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AbstractDevelopment of high performance membranes for ethanol (EtOH) dehydration constitutes one of the main
applications of pervaporation technology. In the present study, the properties of membranes derived from PAN were
examined for this purpose. Heat treatment and variation of operational parameters were explored as viable strategies
for enhancing the process performance. The characteristics of the membranes including morphology, thickness and
sorption behavior were investigated in detail to identify their roles. Application of heat treatment with regards to poly-
mer Tg resulted in membranes with distinct morphological and sorption characteristics. Increase in operational tem-
perature was found effective for optimizing the opposing trends of permeate flux and separation factor. The maximum
PSI value for the pristine PAN membrane was 5,564.0 g·m2h1, which occurred for operation at 50 oC. Also, applica-
tion of heat treatment led to drop in flux and increase in separation factor by which PSI reached 41.3 kg·m2h1, which
was 7.5 times than that of pristine PAN membrane. This study demonstrates successful implementation of facile strate-
gies for tuning the characteristics and performance of membranes derived from PAN for efficient dehydration of EtOH
via pervaporation process.
Keywords: Polyacrylonitrile, Pervaporation, Membrane, Ethanol Dehydration, Heat Treatment

INTRODUCTION

The growing demand for energy along with the rapid drainage
of oil and gas reservoirs have motivated efforts for identification
and exploration of alternative fuels. Ethanol (EtOH), as one of the
environmentally friendly energy carriers, continues to gain more
and more attention owing to its numerous benefits. EtOH is often
accompanied by water in the mixture, especially in the course of
production. Over the years, various separation methods have been
explored for dehydration of EtOH mixtures. The conventional sepa-
ration technologies used for this purpose suffer from major limita-
tions, notably the presence of azeotropic point as well as high energy
and operational costs especially in the case of established technolo-
gies like distillation. Therefore, alternative separation technologies
with higher efficiency and less costs have been developed for EtOH
dehydration [1,2].

Membrane separation processes are of particular interest thanks
to the enormous advantages, such as lower energy consumption,
smaller footprint, less complexity as well as lower costs compared

to the rivals [3-5]. Diverse membrane materials and processes have
been investigated in terms of potential for EtOH dehydration in-
cluding hyperfiltration [6,7] and membrane distillation character-
ized by offering relatively high flux and moderate selectivity [8,9].
This also includes pervaporation process by membranes with mod-
erate flux and high separation factor [10-14] as well as hybrid pro-
cesses [15].

Pervaporation is a high-performance process with several advan-
tages. This membrane-based technology is capable of purifying vari-
ous organic and inorganic mixtures as well as hydrocarbons and
plays vital role in the chemical industry [1,16-18]. For instance,
recently in our group, nanocomposite pervaporation membranes
were developed based on polystyrene and its derivative blends and
nanocomposites for hydrazine dehydration. Hydrazine is an essen-
tial inorganic chemical with various applications, such as serving
as the fuel for jets, rockets, missiles and space shuttles [19]. Also,
Raza et al. separated ethyl acetate from water relying on develop-
ment of organo-silica membranes. Ethyl acetate is a widely used sol-
vent, especially for paints, varnishes, lacquers, cleaning mixtures, and
perfumes [20]. Furthermore, Liu et al. optimized butanol recovery
from hydrocarbon mixture in a pervaporation process and explored
possible methods for optimization of the process conditions [21].
These exemplary applications clearly showcase the large potential
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and high impact of the pervaporation process in the production of
wide ranges of specialty chemicals and energy carriers.

The preferred membranes for use in pervaporation are in the
form of asymmetric structure typically composed of a dense skin
layer on top supported by a microporous substructure. However,
the intrinsic properties of potential materials as membranes are
investigated in their dense structure. Solution-diffusion is the well
known governing mechanism for the transport of species in per-
vaporation and relies on the dissolution of the components in the
membrane matrix followed by diffusion and desorption [22,23].
Separation is achieved based on the difference in the thermodynam-
ics and kinetic of transport of different species across the membrane.

Proper selection of materials and fabrication technique play vital
roles in the development of desirable morphology that could result
in high performance for pervaporation separation of intended com-
pounds. In the case of EtOH dehydration, it would be ideal to have
a membrane that promotes high permeation of water as opposed
to EtOH. To achieve this, the physicochemical characteristics of the
membrane, such as hydrophilicity, are of great importance. The most
common materials used so far for EtOH dehydration include PDMS
[24], PVA [25], PSF [26], PEI [27], PA [28], PTMSP [29], and PVP/
PVAc [30], CS/HEC [31] and blends of NR and PAA [32].

Polyacrylonitrile (PAN) is a thermoplastic polymer with the chem-
ical formula of (C3H3N)n and exhibits hydrophilic characteristics.
The membranes made of PAN typically possess good mechanical
and chemical stability [33-35]. PAN is widely employed for fabri-
cation of membranes with various applications such as nanofiltra-
tion for produced water treatment, metal recovery from electro-
plating wastewaters, concentration of whey or protein streams, con-
centration of oil/water mixtures, bacterial removal from water by
microfiltration and biomedical applications among others [36-40].
Specially, due to its unique features, PAN has been widely used as
the support, but not skin, layer for fabrication of pervaporation
membranes for EtOH recovery [41]. All above highlight the large
potential of PAN for diverse separation applications.

The most popular method for the preparation of nonporous
membranes is via solution casting by which the solvent is gradu-
ally removed from the solution, which results in the formation of
final membrane structure. Although membrane characteristics can
be regulated before and during the phase inversion process, there
exist several physical and chemical treatment methods that can be
used the for tuning and alteration of the characteristics of the mem-
brane after formation [42]. Application of thermal treatment pro-
tocols with respect to the glass transition temperature (Tg) of polymer
is one of such methods that has shown a proven record of being
effective in altering the microstructure of the membranes [43,44].
Often, thermal treatment is named as annealing if the employed
temperature falls above the polymer Tg. Significant improvements
were achieved in controlling the size and composition of free vol-
umes and subsequently resistance of the membrane toward plasti-
cization phenomena by using thermal treatment method [45]. One
of the most important features of PAN membranes is its moderate
Tg of around 95 oC, which makes it possible to undergo heat treat-
ment without needing high energy.

Beside the significance of membrane material, the separation per-
formance of a membrane is also highly dependent on the fabrica-

tion parameters and operational conditions. Operational conditions
such as feed composition and temperature, flow rates, pressure and
membrane surface area all play a role in the overall performance
and efficiency of the process. However, the impact of each param-
eter largely varies depending on the nature and type of the process
under investigation.

According to a literature survey, in the majority of studies devoted
to the exploration of PAN as the membranes for pervaporation dehy-
dration of EtOH, it has been used as support layer but not the active
layer. On the contrary, PAN has been used as the active layer for
variety of other applications but not for EtOH dehydration by per-
vaporation. This has led to the notion for this research to initiate
development of PAN membranes and explore the characteristics
for EtOH dehydration for the first time. In the present paper, pris-
tine membranes were fabricated from PAN by knife and solution
casting methods and then compared. To tune the microstructure
and morphology of the resultant membranes aiming to improve
the process performance, thermal treatment was applied as a sim-
ple modification tool and the effects were investigated. In addition,
the operational temperature was varied to identify the optimum
conditions. To the best of our knowledge, this is the first investiga-
tion on the effect of thermal treatment on the characteristics and
separation performance of PAN pervaporation membranes for
EtOH dehydration.

EXPERIMENTAL

1. Materials
Polyacrylonitrile (PAN, Mw=90 kDa, density=1.17 g·mL1) was

purchased from Iran Polyacryl Co. (Isfahan, Iran). Dimethylforma-
mide (DMF, density=0.944 g·mL1, vapor pressure=0.516 kPa) was
purchased from Merck (Darmstadt, Germany) and used for the
preparation of dope solutions. DMF was selected as the solvent
due to its lower boiling point (153 oC) compared to other common
solvents to facilitate faster solvent evaporation without needing
much thermal energy. Furthermore, it has a closer solubility parame-
ter to that of PAN enabling faster and easier dissolution [46]. EtOH
(density=0.789 g·mL1, vapor pressure=5.92 kPa) was procured
from HamounTeb Co. (Iran). Ultrapure deionized (DI) water was
instantly generated in the laboratory and used for the preparation
of aqueous feed solution by mixing with EtOH.
2. Membrane Preparation

First, solutions of PAN in DMF (20wt%) were prepared by gradu-
ally adding polymer powders into the solvent and then stirring with
the aid of magnetic stirrer at 60 oC for 6 hours. Subsequently, each
solution was stored for 24 hours to ensure complete degassing.

Knife and solution casting methods were used for fabrication of
membranes. The first method involved spreading the solution evenly
on a clean glass plate using a semi-automated film applicator fol-
lowed by drying inside an oven at 60 oC for 6 hours. The nascent
films obtained in this method were then vacuum dried at 60 oC
and 0.1 atm for another 6 hours to remove the residual solvents.
The complete solvent removal was confirmed by thermogravimet-
ric analysis (TGA) of dried samples, since no mass loss at the region
close to the boiling point of MDF was noticed (Fig. 1). The formed
membranes were detached from the glass plate and stored for fur-
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ther investigation.
The second method involved solution casting in a petri dish. The

amount of polymer solution poured into the petri dish was calcu-
lated based on the effective surface area of petri dish, desired mem-
brane thickness, polymer density and solution concentration in
order to obtain membranes in desirable dimensions. The solution
was allowed to spread evenly. It was then covered with a small, per-
forated piece of aluminum foil and dried in oven at 60 oC for 6
hours followed by vacuum drying at 70 oC and 0.1 atm for another
6 hours to fully remove residual solvents. The formed membranes
were detached from the petri dish and stored for further investigation.

Membranes underwent thermal treatment at by heating at dif-
ferent temperatures including 85 oC, 100 oC and 115 oC for 12hours.
The specifications are provided in Table 1. To avoid sudden heat
shocks, the oven temperature was gradually increased to the desired
final temperature and also cooled naturally to the room tempera-
ture by switching the oven off.
3. Characterizations
3-1. Membrane Morphology Analysis

Developed membranes were examined carefully in terms of mor-

phology and physical characteristics, including surface roughness,
flexibility, brittleness, appearance and mechanical properties. The
surface and cross-sectional microstructure of the membranes were
examined using scanning electron microscopy (SEM) (ProX, Phe-
nom, Netherland). Small pieces of membranes were immersed in
liquid nitrogen and then fractured delicately with the aid of forceps.
All samples were then sputtered with gold using a PVD machine
(COXEM, South Korea) before observations.
3-2. Membrane Thickness Measurement

The thickness of membranes was measured using a digital mi-
crometer (INSIZE, 3109-25B). To ensure thickness uniformity all
across the surface, different spots on each membrane sample were
assessed and the average values reported.
3-3. Thermogravimetric Analysis

Thermogravimetry analysis (TGA) was carried out on a Shi-
madzu TGA-50H instrument. Sample in a mass of about 3 grams
was loaded in the cell and heated at the rate of 10 oC·min1 by purg-
ing nitrogen at flow rate of 25 mL·min1. Experiments were car-
ried out in the range of room temperature up to 900 oC.
3-4. Membrane Sorption Measurement

Sorption tests were carried out for the analysis of the character-
istics of the membranes using water and EtOH aqueous solution
containing 10 wt% water. Fully dried membranes were carefully
weighed before immersion in each medium. They were removed
after 72 hours and drained completely using filter paper and then
weighed. The amount of sorption was calculated using Eq. (1) [47,
48]:

Fig. 1. TGA analysis result for pristine PAN (F1) to ensure residual
solvent removal.

Table 1. The codes and conditions of heat treatment modification
applied to PAN membranes

Sample code
Parameters

T (oC) t (h)
F1 - -
F2 085 12
F3 100 12
F4 115 12

Fig. 2. Schematic diagram of the experimental set-up used for pervaporation dehydration of ethanol.
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(1)

where S is the amount of sorption (wt%) and Wd and Ws are weights
of samples before and after sorption, respectively.
4. Pervaporation Experiments

Fig. 2 is a schematic representation of the experimental set-up
used for evaluation of the separation performance of membranes.
It consists of a membrane cell equipped with a feed tank and a
magnetic pump for the sending feed from the tank to the cell. The
feed entering cell passed over the membrane surface which was
typically in the size of ~5-7 cm2. The permeate stream was con-
nected to a tubular trap cooled by liquid nitrogen. Sampling was
carried out at different time intervals in the course of process opera-
tion for composition determination.

A series of experiments were conducted using the developed
membranes F1 to F4 using EtOH solutions containing 10wt% water
as feed. The operational temperatures varied between 30 oC to 70 oC
for the analysis of pristine PAN membranes and between 30 oC
and 55 oC for the heat treated membranes and the effects were
investigated. During each experiment, the operational temperature
remained constant and the downstream pressure was set to ~0.7
mbar to provide enough driving force for permeation.
4-1. Performance Evaluation

Developed membranes were assessed in terms of performance
based on few factors. The permeate flux for each component, Ji

(g·m2h1) was calculated by Eq. (2):

(2)

where Qi is the mass of collected liquid permeate of each compo-
nent, A is the effective surface area of membrane and t is the oper-
ation time. The total permeate flux was the sum of individual flux
of components. Separation factor () was calculated using Eq. (3)
[14]:

(3)

where and y and x represent the fraction of water in permeate and
feed streams, respectively. Also, pervaporation separation index (PSI)
was calculated using Eq. (4):

(4)

where J is the permeate flux and  is the separation factor. PSI is
equivalent to zero at =1 indicating no separation occurring what-
soever.

The apparent activation energy is an indication of the magni-
tude of energy barrier for the permeation through the membrane.
It is a complex parameter that takes into account the effect of tem-
perature on the solubility and diffusivity of component within the
membrane. To better quantify the dependence of flux to tempera-
ture, the apparent activation energy was evaluated according to the
Arrhenius relationship [49]:

(5)

where Ji is the water flux, J0 is the pre-exponential factor, R is the
gas constant, T is the absolute temperature and Ea is the apparent
activation energy.
4-2. Composition Determination

To ensure accuracy of the measurements, two methods were
used in tandem to evaluate the composition of permeate samples.
The first method relied on the refractive index measurement using
a liquid refractometer (ATAGO Abbe NAR-1T). Initially, a calibra-
tion plot was drawn based on the refractive index of a series of
EtOH aqueous solutions with known concentrations. A second-
degree regression was used to establish the relationship between
the parameters and used for determination of the composition of
the collected samples.

The second method involved measuring density of the solutions
in which a predetermined volume of the EtOH aqueous solutions
was weighed and then EtOH content of the solution was deter-
mined using Eqs. (6) and (7) as follows:

(6)

(7)

In the above equations, v is the measured volume of the sample,
m is the weight of unknown sample,  is density and x is the weight
fraction of components, and indices 1 and 2 refer to each compo-
nent in the mixture, here being water and EtOH. It must be noted
that the above equations are well suited for ideal solutions.

RESULTS AND DISCUSSION

1. Assessment of Casting Methods
As indicated in the experimental section, two different casting

methods were used simultaneously in this study for the prepara-
tion of membranes. The aim was to explore the difference and to
identify the most appropriate method. According to Tsai et al. [50],
increasing the thickness of PAN membranes in pervaporation sys-
tems for separating water from EtOH resulted in increased separa-
tion index, corroborating the importance of membrane thickness
and its effect on the process performance. The great advantage of
knife casting method is that, due to the shear stress applied to the
nascent film, the polymer chains can be oriented and this can have
a great impact on the properties and performance of resultant mem-
branes [51]. In knife casting, an adjustable film applicator was used
which resulted in a series of extremely thin membranes with far
smaller thickness (~10m) than the original gap between the appli-
cator blade and the glass plate (200m). The obtained thickness
was too low for withstanding the operational condition and also
cumbersome for handling and sample mounting. Our observations
and analysis revealed that the main culprit for the failure was the
insufficient viscosity of dope solutions to maintain the integrity of
fluid during the spreading. Accordingly, the solutions were over-
spread, resulting in membranes with thickness much lower than
expected. This was coincided, considering the relatively low evapo-
ration rate of DMF, which provided extended time for fluid relax-
ation during the drying stage till total solidification. Even, neither
promoting the applicator gap to 400m, nor increasing the poly-
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mer concentration in dope solution resulted in tangible improve-
ments in the thickness of ultimate membranes. Despite the efforts,
it was concluded that the knife casting was not an appropriate
method for obtaining membranes with desired thickness.

On the other hand, by using solution casting of membranes in
a petri dish, membranes with desired thickness and mechanical
stability were obtained. This was actually made possible due to the
confined area provided by the edges that could sustain the solu-
tion integrity. The ultimate thickness of the membranes was con-
trolled based on the calculations on the amount of solvent loss
and the left-over polymer. Therefore, all the membranes for this
research were fabricated following the solution casting method.
The average thickness of all the membranes was in the range of
~70±5m.
2. Examination of Physical Characteristics of Membranes

Based on the observations, all the membranes were transparent
and exhibited limited, but yet enough, degree of flexural stability.
Also, the surface of all the membranes was evenly flat. It was noted
that heat treatment of membranes reduced the flexibility and im-
parted brittleness instead. The brittleness increased upon increase
in the heat treatment temperature and duration. This was similar
to the findings by Kamarudin et al., who reported that increasing
the treatment temperature changed the pore structures and the
tensile strength of membranes [52]. Heat treatment had no effect
on the membrane thickness, samples transformed from transpar-
ent into opaque. The white color also tuned slightly into yellow-
ish. According to the prior reports, the color change in polymeric
membranes after thermal treatment can be attributed to the changes
in the molecular orientation as well as the electron density for ab-
sorption of light [45]. Lastly, membranes exhibited good mechani-
cal stability based on the observations and comparisons made before
and after the pervaporation tests at different conditions.

3. Morphological Analysis of Membranes
The surface and cross-sectional SEM images demonstrating the

morphology and microstructure of pristine and heat treated PAN
membranes are shown in Fig. 3. Observation of the surface mor-
phology of membranes indicated formation of a relatively rough
texture with some flaws in the case of pristine PAN. However, heat
treatment could obviously change the surface texture to more
smooth and uniform texture. This transformation was more severe
for the samples heat treated at higher temperatures of 85 oC and
115 oC. A similar trend could be seen in the transformation of the
cross-sectional morphology of the membranes. While many wavy
paths existed in the cross-section of pristine PAN, these patterns
started to disappear gradually upon combined effects of heat treat-
ment and rise in the treatment temperature. The morphological
transformations in the microstructure of membranes are consis-
tent with previous reports [53,54] and can be explained by focus-
ing on the relationship between the temperature and sensitivity of
polymer macromolecules with respect to Tg. In fact, heat treat-
ment below the glass transition temperature of PAN increased the
entropy of polymer chains, but this was limited only to vibrational
motion. Despite its negligible effects, vibrational motions in long
course of thermal treatment can lead to the possible release of free
volumes and promote chain packing. The situation is completely
different for the membrane heat treated at 100 oC and 115 oC which
is above the Tg of PAN due to the active contributions of rotational
and translational motion of polymer chains. In fact, the effect of
the latter two motions is far more and incomparable to the vibra-
tional motions and thus can bring about extensive changes to the
microstructure of membranes [55,56]. Even there was almost 20 oC
difference between Tg for the sample treated at 115 oC at which poly-
mer chains experienced larger amount of rotational and transla-
tional motions, which led to the removal of extensive free volumes

Fig. 3. Surface (upper row) and cross-sectional (lower row) SEM micrographs of pristine and heat treated PAN membranes at different tem-
peratures: (a) Pristine PAN, (b) 85 oC, (c) 100 oC, and (d) 115 oC.
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and release of stresses from the entire structure. Natural cooling of
the sample over an extended period of time also provided enough
time for the polymer chains to orient themselves in such a way that
the interspaces of chains were being filled in a more ordered way
during transition from high temperature to the normal state and
contributed to more compaction.
4. Sorption Properties of Membranes

The governing mechanism for the transport of species in per-
vaporation follows the solution-diffusion theory by which the com-
ponents are being sorbed into the membrane and then diffusing.
The separation is achieved based on the relative rates of sorption
and diffusion. Sorption is regulated by the affinity of membrane
material toward each individual component and on account of its
importance, it was investigated in this study to unravel its role. Fig.
4 shows the sorption results for all the membranes plotted sepa-
rately for water and EtOH solution containing 10 wt% water. It

Fig. 4. Sorption properties of PAN membranes and those heat treated
at different temperatures.

Fig. 5. Schematic representation of the sorption of pristine and heat treated PAN membranes toward water and EtOH governed by the size
of molecules as well as the population and state of free volumes within different membrane structures.

can be seen that pristine PAN membrane exhibited a high water
sorption capacity of ~23.2 wt%. Considering the water contact angle
of 65o for PAN, this large amount of water sorption can be attributed
mainly to its hydrophilicity by the presence of carbonyl functional
groups with affinity toward the water molecules [57]. However,
the sorption capacity of the same sample toward the EtOH solu-
tion was only ~13.4 wt%. Since the EtOH solution was composed
of 10 wt% water, it is likely that a major portion of this sorption
was contributed by water than by EtOH.

Heat treatment of the membranes at 85 oC led to increase in the
water sorption, though increase in sorption of EtOH solution was
negligible. However, the trend reversed and sorption values started
to decline for the membranes heat treated at 100 oC and 115 oC
and reached to 16.6 wt% and 15.9 wt% in the case of water. A sim-
ilar declining effect was seen with regards to the EtOH solution.
The amount of sorption was further lower for the sample treated
at 115 oC. Accordingly, the least EtOH sorption value of 6.0 wt%
was recorded for sample F4.

These findings correspond well with the morphological obser-
vations and can be explained using the same concept. Drop in the
sorption capacity of the membranes at temperatures above the glass
transition temperature can be ascribed to the rearrangement of the
polymer chains due to the rotational and translational motion of
polymer chains and their relaxation during cooling that led to the
loss of large degree of free volumes. In fact, free volumes are the
key active sites for the sorption of molecules and reduction in their
population translates directly to the sorption loss. The higher the
temperature, the more compact was the microstructure of the mod-
ified membrane [58,59]. From another aspect, the essential step for
the penetration of molecules into the structure of membranes is
the swelling phenomenon. Basically, there is a much larger energy
barrier for a more compact structure to undergo swelling than a
loose structure. Swelling worked effectively in the case of heat treated
membranes at below Tg since the vibrational motions enhanced
the amount and size of free volumes and thus water sorption was
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increased. Though the changes were not enough to change the sorp-
tion of EtOH, considering the times a larger size of EtOH com-
pared to that of water molecules. This was well in contrast to the
case of heat treated sample above Tg for which the swelling of the
matrix as a key prerequisite for sorption was hampered by the high
degree of chain packing and well ordered polymer entanglements.

The overall important finding is that the sorption of all mem-
branes toward water molecules was considerably larger than that
of EtOH, which is very advantageous for the separation performance
of the membranes for this application by preferential transport of
water molecules that those of EtOH. Fig. 5 provides a schematic
representation of this concept. These combined parameters resulted
in the occurrence of a large difference between the sorption values
of sample F4 toward water and EtOH. Further details are discussed
in the next sections.
5. Performance of Pristine PAN Membranes and the Effect of
Operational Temperature

Separation performance was first evaluated in the case of pris-
tine PAN membranes. The feed flow rate was set to 8 L·min1 and
the operational temperature varied between 30 oC to 70 oC. Fig. 6
shows the trend of changes in permeate flux and separation factor
at different operational temperatures. The obtained values for the
permeate flux and separation factor were 522 g·m2h1 and 8.6,
respectively, for operation at 30 oC. Upon increase in operational
temperature to 50 oC, the permeate flux increased by about 60%.
But an exponential improvement in flux was noted upon further
increase in operational temperature and reached to the maximum
value of 3,579 g·m2h1 at 70 oC. This is almost seven times of oper-
ation at 30 oC. On the other hand by following an opposite trend,
the separation factor declined upon increase in operational tem-
perature and reached to as low as 2.25 at 70 oC.

The important conclusion from the findings is the presence of
an inverse relationship between the two crucial parameters of flux
and separation factor. This enables deliberate selection of opera-
tional temperature depending on process requirements. The rise in
permeate flux can mainly be attributed to the accelerated driving
force for permeation since the vapor pressure of species are essen-
tially elevated at higher temperatures [60]. For instance, the vapor
pressure of water at 70 oC (310.6 mbar) is almost 7.3 times than that

Fig. 6. Flux and separation factor for the pristine PAN membrane
(F1) at different operational temperatures (Feed: EtOH solu-
tion containing 10 wt% water).

Fig. 7. The Arrhenius plot on dependence of water and ethanol flux
versus temperature.

Fig. 8. PSI for the pristine PAN membrane (F1) at different opera-
tional temperatures (Feed: EtOH solution containing 10 wt%
water).

at 30 oC (42.4 mbar). In addition, the flux in pervaporation relies
on the transport of molecules in their vapor phase than in their liq-
uid form, which requires less energy to take place, especially con-
sidering the vacuum applied at the downstream. Another aspect
that needs to be taken into account is that in a steady state process,
the temperature of membrane matrix is equilibrated with the feed
after few minutes of operation. At a higher temperature, the ther-
mal motion and entropic activity of macromolecules present within
the membrane matrix are adjusted and this facilitates the trans-
port of species by both sorption and diffusion due to the presence
of the larger free volumes aided by enhanced swelling [61,62]. Conse-
quently, more EtOH molecules find the opportunity to permeate
along with the water molecules which leads to the drop in separa-
tion factor.

Besides the role of hydrophilicity, higher sorption of water mol-
ecules, as well as diffusion due to its smaller size, the preferential
and selective transport of water molecules compared to EtOH can
be explained by the analysis of the activation energy of water (21.5
kJ·mol1) and EtOH (48.8 kJ·mol1). These values were calculated
from the plot of ln J versus 1/T as shown in Fig. 7 and indicate
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that the energy required for the transport of water molecules is less
than that of EtOH. It should be highlighted that although the trend
observed in separation factor is in good agreement with observa-
tions in other studies, some exceptions have also been reported
[61-63]. This signifies the interplay of other factors, such as mem-
brane material, that should be taken into account.

To gain insight over the overall performance of membranes, PSI
values reflecting the integrated contributions of flux and separa-
tion factor were calculated and plotted in Fig. 8. It can be seen that
PSI first increased and then decreased upon increase in the opera-
tional temperature. The maximum PSI belonged to operation at
50 oC with the value of 5,564.0g·m2h1, which represents the opti-
mum condition in terms for separation performance for EtOH de-
hydration.
6. Performance of Heat Treated Membranes and the Effect of
Treatment and Operational Temperatures

Performance of heat treated membranes was investigated at two
different operational temperatures of 30 oC and 55 oC. Similar to
the pristine membranes, the feed flow rate was set to 8 L·min1.
Fig. 9(a) shows the trend of changes in permeate flux and separa-
tion factor for the investigated membranes. Considering operation
at 30 oC, while the permeate flux for the pristine PAN membranes
was 522 g·m2h1, application of heat treatment led to reduction in
the permeate flux. The higher the heat treatment temperature, the
lower the permeate flux of the resultant membrane was following
the order of F4<F3<F2<F1. Accordingly, the permeate flux for the
sample heat treated at 115 oC (F4) was as low as 70 g·m2h1. A
similar trend was observed for operation at 55 oC though the per-
meate flux was essentially higher than that of 30 oC. As explained
previously, decline in the flux can be attributed to the more com-
pact chain packing and presence of less free volumes in the struc-
ture of heat treated samples. In a good agreement with sorption
results, the effect of compaction was stronger in heat treated at
higher temperature and this hampered the transport of species
through the membrane.

An interesting point was that the drop in permeate flux upon
heat treatment for operation at 55 oC was less than that of opera-
tion at 30 oC. Permeate flux for the sample heat treated at 115 oC

(F4) was 348 g·m2h1, which is only three times less than that of
pristine PAN membrane, whereas this drop was ~7.5 times for
operation at 30 oC. This translates to the fact that the diminishing
effect of heat treatment could be compensated, to a large extent, by
adjusting the operational temperature to a higher value. This may
be related to the increased motion of polymer chains that could
enhance the sorption and overcome the energy barrier for the trans-
port of species. This is well supported by other investigations [53,
54,64].

Fig. 9(b) shows the effect of heat treatment on the separation
factor of membranes. As anticipated, application of heat treatment
was effective in improving the separation factor of membranes.
Interestingly, the extent of changes was beyond expectation and
increased considerably for the heat treated sample at 115 oC (F4)
for both operational temperatures. Although the impact was higher
for operation at 55 oC and led to the maximum separation factor
of 441.0 among all the membranes, the corresponding value for
the same membrane operated at 30 oC was only 119.5. This is again

Fig. 9. Changes in (a) flux and (b) separation factor for the heat treated PAN membranes at different operational temperatures (Feed: Etha-
nol aqueous solution containing 10 wt water).

Fig. 10. Changes in PSI for the heat treated PAN membranes at dif-
ferent operational temperatures (Feed: EtOH solution con-
taining 10 wt% water).
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a consequence of the formation of tighter structure in the mem-
branes upon heat treatment by providing a more controlled and
selective transport based on solution-diffusion mechanism [50,65].

Another interesting consequence of heat treatment on the per-
formance was seen in PSI trends. As shown in Fig. 10, the com-
peting effect of flux and separation factor ended up in an eventual
increase in PSI upon application of heat treatment. The effect was
further extended by increase in the treatment temperature. The
highest PSI was recorded for sample F4 with values of 30.8 kg·
m2h1 and 41.3kg·m2h1 for operations at 30 oC and 55 oC, respec-
tively. These values were 5.6 and 7.5 times larger that than of pris-
tine PAN membrane, respectively. These results further confirmed
the successful implementation of adopted strategies of combining
heat treatment and operational temperatures as an effective means
for enhancing the properties and performance of developed mem-
branes for efficient EtOH dehydration. Table 2 and Fig. 11 show
the significance and state of performance for the developed mem-
branes in the present study with respect to the comparable mem-
branes available in the literature [66-70].

CONCLUSIONS

Membranes were developed from PAN for pervaporation dehy-

dration of EtOH. Knife casting was not effective for membrane fab-
rication, but solution casting worked well and offered defect-free
membranes with desirable thickness and morphology. Heat treat-
ment of membranes with respect to Tg and variation in operational
temperature were examined as potential strategies for enhancing
the properties and performance of membranes. Both surface and
cross sectional morphologies of membranes were affected upon
heat treatment. Despite slight increase in water sorption of mem-
branes heat treated at 85 oC, almost no change was noted in their
sorption toward EtOH. On the other hand, heat treatment above
Tg led to drop in sorption of membranes toward both components.
The higher the treatment temperature, the larger was the drop in
sorption. This was explained considering formation of a more com-
pact structure, severe chain packing as well as the effects of sorp-
tion and diffusion and by taking into account the three times
larger size of EtOH molecule than that of water. It was found by
examination of pristine PAN membranes that increase in opera-
tional temperature was a useful means for adjusting the permeate
flux and separation factor considering their opposite trends. The
maximum PSI value for the pristine PAN membrane of 5,564.0
g·m2h1 occurred for operation at 50 oC. Also, application of heat
treatment led to drop in flux and increase in separation factor.
These effects were extended by further increase in heat treatment
temperature. The overall effect of heat treatment was positive and
led to the enhancement of PSI as high as 41.3 kg·m2h1 for the
sample heat treated at 115 oC and operated at 55 oC equivalent to
7.5 times improvement compared to the pristine PAN membrane.
This study clearly demonstrates successful identification of promi-
nent parameters and implementation of facile strategies for tuning
the characteristics and performance of membranes derived from
PAN for efficient dehydration of EtOH in pervaporation process.
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