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ABSTRACT: Specific interaction sites of ethylcellulose (EC) with water and monomethyl
hydrazine (MMH) and its hydrate have been studied by Fourier transform infrared
spectra. Measurements of diffusion and sorption coefficients of MMH and water in EC
were made from the reduced sorption curves to determine the overall selectivity of the
membrane. Flow patterns across the membrane were examined under an optical
microscope (OM) equipped with a differential interference contrast (DIC) facility.
Correlation of the front velocity and the diffusivity has been used to calculate and
compare these values of diffusion coefficient with that obtained from reduced sorption
curve. Desorption of MMH hydrate from EC has been attributed to polymer relaxation
phenomena. The physical aging process of the membrane has been monitored by FTIR
analysis and mechanical strength evaluation. These studies showed that the EC mem-
brane can be used for prolonged periods in MMH and, as such, is suitable for the
separation of MMH–water solutions. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 72:
689–700, 1999
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INTRODUCTION

The study of interactions of any liquid when it
comes into contact with a polymeric membrane is
important for any membrane-based separation
process as the separation mechanism is governed
by the relative sorption and diffusion of the indi-
vidual species through the membrane. Several
methods are available to study such interactions
with liquids1–3 and gases.4,5 However, the behav-
ior of interacting sites in polymers will vary based
on the working conditions like the nature of the

medium duration of contact and temperature.
The measurements of diffusion of water and pure
monomethyl hydrazine (MMH) in the ethylcellu-
lose (EC) have been conducted in present studies
by the procedures described in the literature.6–9

The overall selectivity calculated from diffusion
and sorption values obtained for the separation of
a hydrazine–water system10 closely matches with
the separation factor obtained by pervaporation
studies.11 The polymer EC was selected for the
interaction, diffusion, flow pattern, and aging
studies in a MMH hydrazine environment, pri-
marily because EC membranes showed better se-
lectivity and reasonable flux than other tested
polymer pervaporation experiments with the
MMH hydrate mixture. Similar types of pervapo-
ration results are also obtained for a MMH–water
system.12 The present study investigates the pos-
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sibility of using the EC membrane for the sepa-
ration of MMH–water mixtures.

The movement of the solvent within a polymer
matrix can be observed by various methods. In
some studies, techniques such as examination in
polarized light or addition of dye13,14 to the swell-
ing medium are needed to increase the visibility
of those boundaries that are not readily discern-
ible. The diffusion pattern can be observed by
using various other methods like nuclear mag-
netic resonance (NMR) imaging15–17 and gravi-
metric analysis. Electron spin resonance (ESR)
techniques provide more direct information but
utilize procedures to provide the signal rather
than directly examining the solvent.18 An optical
microscope19 also provides visual information of
the solvent distributions; however, it requires
doping to enhance the contrast between the poly-
mer and the solvent.

Microscopy is the study of fine structure and
morphology of objects with the use of microscope.
The size and visibility of the polymer structure to be
characterized generally determine which instru-
ment is to be used. In the optical microscope (OM),
an image is produced by the interaction of light and
an object or a specimen. The image can reveal fine
details in or on the specimen at a range of magnifi-
cation from 4 to 1003. Resolution is limited by the
nature of the specimen, the objective lens, and the
wavelength of light. The information obtained in
the OM normally concerns the length, shape, and
relative arrangement of visible features.

Aging, a phenomenon of changes of internal
structure with time, is an extremely important
factor in polymeric materials. For any polymer,
the minimum requirement with regard to physi-
cochemical and mechanical properties is that the
material should have acceptable durability in the
range of service environments depending on the
application. Physical aging of polymers has been
followed by measurements of viscoelastic proper-
ties,20,21 tensile testing,22 Fourier transform in-
frared (FTIR) spectroscopy,23–25 hardness test-
ing,26–28 and differential scanning calorime-
try.23,29,30 In this study, it was followed by FTIR
analysis and tensile testing.

MATERIALS AND METHODS

Materials

The polymer used in the study was 48–49%
ethoxy content ethylcellulose from Loba Chemie

(Bombay, India). Its Mn (63,156) and Mw (89,448)
were determined by gel permeation chromatogra-
phy (GPC) using polystyrene as the standard.
Toluene, a solvent for EC, was also purchased
from Loba Chemie, India, and was used as re-
ceived without any further purification. MMH hy-
drate was kindly supplied by VSSC (ISRO),
Trivandrum, India. Double-distilled deionized
water was used in the experiments.

Methods: Membrane Preparation

15 wt % clear polymer solution in toluene was
used for casting a membrane of the desired thick-
ness on a clean glass plate. The solvent was evap-
orated at room temperature for 10 h, then the
plate was placed under vacuum at 60°C for com-
plete removal of the solvent. Thickness of the dry
membrane was found to be 80 mm (measured with
a micrometer; 61 mm accuracy), and pieces of the
same membrane were used in the experiments.

Interaction Studies

Interactions of water, hydrazine, MMH, and their
hydrates with EC were determined by taking the
FTIR spectra of a presoaked membrane. Any ex-
cess of the material adhering to the membrane
was removed before taking the spectra by gently
pressing the membrane with tissue paper.

Diffusion Studies

Diffusion coefficients (D) were determined from

the sorption data by plotting SMt

MT
D versus SÎt

d
D,

where Mt and MT are mass uptake at time t and
at equilibrium (t 3 } as effectively), respectively,
and d is the membrane thickness.9 The explana-
tion of the plots corresponding are given in the
following section. The method of finding D is as
follows.

A circular dry EC membrane having a 3-cm
diameter is cut, weighed, and soaked in the sol-
vent (water or MMH or hydrazine as the case may
be), and the mass sorbed was determined by
weighing the membrane at regular intervals of
time (Mt) and finally at the steady state (MT).
Membrane uptake was plotted against root time
divided by its thickness. These experiments were
conducted at 30°C. A convenient form for repre-
senting this relation is

Mt

MT
5 IaS Ît

d
D 1 C (1)
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Fifth-degree polynomials were fitted to the
curves, and the initial slope at t 3 0 was deter-
mined. The value of D is then obtained from

D 5 S P

16D ~Ia!
2 (2)

where Ia denotes initial slope of the curve.9

Based on eqs. (1) and (2), an equation was
developed to find the D from the front velocities
observed under the optical microscope. Inserting
the Ia from eq. (1) in eq. (2), and neglecting C,
which passes through origin, the following equa-
tion for D was obtained:

D 5
P

16FS Mt

MT
DS d

ÎtDG
2

(3)

Based on the continuity equation, Mt and MT can
be written as

Mt 5 GALt (4)

and

MT 5 GALT (5)

where G is the density of liquid, A is the total
density of polymer matrix, Lt is the length of the
front moved during time t seconds, and LT is the
length between two ends of the polymer matrix.

Equation (6) can be derived by inserting the
eqs. (4) and (5) in (3) as

D 5
P

16FS Lt

LT
DS d

ÎtDG
2

(6)

This was rearranged to get into the linear form as

Lt

LT
5 S4

d Î t
PD ÎD (7)

The square of the slope of the graph drawn be-

tween the
Lt

LT
and S4

d Ît
GD on Y and X axes, respec-

tively, is the diffusion coefficient the liquid in the
polymer matrix.

DIC Microscopic

Typical compound research microscopes are bin-
ocular, but the images in the eyepieces are iden-

tical. The two images are provided to reduce eye
strain. The microscope can be provide equipped
for both transmitted and incident light. The ob-
jective of the present study is to observe the rate
and the manner in which the liquid species,
namely, water, pure MMH, and MMH hydrate,
are passing through the membrane. A Ziees Ax-
ioskop compound microscope is used for the
present study. Unless specified, all pictures were
drawn at 103 magnification under a differential
interference contrast set up (Normarski Optics).
The light source is used a halogen bulb operated
at 12 V and 15 W capacity.

Aging Experiments

Physical aging of the film was followed by record-
ing the FTIR spectra of the soaked membrane in
the MMH hydrate at intervals of 15 days over a
period of 6 months. These were conducted by
soaking specimens of the membrane in liquids for
the required amount of time. At the end of the
soaking period, the surface is wiped free of adher-
ing liquid and weighed. The difference in the
weights per unit weight of the dry membrane
gave the sorption percentage. This membrane
was then dried thoroughly to remove the sorbed
solvent, initially at room temperature and then at
temperature around 50–60°C under vacuum for
at least 2 days. FTIR spectra (Nicolet-740, Per-
kin–Elmer-283B FTIR spectrometer) of the dried
sample were recorded at a scanning rate of 100
sweeps min and averaged with the averaging pro-
cedures supplied with the instrument.

Mechanical Testing

Mechanical strengths of the EC membrane (5 3 1
cm) in the wet and dried states were obtained on
a bench-scale Instron tester (Instron-1026 Test-
ing Machine in the tensile mode with a chart
speed of 1 cm min). The percentage of elongation
at break and the ultimate stress (at the break
point) of the membrane for a period of 30, 60, and
180 days were obtained.

RESULTS AND DISCUSSIONS

Interaction Studies

The FTIR spectrum of the pure dry EC film is
shown in Figure 1. The peak at 3500 cm21 is of
OOH groups present on the closed ring structure
of the polymer repeating units. It is also likely
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that the polymer may have some sorbed water
already due to its hydrophilic nature. The same
also represents intra- and intermolecular hydro-
gen bonding due to the OOH groups. The shoul-
der peak at 3250 cm21 corresponds to associated
OOH of intermolecular bonding. The small but
not sharp peak at '2950 cm21 corresponds to
asymmetric structure vibrations of the OOC2H5
ethoxy groups. There are small peaks between
2850 and 2720 cm21 corresponding to OCHO
stretching, which is sharp at 2650 cm21. The
peaks and valleys between 2000 and 2250 cm21

are of the OCH stretching (of the saturated ring
structure). The peaks at 1730 and 1650 cm21 are
for bending of the OOH group structure. The
1350 and 1300 cm21 responses are due to the
OCH2 bending vibrations.

Interactions of EC with Water

The FTIR spectrum of the wet EC film soaked in
water shown in Figure 2 can be compared with
that of pure dry EC in Figure 1. As expected, the
peak at 3500 cm21 is weakly affected, but the
shift of its overtone at '1625 cm21 toward the
lower regions is clearly due to absorption of water
in the membrane. The OCH and OOH bending
between 1300–1400 cm21 are affected to some
extent, but the ethoxy group vibrations are
brought into focus at 2950 cm21. Otherwise, the
spectrum remains largely unaffected, indicating
that the EC film is hydrophilic but has somewhat
fewer interactions with water molecules.

Interactions of EC–MMH

The locations or groups with which MMH has the
specific interactions are shown in Figure 3. As in

the case of hydrazine,10 MMH is interacting with
the OH groups at 3500 cm21. This was confirmed
by the decrease in the percentage of transmit-
tance at this position. The decrease in wave num-
ber of appearance of OH groups clearly indicates
the strong interaction of the group with MMH. A
new peak at 3330 cm21 corresponds to the
stretching vibration of NH group. Leonard and
Owens31 proposed an equation for identifying the
symmetric and asymmetricONH2 stretching in a
given compound. This can be written as

gs 5 345.53 1 0.876 gas (8)

where g is stretching vibrations of symmetric (s) and
asymmetric (as) vibrations ofONH2 groups, respec-
tively. Let us suppose that a peak at 3330 cm21 is
due to asymmetric vibrations, then the correspond-
ing symmetric vibrations should appear around
3262 cm21 clearly. A small and broad peak at 3250
cm21 identified in the Figure 3 clearly confirms that
the response at 3330 cm21 is due to the asymmetric
stretching vibrations of ONH2 group. In general,
the occurrence of this peak is around 3500 cm21.
The decrease in 170 cm21 peak strongly confirms
the hydrogen bonding interactions of MMH and OH
functional groups of the EC. The same trend was
also observed in symmetric stretching vibrations.
TheOOC2H5 ethoxy group at 3000 cm21 has inter-
actions with MMH as in the case of water and
hydrazine hydrate.10 A small peak appearing at
1622 cm21 is due to the in-plane bending, corre-
sponding to CH2 scissoring, which is present in
CH3ON2H3 (MMH). The small but sharp peak at
1450 cm21 is due toONHO bending vibrations. A

Figure 2 FTIR spectrum of the ethylcellulose mem-
brane soaked in water.

Figure 1 FTIR spectrum of the ethylcellulose mem-
brane.
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rather characteristic out-of-plane bending ONH2
peak corresponding to theOCH2 twisting is seen at
650 cm21.

The peak at 1800 cm21 has completely disap-
peared when EC comes into contact with the
MMH. Moreover, the peak at 1622 cm21, which
becomes rather sharp again indicates strong in-
teraction of ONH2 with the other groups present
in it. The corresponding peaks at 1622, 1360, and
700 cm21 clearly indicate the presence of MMH,
and the positional shifts at 3330, 3500, and 1622
cm21 confirm the interaction of the MMH with
the EC membrane.

Diffusion, Sorption, and Selectivity

Figure 4(a,b) shows the variation of SMt

MT
D with

SÎt
d
D from which values of Ia are obtained. Insert-

ing the values in eq. (2) gives the values of D as
2.57 3 1028 and 9.51 3 1029 cm2 s for water and
MMH, respectively. The equilibrium percentage
sorption were 3.4, and 15.66 for water and MMH,
respectively. Solubility coefficient values of the
penetrant can be calculated by calculating the
volume of the penetrant observed per cubic cen-
timeter of dry polymer and dividing it by the
vapor pressure of penetrant32 at the temperature

at which the experiments were conducted. The
values of S were calculated and found to be 1.13
3 1023 and 3.89 3 1024 g g21 mm21 Hg for water
and MMH, respectively. From the solubility and
diffusion coefficient values of water and pure
MMH with the EC, the relative permeability or
the overall selectivity can be calculated by

Overall selectivity 5 SSwater

SMMH
DSDwater

DMMH
D 5 7.83 ~9!

Figure 3 FTIR spectrum of the ethylcellulose membrane soaked in monomethyl
hydrazine.

Figure 4 Reduced sorption curves of ethylcellulose
with (a) water and (b) monomethyl hydrazine.
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where S is the solubility coefficient. The overall
solubility obtained in this manner is an approxi-
mate estimate as the above procedure is applica-
ble only to cases where penetrant partial pres-
sures are nearly those in the experiments. Fur-
ther, prediction of mixture selectivity based on
pure component sorption and diffusion serves
only as a guideline in cases where penetrants
interact intensively with the polymer matrix.
However, from this result, it was confirmed that
the EC membrane is more selective to water and
that water has a higher diffusivity coefficient (and
flux) compared to MMH. Under these conditions,
diffusion of MMH will require a greater activation
energy.

The compatibility of EC with MMH and water
is explained on the basis of Hansen’s solubility
parameter D and Flory–Huggins interaction pa-
rameter x. The compatibility between water,
MMH, and the polymer is indicated by the follow-
ing relationship:

D 5 @~dp,i 2 dp,3!
2 1 ~dd,i 2 dd,3!

2 1 ~dh,i 2 dh,3!
2#1/2

(10)

where dp, dd, and dh are the polar, dispersive, and
hydrogen-bonding contributions, and D is the
magnitude of the vectorial distance in the three-
dimensional diagram of dp, dd, and dh on x, y, and
z axis, respectively.33 Inserting the values of dt of
water, MMH, and EC,34 the values of D is found to
be 9.8 and 30.0 for MMH and water, respectively,
with EC. Similarly, the Flory–Huggins interac-
tion parameters35 for MMH and water with the
EC membrane were calculated and are found to
be equal to 1.39 and 2.54 for EC–MMH, and EC–
water systems, respectively. The values of the D
and x for MMH with EC are very small compared
with that obtained for EC–water system. This
could be the reason for the higher solubility of
MMH in polymer. Further, water is a smaller
molecule compared to MMH. A similar type of
behavior was observed in the case of ethanol–
water separation36 with hydrophobic PVC, in
which PVC had a greater affinity and sorption
coefficient for ethanol than water, where water
showed a greater overall diffusion selectivity. The
selectivity values obtained from diffusion and sol-
ubility are of similar order of magnitude as in the
pervaporation experiments, which gave an aver-
age selectivity value equal to 5.6 for MMH. This
confirms the hypothesis that MMH is strongly
held by polymer molecules while water is less

strongly held and is thus able to diffuse faster
than MMH. Finally, the possibility that the ob-
served effects are in line with the expectations
even in the absence of specific interactions of pen-
etrants and polymer matrix cannot be ruled out
altogether.

Flow Pattern of Liquid in Membrane

Under the OM, in general, the following two dis-
tinct boundaries are evident in a swelling glassy
polymer: the penetrant front (inner boundary)
and the swelling front (outer boundary). In some
polymer solvent systems, these advancing bound-
aries are so sharp that they are clearly visible.
This was true for glassy gelatine beads swollen
with water. This highly contrasted boundary be-
tween dry and swollen regions of a polymer has
enabled direct measurements with optical micros-
copy.37,38 Fickian and non-Fickian transport of
solvent in the glassy membrane can be demon-
strated by observing a sharp distinct boundary
between the inner glass core and the outer swol-
len rubbery phase. In particular, non-Fickian
transport behavior has been directed towards ap-
plication in controlled drug delivery.39 Controlled
drug delivery is possible when the solvent front
velocities are lower than drug diffusion through
the swollen phase so that the front is the rate-
controlling entity. Klech and Simonelli40 observed
the effect of solution pH on moving the boundary
in a controlled drug delivery system through a
membrane by using OM. Water penetration into
the glassy gelatine matrix is one of the combina-
tions that allows direct measurement of the inner
penetrant boundary. On account of this situation,
OM becomes an effective measuring techniques
for the study of these variables that may offer the
velocity of either moving front in glassy gelatine
beads.

Liquid sorbed by the membrane causes some
structural relaxation in the membrane. But, the
relaxation, unlike diffusion, is not a fast process.
Front movement caused by the diffusion of liquid
results in physical changes in the membrane. On
the other hand, the chemical changes, like the
structural modifications and/or relaxation caused
by the sorbed liquid in a polymer matrix, should
cause definite and detectable dimensional
changes in the membrane. This is true only when
the polymer sorbs higher amount of liquid. In
such cases, dimensional changes in the polymer
structure can be recorded by weighing methods or
by scanning under an ordinary microscope. When
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a polymer sorbs, as in the present case, a lesser
amount of solvent, no detectable structural
changes will result. In such cases, after an elapse
of sufficient time, that is, after attaining the
steady state, the sorbed liquid starts binding or
interacting or destabilising the polymer matrix,
causing a chemical change. Such relaxation,
caused by the chemical changes, will result in
minute changes in the matrix at microscopic
level. Then the behavior of the matrix before and
after relaxation will be different. Relaxation ef-
fects the transmission of optical beam passing
through the material. When a white light passes
though the relaxed polymer, the inhomogeneity
caused by the relaxation will scatter the light,
producing several combinations of colors. Hence,
the transmitted light will exhibit a difference in
color. A good example for this is the observation of
spherulites under OM; here, the spherulite, be-
cause of a difference in the orientation with the
other parts of the membrane, produces its own
color. Even an injection-molded thermoplastic
polymer sample, when viewed under OM, reveals
various colors due to the difference in orientation
at the skin and the core regions.41 By observing
the change in the color and the difference in in-
tensity of the transmitted light, structural relax-
ation within the polymer caused by the sorbed
liquid can be examined.

Water in EC

The movement of water across an EC membrane
of 100 mm thickness was observed with the optical
microscope. A small strip of dry EC membrane
was placed on the platform just above the light
source. One end of the membrane was placed in
contact with a good quality filter paper, which
was previously soaked in distilled water. Proper
care was taken to avoid any possibility of contact
of the filter paper to any surface of the membrane,
which might result in water droplets on it. Edges
of the membranes were very thin, and, hence, use
of filter paper to place minimum amount water on
it was essential. The filter paper acts as a solvent
reservoir. Experiments were carried out without
using dyes as the dye may interfere in the move-
ment of mixture of solvents like the MMH hy-
drate.

As soon as the filter paper and membrane are
placed end to end in contact, water starts diffus-
ing into the membrane. Membranes as well as
water are transparent, and, hence, the water dif-
fusion is clearly visible through the eyepieces.

Figure 5(a) is an optical micrograph of pure EC
strip. The front developed by the water moving in
was snapped at time intervals of 20 and 45 min,
as shown in Figure 5(b,c), respectively. At the
end, a sample of EC membrane previously soaked
in water to attain steady state was also examined
by optical microscope. This is shown in Figure
5(d). The filter paper is kept in a wet condition
with water throughout the experiment. From the
above optical micrographs, it was clear that the
water movement in the membrane is steady and
constant. The movement clearly creating a defi-
nite boundary (front), which is visible through
OM. The front movement is sufficiently sharp.
The last photograph, that is, the water-saturated
EC membrane, was brighter than the pure EC
membrane [Fig. 5(a)]. The brightness is especially
due to the relaxation of the polymer matrix
caused by water. The brightness was not ob-
served when the water was diffusing in the
membrane because it will not have sufficient time

Figure 5 OM flow pattern studies of water in EC
membrane: (a) dry EC; (b) after 20 and (c) 45 min; (d)
saturated with water.
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to relax in the matrix. On the contrary, in the last
snap, where the membrane was in contact with
water for longer period, allowing sufficient time
for relaxation, some relaxation is caused, result-
ing in enhanced brightness of the film.

MMH Movement in EC

Experiments were repeated with EC membrane
and MMH. MMH is hygroscopic in nature and
produces lot of fumes as it comes into contact with
air. The passage of pure MMH in the EC mem-
brane is shown in Figure 6(a–d) at different times
of the experiment. Compared to the case with
pure water, here it is not possible to observe the
exact front movement. Instead of the liquid move-
ment, the movement of the vapors generated by
MMH is clearly visible. First the vapors activate
the membrane layer through which the liquid
diffuses. White cloudlike front in the photomicro-

graphs is the movement of the liquid diffusing
into the membrane. Figure 6(c) is taken at a lower
magnification just before the liquid reached the
other end; wherein the white cloud is almost cov-
ering the entire area. Figure 6(d) is a picture of
the membrane saturated with the MMH. Even
this photograph, similar to the one of water-sat-
urated EC, produces brightness in the membrane.

By measuring and following the distance trav-
elled by the liquid at different times (Lt) from the
photomicrographs and the total time required (T)
to reach the other end of distance (LT), a plot of
the straight line passing through the origin was
obtained (Fig. 7) when the graph was drawn be-

tween
Lt

LT
and S4

dÎt
PD on the Y and X axis, respec-

tively. The square of the slope of the graph gives
D for MMH equal to 2.05 3 1029 cm2 s. This value
is nearly matching the D calculated from the re-
duced sorption curves explained earlier.

MMH in EC

It is already stated that the relaxation is a slow
process. Strips of EC membranes are allowed to
relax by soaking them in MMH and MMH hy-
drate solutions for sufficient time (until they
reach the steady state). After removing excess
solution, one such membrane was examined. The
optical micrograph of the film saturated with
MMH is shown in Figure 8(a), where the mem-
brane is of a bright yellow color. As such, EC
membrane and pure MMH or even MMH hydrate

Figure 7 Graphical representation of MMH front
movement in the EC membrane.

Figure 6 OM flow pattern studies of MMH in EC
membrane: (a) after 10 and (b) 20 min; (c) just before
saturation; (d) saturated with MMH.
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are colorless substances. Optical observation also
confirmed the same. Clearly, structural changes
due to the relaxation are responsible for impart-
ing color. A change in the color of the membrane
was not seen at the time of front development
(within that time, there is no possibility of any
relaxation). Moreover, the membrane saturated
with MMH hydrate also generated a yellow color
of lesser intensity. One point already stated is
that the membrane saturated with water is bright
white. All three experimental results confirm that
the development of bright yellow color is due to
relaxation caused by the MMH liquid component.
With hydrated MMH, where the concentration of
MMH is comparatively less, the membrane gave a
yellow color of lesser intensity [Fig. 8(b)]. The
decreased intensity is due to the reduction in
MMH concentration.

MMH Desorption Studies

The desorption study was carried out by evap-
orating MMH hydrate present in the membrane
and observing the change in the color of the
membrane. Figure 8(c) is an optical micrograph
snapped after 15 min of evaporation. Experi-
mental data proved that the evaporation rate of
MMH is faster than water due to its low boiling
points. This implies that for the period of de-
sorption, the membrane is loosing a greater
amount of MMH than water. Poor brightness of
the yellow color in the membrane, snapped after
15 min of solvent evaporation, is due to a major
loss of MMH from the membrane. The micro-
graphs taken at evaporation timings of 45, 60,
90, and 120 min are shown in Figure 8(c– g),
respectively, which confirm that during desorp-
tion, the concentration of MMH in the mem-
brane is steadily decreasing. Simultaneously,
water also evaporates from the membrane, but
the losses are low compared with that of MMH.
After a certain period of desorption, a state is
reached where all MMH is almost completely
evaporated so that the membrane contains only
water but in lesser quantity. The last snap com-
pared with the one of the EC membrane satu-
rated with water indicate that both were simi-
lar with reference to brightness.

The case of membrane saturated with azeo-
tropic liquid is worth considering. At this com-
position at any time, the membrane should con-
tain the same compositions of the mixtures as it
is in the beginning. Photomicrographs don’t
confirm this hypothesis, as expected. The mem-
brane is highly selective to one of the compo-
nents of the feed, and that particular compo-
nent competes with the other component and
diffuses well inside the membrane material.
Now the membrane sublayers are enriched se-
lectivity with one of the components. Hence, the
membrane is not saturated with liquid of azeo-
tropic composition. This is how the separation
takes place in pervaporation. The photomicro-
graphs shown above confirm that the yellow
color produced by the membrane is due to the
presence of MMH.

Mechanical Strength

The FTIR spectra of the EC membrane after soak-
ing periods of 30, 90, and 180 in MMH hydrate
are shown in Figure 9(a–c), respectively. It can be
seen by comparing the spectra with that of the
unsoaked membrane in Figure 1 that no physical

Figure 8 OM flow pattern studies of MMH in EC
membrane: (a) saturated with pure MMH; (b) MMH
hydrate; after (c) 15, (d) 45, (e) 60, (f) 90, and (g) 120
min desorption.
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or chemical changes had taken place during the
above soaking periods. As expected, the wet mem-
branes had a comparatively reduced mechanical
strength compared to the dry ones. Soaked mem-
brane got some brittleness that always reduces

the strength and percentage of elongation; but the
soaked and dried membrane did not show any loss
in its original strength, which was almost fully
regained, and similarly, the percent elongation at
break also remained the same. One interesting
observation about the membranes soaked in
MMH hydrate is that the membranes are brittle
when soaked; but as the liquid evaporates during
drying, the membrane regains its flexibility and
the mechanical strength. The membranes soaked
in water do not show such behavior. The results
shown in Table I combined with the FTIR studies
point to the fact that no degradation had taken
place, even after 6 months of soaking time.

CONCLUSIONS

From the results obtained by FTIR analysis, it
can be concluded that both MMH and water are
influencing the free OOH group in the polymer
matrix. A shift of this peak towards the lower
wave number is an indication of the strong hy-
drogen bonding interaction between MMH and
EC. Moreover, MMH interacts more with the
ethoxy groups of EC than that of water. MMH
interactions with EC are more effective and
stronger than with water, and, hence, its equi-
librium sorption is greater than that of
water.

Diffusion coefficients of the solvents in EC de-
termined by the reduced sorption curves are
found to be 2.57 3 1028 and 9.5 3 1029 cm2 s for
water and MMH, respectively. Linearity of the

curves were observed only below 0.5 of
Mt

MT
, indi-

cating that the diffusion coefficients were inde-
pendent of the concentrations of water and MMH

Figure 9 FTIR spectra of aged EC membrane soaked
in MMH hydrate: (a) after 30 and (b) 180 days; (c)
accelerated aged.

Table I Mechanical Properties of Ethylcellulose Membrane Soaked
in MMH Hydrate

Soaking
Condition

Nature of
Membrane

Elongation
at Break

(%)

Ultimate Tensile
Strength
(kg cm2)

Untreated Dry 6.0 28.25
1 Month Wet 5 16.34

Dry 5.67 28.0
2 Months Wet 4.68 16.66

Dry 5.6 27.76
6 Months Wet 4.6 16.84

Dry 5.87 27.54

698 RAVINDRA, KAMESWARA RAO, AND KHAN



in EC.42 The solubility coefficients of water and
MMH with EC are found to be 1.13 3 1023 and
3.89 3 1024 g g21 mm21 Hg, respectively. The
overall selectivity of EC for water is 7.83. The
greater interaction and sorption coupled with the
slower diffusion of the other component MMH has
made EC less selective for MMH.

During the diffusion studies with OM, it was
observed that the rapid development of a liquid
front does not cause any structural changes in
the membrane. Desorption of MMH hydrate
from EC has been monitored under OM and by
taking the photographs at regular intervals of
time, which clearly provide evidence that de-
sorption of MMH from the membrane has been
faster than water. An equation correlating the
velocities of moving front and D has been de-
rived. From this equation, the D was found to be
2.03 3 1029. The validity of this equation was
checked by comparing D calculated from other
methods. Significant reorientation of the poly-
mer matrix was observed from the desorption
experiments.

Physical aging of the film was followed by re-
cording the FTIR spectra of the soaked membrane
in MMH hydrate at intervals of 15 days over a
period of 6 months. Mechanical strength and the
percentage of elongation of the membranes
soaked in MMH hydrate were similarly assessed.
The FTIR and mechanical tests confirm that the
membrane is neither degraded nor lost its me-
chanical properties even after 180 days of expo-
sure.

Based on the above observation, it was con-
cluded that ethylcellulose membranes can be
used for the dehydration of MMH, with the mem-
brane being permselective to water.
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