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ABSTRACT

For a few decades, pervaporation (PV) has been considered as an energy saving, environ-
mentally friendly and cost effective separation technique which separates close boiling point,
azeotropic and thermally sensitive components. It is clearly well known that the PV has sig-
nificant advantages in azeotropic mixtures separation where distillation needs an entrain sol-
vent which must be removed in the following steps. The most important part of PV is the
selection of the appropriate membrane. The inadequate selectivity and low flux values lim-
ited the expansion of this process. It is always assumed that efficient pervaporation means a
membrane with good permeability and selectivity. In this work, sodium alginate (NaAlg)
was used as the membrane material. Pristine NaAlg and zeolite 4A filled NaAlg mixed
matrix membranes (MMMs) have been prepared by solution casting evaporation and cross-
linking method. Phosphoric acid (PA) was used as the cross-linking agent. The morphologies
of the membranes were studied using scanning electron microscopy (SEM), Thermogravimet-
ric analysis (TGA) and Fourier transform infrared spectrophotometer (FTIR). Pervaporation
performance of all membranes have been tested for dehydration of aqueous ethanol feed
mixtures at 25°C. The effects of zeolite loading and feed composition have been investigated.
With the adding of zeolite to the polymer, flux values increased. However, selectivity values
decrease unexpectedly because of the interfacial voids which were formed between zeolite
and the polymer. With increasing water content in the feed mixture, flux increased but selec-
tivity decreased as expected.
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1. Introduction

Pervaporation is an energy intensive membrane
technology which has great potential to separate close
boiling point, azeotropic and thermally sensitive
compounds [1-3]. For several years, it has been
promising to be an alternative cost effective system
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for the treatment of volatile organic compounds. It is
well known that over 200 plants established for alco-
hol dehydration processes [2-6]. PV is available in the
following areas; dehydration of organic solvents (acid,
esters, alcohols), removal of dilute organic compo-
nents from aqueous stream (aroma recovery, VOC
recovery, biofuel separation) and organic-organic
mixture separation [1,7-9]. In PV, the driving force is
the concentration gradient which is maintained by
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vacuum or purge gases [10,11]. Vacuum PV which is
called as standard PV has been shown in Fig. 1.

A vacuum PV system (Fig. 1) simply consists of a
feed tank, membrane cell, vacuum and feed pump
and cold traps. The mixture which will be separated
is kept at a desired temperature. It is circulated to the
membrane cell and contacts with non-porous mem-
brane at the upstream side of it. One of the com-
pounds is preferentially removed from the mixture
due to the affinity of the membrane. The compound
which is selected by the membrane diffuses through
the membrane. The diffusion character of the mem-
brane depends on the concentration gradient and dif-
fusion rates difference between components. Vacuum
pressure which is provided by the pump, maintains
the driving force. The downstream pressure which is
held below the saturation pressure of the selected
compound leads to a phase change during the trans-
port. The vapor phase which is called as the permeate
is obtained as the liquid phase into the traps. The
retentate is recycled to the feed tank.

The pervaporation efficiency is not only based on
the operational variables (temperature, pressure, etc.)
but also depends on the membrane selectivity and
productivity. The physicochemical structure of the
membrane is directly related to the performance of
PV. It is controlled by the physical structure of the
membrane, polarity and physicochemical properties of
the mixture, component-membrane and component-
component interaction, membrane affinity, and the
hydrogen bonding ability [1,12].

Separation via a non-porous membrane is mainly
determined and explained by the solution-diffusion
model [1,12,13]. Sorption depends on the hydrogen
bonding interest of water in the active channels and
the diffusion depends on structural parameters such
as channel distribution and diameters. During the
membrane separation process, the solvent which inter-

Ratentate

Fig. 1. A basic vacuum PV system.

acts inside changes the physical and chemical stability
of the membrane material. It is important to the select
an appropriate membrane in order to overcome stabil-
ity problem and to increase membrane flux and selec-
tivity [13].

In PV, polymers are often used as membrane
materials due to the cheapness and modification abil-
ity. However, the organic chain structure could be
easily destroyed by temperature or the chemical prop-
erties of the mixtures during the long term operation
time [14,15]. Inorganic membranes are mechanically,
thermally and chemically durable with respect to the
polymeric material but these materials (zeolite, clay)
are brittle thereby it is hard to product them as
membrane form [12,15-17]. Inorganic filled polymeric
membrane, (mixed matrix membrane, MMM) has
been combined with the positive sides of polymeric
and inorganic membranes. It has good thermal and
chemical stability and mechanical strength and it is
easy to operate them as a PV membrane [12,18].

Sodium alginate is a kind of polysaccharide which
is found in brown seaweed. It consists of anionic and
cationic organic groups hence it exhibits high affinity
to water molecules. Recently NaAlg has been used as
membrane material. Because of the high swelling
character of NaAlg, especially in the case of alcohol
dehydration process, it needs some modification such
as cross-linking, blending, grafting and adding some
inorganic filler [19-23].

In this study, pristine and 4A zeolite filled MMM
have been prepared. All membranes have been cross-
linked with phosphoric acid. Pervaporation experi-
ments have been carried out at 25°C to separate
water from aqueous alcohol feed mixtures. Effects of
feed concentration and zeolite loading have been
evaluated as a function of flux and selectivity. Mem-
brane morphologies have been studied using scan-
ning electron microscopy (SEM), thermal stabilities of
the filled and unfilled membranes have been investi-
gated using the thermogravimetric analysis (TGA)
and the characteristic chemical bonds of cross-linked
and uncross-linked membranes have been determined
by the Fourier transform infrared spectrophotometer
(FTIR).

2. Experimental
2.1. Materials

Sodium alginate, was purchased from Aldrich
Chemicals, 99.5% purity ethanol, isopropanol and PA
were purchased from Merck Chemicals. Deionized
water was supplied from the laboratory.
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2.2. Membrane preparation

For preparation of pristine and zeolite filled mem-
branes following steps were applied: NaAlg (1.5g)
was dissolved in 40ml water. The desired amount of
zeolite (wt. 5, 7, 10% with respect to pure polymer
weight) was added to polymer-water solution for the
loaded membranes. All solutions were stirred for 24 h,
poured onto glass petri dishes and dried at room tem-
perature. After the membranes have formed, they
were peeled off from glass petri dishes and cross-
linked for 10h in the water—isopropanol (20:80 vol.%)
and PA (vol. 3% of mixture) bath. Cross-linking proce-
dure was applied separately to all membranes. The
cross-linked membranes were taken from the bath,
washed with deionized water and then they were
dried again for 1h in vacuum oven at 40°C to remove
the solvent [21,24].

2.3. Pervaporation procedure

Experiments were carried out at room tempera-
ture. At downstream side vacuum was applied and
the pressure was measured as 40 mbar. Membrane cell
is made from PTFE (Teflon) that has 28.cm” effective
membrane area and the volume capacity of cell is
500ml. The ethanol-water mixture was fed into the
cell continuously. The permeated mixture was con-
densed in liquid nitrogen traps. Two traps were oper-
ated, one of them was replaced with another after 1h
and the sample was taken from the operated ones.
The permeate mixture was measured and the samples
were analyzed using a Refractometer (Kriiss) in order
to obtain the refractive index of the binary mixtures
[25]. The compositions of the permeate samples were
determined by the refractive index.

The flux (J) was calculated from the weight of
the permeate (W), the effective area of membrane
(A) and the experiment time period (f) as seen in
Eq. (1.

J=Wo/At (1)

The water selectivity (o) values of the samples
were calculated in following equation:

%= (Pu/P)/ (Fu/F.) 2)

P, and F,, are the weight % of water in the perme-
ate and the feed, respectively. P. and F. are the
weight % of ethanol in the permeate and feed mix-
tures, respectively [26,27].

2.3. Membrane characterization
2.3.1. Scanning electron microscope (SEM)

SEM of the membranes was taken with a JEOL
JSM-6,335 F “field emission scanning electron” micro-
scope. The membrane samples were broken in liquid
nitrogen and their surface was covered with gold.

2.3.2. Thermogravimetric analysis (TGA)

The thermal stability of the membranes was deter-
mined by using Perkin—-Elmer PYRIS 1 TGA. The sam-
ples were heated, under nitrogen atmosphere, up to
150°C and kept at this temperature for half an hour to
the remove moisture completely. The samples were
cooled down to 80°C and then re-heated up to 900°C
with a heating rate of 10°C/min.

2.3.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded for membranes and
heteropoly acid salt using Perkin—-Elmer Pyris 1 FTIR
spectrophotometer. Membrane samples were prepared
by making KBr pellets.

3. Results and discussion
3.1. SEM studies

Fig. 2a and b shows the SEM micrograph of
10wt.% zeolite filled NaAlg membrane. Interfacial
voids between the polymer and zeolite are clearly
seen in figures.

3.2. TGA studies

The TGA curves of pristine and loaded NaAlg
membranes are shown in Fig. 3. It is seen that the
weight loss occurs above 180°C for all membranes. M
curve shows that the pristine membrane has a second
decomposition point around 440°C.

Fig. 3 indicates that the incorporation of 4A zeolite
into the NaAlg membrane improves the thermal sta-
bility since no decomposition occurs in the curves of
M5, M7, M10. According to this observation, it is
clearly predicted that the use of 4A filled NaAlg mem-
branes is applicable at high temperatures in PV exper-
iments.

3.3. FTIR studies

The FTIR spectra of the cross-linked and uncross-
linked NaAlg membrane have been shown in Fig. 4.
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Fig. 3. TGA curves of membranes (M: Pristine, M5: 5wt.% 4A, M7: 7wt.% 4A, M10: 10wt.% 4A filled NaAlg).

Characteristic peaks of the hydroxyl group in NaAlg
were seen around 3,450-3,430 cm ™', The prominent
peaks observed around 1,600-1,650 and 1,400-
1,420cm ™" correspond to asymmetric and symmetric
stretching of carboxyl groups of NaAlg.

The peaks which were observed around 1,720 cm™
may be assigned to new -OC-O-P bonds which had
been formed between hydroxyl groups of PA and ace-

tate groups of NaAlg [21].

1

3.4. Pervaporation results
3.4.1. Effect of feed concentration

Figs. 5 and 6 show the effect of water concentra-
tion on flux and selectivity.

As seen in Fig. 5, flux increases with increasing
water concentration in the feed mixture. Carboxyl
groups of NaAlg make strong hydrogen bond with
water therefore the nature of NaAlg allows the water



F.U. Nigiz and N.D. Hilmioglu | Desalination and Water Treatment 51 (2013) 637-643 641

211 \ /\\
52 NaAlg-1 \f\\ "\ TT\
wn ) Vv N\
| m T
1409 M8\
1602 “’\ p
1125\ 7o
|
/‘\‘ &% 812
\ o
%T N\ { 1026
'\ 62 \'\
\ /s \
\\ ;’N NaAlg-2 \ /\ \
\ ;': 31 \. J'I Ik \ ."/ I\,‘
L / \ { " [ ! \ N\
\\/ lll]] J'[ || N I.'\/.: \
. . \ | nz4 [1 ]
362 \ ,l ¥ | J.' 889 1__f"\\
! '.‘l \ {
||'|| I | n 7Y 8l \
\ | 1407 s |
\/ | o
| | /
1594 \/
\/
200 %00 300 200 40 2000 1300 1600 1400 1200 1000 00 6500

cm-

Fig. 4. FTIR spectra of cross-linked (NaAlg-1) and uncross-linked (NaAlg-2) membranes.

transport through the membrane. However this ability
gives a high swelling character to the membrane.
Separation via the PV particularly depends on the
difference in the diffusion rates between the compo-
nents. For the molecular level separation, the kinetic
diameters of components are important. Water mole-
cules have smaller diameter than ethanol molecules
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Fig. 5. Effect of water content on flux (M: Pristine, M5:
5wt.% 4A, M7: 7wt.% 4A, M10: 10 wt.% 4A filled NaAlg).

hence the diffusion rates of water are higher than that
of the ethanol molecule into a non-porous polymeric
material. Swollen channels of the polymer prevent this
selective diffusion character of the membrane and
allow the transportation of ethanol molecules through
the membrane easily. Therefore selectivity of the
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Fig. 6. Effect of water content on selectivity (M: Pristine,
M5: 5wt % 4A, M7: 7wt % 4A, M10: 10wt.% 4A filled
NaAlg).
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membrane decreases with increasing water content in
the feed mixture as seen in Fig. 6 [25,26].

3.4.2. Effect of zeolite loading

Fig. 7 shows the flux values which were affected
positively by the zeolite filling due to the hydrophilic
nature of 4A. Na form of hydrophilic zeolite has
strong water retention capability. Herewith this capac-
ity, flux values increased with increasing amounts of
zeolites [16,21,22].

It was mostly seen in literature that incorporation
of zeolite into the polymer matrix improved the selec-
tivity values. Contrary to the literature survey, in this
study, selectivity values were negatively affected by
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Fig. 7. Effect of zeolite loading on flux.
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Fig. 8. Effect of zeolite loading on selectivity.

the zeolite loading as seen in Fig. 8. The reason for
this case would be explained with the inorganic—
organic interfacial adhesion problem. Particularly,
during the evaporation of zeolite—-polymer solution a
huge stress would occur between the contact areas of
the polymer—zeolite and non-selective voids would be
formed [28-31]. In this study, interfacial voids were
clearly seen in cross-sectional SEM micrograph as seen
in Fig. 2a and b.

Additionally, the selectivity reduction may be
explained by the effect of the ordering the cross-linking
and zeolite filling procedures. This would happen
because of the cross-linking procedure which was
applied after zeolite loading. Activation of cross-linking
reaction between the hydroxyl groups of PA and the
acetate groups of NaAlg might be blocked by the zeolite
particles. Hence the selectivity values decreased from
55 to 40 for pristine membrane near the azeotropic
point of ethanol-water mixtures.

4. Conclusion

In this study, it was concluded that the increasing
of water content in the feed mixture enchanced the
flux values of all membranes. However, selectivity
values decreased with increasing of water concentra-
tion. Addition of zeolite into the NaAlg matrix
improved the flux values. Because of the interfacial
voids formed, selectivity values were negatively
affected. The pristine membrane gave better selectivity
results but with the adding of zeolite the selectivity
values decreased.

The present study clearly shows the availability of
sodium alginate membranes in PV process. However
it needs some improvements to increase the perfor-
mance of the system. Pervaporation offers high effi-
ciency, sensitivity, environmental friendly separation
when it is compared to other processes. Production of
the membrane which has high chemical, thermal and
mechanical stability will carry more advanced level
this technology.
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