4; cyclohexane
6 = 8.2; benzene 6 = 9.2.

The typical set of DSC scans of PU at different degrees of swelling clearly shows
complex melting endotherms and crystallization exotherms over a broad temperature
range of about 80°C. The only exception is PU-PEO for which the DSC curves show a
single and rather sharp peak similar to that representing the melting of bulk benzene (Fig. 5).

This peak, designated as peak 3, can also be identified in the multi-peak endotherms
found for other PUs. The T, determined from the position of this peak is initially around
7°C for all PUs and decreases with decreasing benzene content, approaching the values
from the temperature range of —0.5°C to —13.4°C, depending on the PU structure. For
PU-PEO and PU-PEA, showing the lowest sorption capacity at equilibrium saturation,
no significant changes in the T,, value with the swelling degree have been observed.
On the other hand, the highest shift in the peak position, of the order of 20°C, has been
noted for PU-BAN, the polymer exhibiting the highest affinity towards benzene demon-
strated by the highest equilibrium swelling value.
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Figure 5. DSC heating curves of poly(ethylene oxide)-based PU/benzene system at different swel-
ling degrees (wt%).
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Figure 6. DSC heating curves of poly(propylene oxide)-based PU/benzene system at different
swelling degrees (Wt%).
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Figure 7. DSC heating curves of poly(tetramethylene oxide)-based PU/benzene system at different
swelling degrees (wt%).
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Figure 8. DSC heating curves of poly(monoethylene adipate)-based PU/benzene system at differ-
ent swelling degrees (wWt%).
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Figure 9. DSC heating curves of poly(butadiene)-based PU/benzene system at different swelling
degrees (wt%).

In the DSC thermograms of the PUs investigated, except of PU-PEO with the lowest
sorption equilibrium value, another peak (denoted as peak 2) showing lower T, can be
detected in the broad multi-peak endotherms. For PU-PPO and PU-BAN, exhibiting
high affinity towards benzene, this peak is initially seen as a shoulder on the high
intensity endotherm at 8°C (see example in Fig. 6).

As the benzene content decreases, however, this shoulder changes to a separate peak
observed in the DSC curves of other PUs (Figs. 7-9). The position of this second
endothermic peak depends on the kind of PU, even at high swelling degrees, and shifts
to the lower temperature side with decreasing benzene content in a similar manner as
peak 1. Another distinct behavior may also be identified for the group of PUs discussed
above. This refers to the crystallization of super-cooled benzene which can be observed
below a certain swelling degree. The crystallization exotherm, designated as C, appears
in the temperature range from —71°C to —54°C depending on the kind of PU, and is
shifted towards higher temperatures up to —34°C for lower swelling degrees.

For PU-PTMO and PU-BD with intermediate sorption equilibrium values, another
transition can be distinguished in the complex melting endotherm. This is observed as a
separate peak, designated as peak 1, for PU-BD (see Fig. 9) and for PU-PTMO at low
swelling degrees, or as a shoulder for PU-PTMO with a higher benzene content
(Fig. 7). Previously, the position of this endothermic peak shifts towards lower tempera-
tures with decreasing benzene content.

The values of the total enthalpy corresponding to the multi-peak melting endotherms
reported in Table 3, are found to decrease with a decrease in benzene content in the
membrane. The comparison of these values with the respective crystallization enthalpies
of the super-cooled benzene shows that the difference between both data sets observed for
high swelling degrees is strongly reduced as the benzene content decreases. Taken into
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Phase transition temperature and entalphies of benzene in polyurethanes at different degrees of swelling

Table 3

Crystallizaton Melting
Equilibrium Swellig Content of non-
swellig degree AH.” AH;" AH 5" crystallizable

Sample [Wt%] [wt%] T. [°C] [I/gl T, [°C] T,[°C] T;[°C] [J/gl J/gl benzene [wt%]
PU-PEO 33.1 33 7.1 10.1

30 7.0 7.0 15

27 6.8 4.4

20 6.6 2.1
PU-PPO 254.4 196 — — sh 7.9 56.0

127 — — sh 6.8 42.1

87 —65.8 6.7 sh 1.7 28.5 35

76 —57.7 11.0 sh 0.6 19.6

68 —47.8 10.2 —8.9 -0.5 13.6

57 —36.7 7.3 -94 -0.5 7.0
PU- 216.4 215 — — sh 32 7.2 75.4
PTMO 165 — — sh 2.0 6.7 68.3

123 — — sh -0.7 4.4 64.1

99 — — sh —-53 2.6 50.0 27

88 — — sh —8.6 1.5 433

67 — — -20 —11.0 -0.6 38.0

53 —-579 13.6 —21.7 sh —4.2 20.7

49 —48.7 8.1 —19.8 — —4.7 12.7

(continued)
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Table 3

Continued
Crystallizaton Melting
Equilibrium Swellig Content of non-
swellig degree AH ¢ AH5® AH5° crystallizable
Sample [Wt%] [Wt%] T. [°C] [J/gl T,[°C] T,[°C] Ts[°C] [J/gl /gl benzene [wt%]
PU-PEA 67.4 62 — — —-3.8 6.9 27.6
54 —53.8 12.4 -5.1 6.5 19.6
49 —49.6 11.1 —-52 6.5 16.2 33
44 —38.6 9.9 —6.1 54 9.5
39 —33.8 4.1 —-6.0 4.8 4.7
PU-BD 150.8 134 — — —12.1 —4.1 7.6 49.4
125 — — —-10.3 -3.1 7.2 42.2
104 — — —11.0 —4.2 6.7 343
64 —-71.1 11.1 —13.2 —-5.2 6.7 31.5 27
54 —61.8 16.3 —17.8 -7.0 -0.2 26.9
48 —534 14.5 —-19.9 —8.7 —-14 19.3
40 —46.2 7.7 —19.1 —-104 —4.2 11.7
PU- 639 270 — — sh 7.9 67.9
BAN 162 — — sh 4.8 48.0
110 — — sh 0 37.8 23
88 — — sh —-23 32.1
62 —67.7 1.9 —25.1 -93 20.2
50 —60.4 11.1 —-299 —134 17.3
Pure benzene 6.3 0nset/ 8-8 105.9

“[J/g-membrane].
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account the measurement accuracy, this difference becomes barely significant for most of
the PUs at low swelling degrees suggest that the part of crystallizable benzene left in the
membrane is able to crystallize only upon heating as a super-cooled solvent. The changes
in the melting enthalpies plotted against the benzene content in the membrane give straight
lines, which do not pass through the origin for all PUs investigated (see example in Fig. 1).
This indicates that there is also a part of benzene in the membranes which is in a form of
non-crystallizable bound solvent. The amount of non-crystallizable benzene, determined
by extrapolating the data of the melting endotherm to AH = 0, is in the range of 15—
35% with the smallest values found for PU-PEO exhibiting the lowest affinity towards
benzene.

From these results, it is found that there are three major forms in which benzene, like
cyclohexane, can be present in the PU-based membranes, namely: (1) non-crystallisable
benzene, (2) crystallizable-bound benzene, and (3) crystallizable-bulk benzene.
Generally, all these forms have been identified alongside each of the PU studied. The
different forms of crystallizable benzene may be characterized by their progressively
decreasing T,,, starting from that corresponding to bulk solvent. The T,, values become
further shifted towards lower temperatures as the benzene content in the membrane
decreases. This behavior can reflect a sorption process where every part of benzene has
its structure resulting from the interactions with its own microenvironments. The
similar behavior has also been discovered for PU/cyclohexane systems with high
affinity towards cyclohexane. Moreover, the results show that variety of solvent structures
may be related to the strength of the attraction forces between permeant and membrane
material. However, if such interactions are extremely high causing excessive swelling
of the membrane, as it is observed for PU-BAN/benzene and PU-PPO/benzene
systems, the diversity of the structures has been found to become limited. The strong
attraction forces, which become more important for the lower degrees of swelling, can
also account for the lower T,, values of the bound structures, as well as for the melting
point depression with decreasing solvent content, or for the crystallization of super-
cooled solvent during the heating run. At the extreme, this can lead to a situation where
the structures formed by solvent molecules at the low solvent content are unable to crystal-
lize or have their phase-transition temperatures extremely low, well below the temperature
range available with the DSC equipment used. Such behavior can also be described as a
single phase system resulting from the perfectly random mixing of the two components
in the binary system composed of polymer and solvent molecules.

Conclusions

The behavior of liquid permeants in the pervaporation membranes studied may be
described by the variability of forms in which the permeant can exist within the
membrane. It has been found that generally three major types of permeant can be distin-
guished, which are different in structure and physicochemical properties: non-crystalliz-
able liquid, crystallizable-bound liquid, and crystallizable-bulk liquid. The kind and
number of the forms present and their relative amount appear to be a characteristic
feature of a given system that can be related to the strength of the attraction forces
between permeant and membrane material and between permeant molecules themselves.
For weak polymer/permeant interactions compared to those between permeant
molecules, such as in the PU-PTMO/water system, the permeant in a form of crystalliz-
able-bulk liquid has only been identified, similarly as in the PDMS/water system.™!
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For moderate polymer/permeant interactions, represented by the sorption equilibrium
values falling around 30 wt%, the permeant in two different forms, as non-crystallizable
liquid and crystallizable-bulk liquid, has been found to exist. The contribution of both
forms is seen to change significantly from one system to another and appears to be associated
with the differences in the relative strength of the particular attraction forces. The values of
Swt% and 74 wt%, representing the contribution of a non-crystallizable form in the total
amount of permeant in the PU-PPO /water and PU-PPO /cyclohexane systems respectively,
can illustrate such behavior. Analogous observations on the existence of permeate in a state
of non-crystallizable liquid and crystallizable-bulk liquid have been made for the systems
composed of the PDMS membrane and lower alcohols such as 2-propanol’® and
ethanol,'™ as well as for the PDMS /cyclohexane system.!'!

For strong polyurethane /permeant interactions, characterized by the sorption equili-
brium values exceeding 50 wt%, another type of permeant has been observed. This can be
either in a form of crystallizable-bulk liquid with its melting point markedly depressed,
such as for the PU-PEO/water system, or in a form of multiple structures with signifi-
cantly distinct and strongly depressed T,,, values. The melting point depression, compar-
able with that registered for the PU-PEO/water system, and the presence of different bulk
states at high solvent contents, have been observed for permeants named as good solvents
in PDMS."?! However, the second type of crystallizable permeant discovered in several
PU/permeant systems, significantly different from the bulk form, has not been
described in the literature yet. This form can be classified as crystallizable-bound
permeant based on the resemblance to one of the types of sorbed water in hydrophilic
polymers.*®! The partial crystallization of permeant during the heating run can also be
observed in the systems with strong mutual interactions. As stated previously, the
number of the permeant structures and their relative contribution are thought to depend
on the relative strength of different forces of attraction between correspondent sites in
the membrane and permeant.

The results demonstrated here lead to the general conclusion that the diversity of the
permeant structures, which can be present alongside within the membrane, is not only
confined to the systems with the strong hydrogen-bonding ability, but can be regarded
as a characteristic feature of the membrane under pervaporation conditions. Thus, the
observed phenomena should be considered in the evaluation of the efficiency of the per-
vaporation membrane. For instance, the results show that the kind, number and relative
contribution of the permeant forms should change from the surface of the membrane
being in contact with the liquid feed to the permeant side of the membrane. At the
swollen side of the membrane, the existence of all permeant forms attributable to a
given system can be expected. In contrast, at the permeant side of membrane, the
presence of non-crystallizable permeant can be assumed. It is reasonable to assume,
therefore, that the distribution of the permeant forms, according to the concentration
profile, occurs within the membrane, as it can be deduced from the experimental data con-
cerning the effect of the membrane swelling degree on the state of permeant. Considering
that both the concentration of the individual form and its mobility can affect the transport
process, further work is required to establish the relationship between those parameters
and their contribution to the transport mechanism.
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