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Abstract: The present study focuses on the development of mixed matrix
membranes of poly(vinyl alcohol) (PVA) mixed with MCM-41 mesoporous silica,
with different loading from 2-10 wt. % with respect to the polymer and on their
use for the dehydration of isopropanol by pervaporation (PV) at the azeotropic
point, from aqueous mixtures of 12.3 wt.% water, at 30°C. The membranes were
crosslinked with tetraethyl ortho silicate (TEOS) and the ion exchange capacity
(IEC) was determined. The membranes were analyzed by Fourier-Transform
Infrared Spectroscopy (FTIR) to confirm the crosslinking occurrence. The
morphology of the membranes was studied by scanning electron microscopy
(SEM). The extent of interaction and degree of sorption were measured by
sorption studies. PV results showed that the flux and selectivity were enhanced
with increasing loading of MCM-41 particles in the PVA matrix, due to increasing
of PVA membrane hydrophilicity. In the case of mixed matrix membrane
containing 10 wt. % of MCM-41, the selectivity for water was 1430 and a flux of
0.356 kg cm™h™' was achieved, due to joint effects of molecular adhesion between
mesoporous material particle surfaces and PVA matrix. Higher selectivity value
found for mixed matrix membranes in comparison with the plain PVA membrane.
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Introduction

The separation procedures are to a great degree utilized for
contaminant removal from raw materials, primary product recovery in the
chemical industries production and contaminant elimination from effluent
water and air streams. In the membrane-based separation processes, the
separation of the components from a liquid or a gas mixture takes place on
the basis of their respective permeation rates through the membrane
material. In the recent years, the membranes and membrane processes
gained a very important role in the industrial production of substantial
technical significance, being involved in a wide range of applications, as
producing potable water from seawater, industrial effluent water treatment,
hydrogen recovery from off-gases or to fractionate, advanced concentration
and purification of solutions in the pharmaceutical and chemical industry.
Membranes became key elements in artificial kidneys and controlled drug
delivery systems. Pervaporation is a newer technique used to separate the
mixtures, a very economical and effective technique for the separation of
water from organic solvents and different solvents. This technique has been
emerged as a novel liquid separation process in the recent years, which may
eventually compete the conventional distillation for the final dehydration
stages of organic-organic liquid mixtures, removal of dissolved organic
contaminants from aqueous streams, ethanol production and continuous
removal of bio-solvents with inhibitory effects on the production rate from
fermentation broths.'

In the recent years, PV has been extensively used commercially for
dehydrating  alcohols  using  high  permselective  poly(vinyl
alcohol)/polyacrylonitrile (PVA/PAN) film composite membranes with

commercial name of GFT. In the recent years, many researchers attempted
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to develop new generations of membranes for organics dehydration.” The
development of a suitable polymer membrane is the key to success in PV
dehydration, bringing high selectivity, flux, stability and mechanical
strength to withstand the operating conditions.® However, scrutinizing these
parameters is a difficult task. Recently, research interests moved from the
use of simple membranes® to developing compatible filler-reinforced
mixed matrix membranes, in which nano-sized inorganic fillers have been
included.”" The performance of the membrane exclusively depends on the
level of filler particles dispersion in the polymer matrix, filler loading,
matrix/filler adhesion, in addition to their physico-chemical
characteristics.'””” However, the mechanical strength of such membranes
depends on the compatibility between fillers and polymers, usually prepared
by in situ mixing of fillers along with cross-linking agent to cast the
membranes.”’

In continuation of our previous research work,”” we now extend the
expansion of nanocomposite membranes of PVA filled with PAN-coated
Ti0,, as well as TiO, nanoparticles for PV dehydration of aqueous mixtures
of tetrahydrofuran (THF) and 1,4-dioxane. The PV dehydration of
1,4-dioxane and tetrahydrofuran have also been studied before.”*'"” In the
present research work, we explore the possible utilization of PVA-PAN-
coated TiO, nanocomposite membranes® for PV dehydration of 14-
dioxane and THF. We have widely studied and reported these membranes in
our earlier report.”

The purpose of this study to find a strategy for achieving parallel
enhancement of flux and selectivity and thus the establishment of the
methodology for the fabrication of mixed matrix pervaporation membrane
and process development. PVA-MCM-41 mixed matric membranes were
prepared and characterized by FTIR, SEM, DSC and TGA techniques. The
effects of MCM-41 particle content on pervaporation properties of the
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adsorbent membranes for the separation of isopropanol/water mixture at
azeotropic composition were systematically studied. The reversal of tradeoff

effect was actually found and tentatively elucidated.

Experimental

Materials and methods

Poly(vinyl alcohol) with molecular weight 125 000 and hydrochloric
acid was purchased from s.d. Fine chemicals, India. Tetra ethyl orthosilicate
(TEOS) (98 % pure) was purchased from Acros Organics, India. Deionized
water, with conductivity of 5.5 uS/cm, was obtained in the laboratory using
a double distillation unit. All reagents used for the work are used without

further purification.

Particle size measurement of MCM-41

The particle size of completely dried MCM-41 was measured by
Zetasizer (Model 3000HS, Malvern, U.K), by wet sample technique using a
sample adapter. Particles were dispersed in water, placed on cuvette holder
and zeta average diameter was measured. Soon after completion of the
measurement, the sample cuvette was washed thoroughly to avoid
contamination. Particle size was analysed in triplicate and the average value

was taken in data analysis.

Membrane fabrication

VA TEOS Hybrid membrane

6 g of PVA was dissolved in 80 mL of double distilled water at
60°C. In the PVA solution, 2 wt. % of TEOS referring to weight of PVA
(0.12 g of TEOS) was poured, then 1 mL of HCI was added as a hydrolysis-

condensation. The reaction mixture was stirred for 12h at 60°C. A sol-gel
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type reaction occurred. The final mixture was cast onto a glass plate, dried

at room temperature and once dried peeled off from the glass plate.

Mixed Matrix membrane

For the preparation of MCM-41 containing membranes, the
corresponding amounts of MCM-41 mesoporous silica, to form 2, 4, 6, 8
and 10 wt % with respect to total weight of the polymer were added to the
prepared crosslinked slurry of PVA (the hybrid PVA TEOS solution
prepared as described in section 2.3.1). Prior to be used in the mixture
above, the MCM-4 was preconditioned by drying in vacuum oven at 250°C,
dispersed in 5 mL of water and sonicated (sonicator model VC 50, Sonics &
Materials Inc.) for 2 h. The resultant mixture was stirred for 5 h to get
homogeneous slurry, casted as membranes by pouring onto a clean and dry
glass plate, dried, peeled off and stored properly. The mixed matrix
membranes were labeled as PVA-MCM-41/2, PVA-MCM-41/4, PVA-
MCM-41/6, PVA-MCM-41/8 and PVA-MCM-41/10, respectively,
indicating the percent content of MCM-41. The thickness of the films was
measured using a dial micrometer (AMES, model 56212). For each film, 10
measurements at different points were measured and the average thickness

was calculated (around 65 £ 0.2 um, standard deviation less than 1.5um).

Scanning electron microscopy

SEM micrographs of the pristine PVA and PVA-MCM-41/2
membranes were chosen to study the morphology. The membranes were
sputtered with gold coating to make them conductive and placed on a
copper stub. The scanning was carried out using JEOL model JSM-840A,
Japan. The thickness of the gold layer accomplished by gold sputtering was

approximately 15 nm.
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FTIR

Pristine PVA membrane and PVA-MCM-41 membranes well-
grounded with KBr to make thin pellets using a hydraulic pressure of 400-
450 kg/cm® were used to trace the FTIR spectra, using a Shimadzu FTIR

spectrophotometer.

Pervaporation experiments

The pervaporation (PV) experiments were carried out in a 100 mL
batch process reactor containing indigenously built glass manifold and
operated at vacuum (0.05 mmHg in the permeate stream). The effective
membrane area of the reactor is 20 cm” and the weight of the feed mixture
taken in the PV cell was 70 g. In the feed mixture chamber, the temperature
was kept constant by a thermostatic water jacket. Before starting the PV run,
the test membrane was equilibrated for about 3 h with the feed mixture.
After reaching the equilibrium, the permeate vapors were collected in cold
traps immersed in liquid nitrogen for up to 2 h. The permeate weight was
measured using a Mettler Balance (model B 204-S, Greifensee, Switzerland,
accuracy 10™ g)l. The weight flux of permeated liquids J (kg.m’zh'l) was
calculated as the ratio between the weight of liquids subjected to separation
W (kg) and the effective membrane area, A (m?) multiplied with the
measurement time, ¢ (h) as:

w
p (1)
The analysis of feed and permeate samples was done using Nucon Gas
Chromatograph (model 5765, Mumbai, India) equipped with a thermal
conductivity detector (7CD) and DEGS or Tenax packed column of 1/8" ID
of 2 m in length. The oven temperature was maintained constant at 70°C,

while injector and detector temperatures were 150°C. The sample injection
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volume was 1 zL. Pure hydrogen was used as the carrier gas at 0.75 kg cm™
flow. The GC response was calibrated for column and for the known
compositions of water with ethanol mixture. Calibration factors were fed
into GC software to obtain the analysis for the unknown samples. The

selectivity, « and separation index, PSI, were calculated as:

P, \(1-F,
- (Z) (5

PSI=J (a-1) 3)

where F is weight % of water in feed and P, is weight % of water in

permeate. A minimum of three independent readings on flux and o were
taken under similar conditions of temperature and feed compositions to

confirm steady-state pervaporation.

% Degree of Sorption (% DS)

The sorption or water uptake behavior of the membranes was carried
out by cutting the membranes in a 2.5 cm diameter in circular and drying
them in an oven. Once the membranes were dried, the dry membranes were
weighted on a single-pan digital microbalance (model AE 240, Mettler,
Switzerland) with an accuracy of + 0.01 mg and readings are noted down as
initial weight. These membranes were soaked inside specially designed
airtight test bottles containing 30 cm’ by volume in different water alcohol
mixture ie. 10, 20 and 30 wt. % water-containing mixtures with
isopropanol, Test bottles were transferred to oven maintained at constant
desired temperature i.e. at 30°C [22]. The soaked membranes were weighed
after 48 Hrs and are noted as final weight.

The degree of swelling DS, (%) was calculated as:
w_—W,
% DS = [“’—Oj x100 4)
WO

where W, and W, are the weights of swollen (final weight) and dry

membranes (initial weight), respectively.
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Results and Discussion

Reaction of PVA and TEOS
PVA was crosslinked with TEOS and the reaction scheme was shown in the
Scheme 1; the polycondensation reaction was carried out as explained
below.” During the fabrication of the PVA/TEOS hybrid membranes,
TEOS easily hydrolyzed in the presence of HCI, generating silanol groups.
These groups form siloxane bonds by the elimination of ethanol, with the
participation of available ethoxy groups during the reaction. This kind of

reactions led to a cohesive interaction between hydroxyl and siloxane
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Scheme 1. Reaction scheme of poly(vinyl alcohol) and tetracthoxysilane.

Scanning Electron Microscopy (SEM)
The SEM image of the pristine PVA and PVA-MCM-41/2 mixed
matrix membranes are displayed in Figure 1. The particles of MCM-41 are

scattered uniformly on the surface of PVA matrix.

Particle size and distribution Analysis (PSD)

The Particle Size Distribution analysis (PSD) estimates and provides

information about the size and range of particles of a material. The
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histogram of particle size distribution is shown in Figure 2. MCM-41
particles vary in the size between 7 and 25 um. The average particle size of

the particles found 15 um.

(b)

Figure 1. SEM images of (a) pristine PVA and (b) PVA-MCM-41/2 % .
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Figure 2. Particle size histogram of mesoporous MCM-41.

FTIR Studies
The FTIR of plain PVA and crosslinked (with TEOS) PVA
membrane are displayed in figure 3. The crosslinking reaction of TEOS

with PVA is confirmed by the FTIR spectra studies.
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Figure 3. FTIR curves of PVA before and after crosslinking.

In the region of 1000~1100 cm™, multiple bands have appeared for
plain PVA due to C-O stretching vibrations. In the case of the mixed matrix
membrane, the intensity of this peak was increased, indicating the formation
of Si-O-C bonds between linear alkyl chain (-CH,-CH-) of PVA. However,
-Si-O- stretching is also observed in the same region as that of C-O
stretching.

% Degree of Sorption

The degree of sorption measured using equation (4) suggest that the
sorption of the membrane is significant, showing its firm nature (Figure 4).
The pervaporation results are greatly influenced by membrane swelling. The
PVA-MCM-41 membranes swell less than the pristine PVA ones, mostly
probable due to the space occupied by MCM-41 particles in the polymer
matrix, which is not swelling. For PVA-MCM-41/2, a slight decrease in %
DS is observed over that of plain crosslinked PVA membrane. However, for
PVA-MCM-41/10 containing mixed matrix membrane, the DS of only 29 %

has been recorded.
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Figure 4. Degree of water sorption for the different membranes, %.
Pervaporation separation Index

Figure 5 shows the variation of PSI value calculated with relation (3)
with the amount of MCM-41 loading in the membrane. The values of PSI
increased linearly with increasing the MCM-41 content, signifying that
membranes which contain filler show higher PSI value for water—
isopropanol feed mixtures. The addition of MCM-41 particles into the PVA
membrane not only affects the membrane hydrophilicity, but its rigidity as
well. Thus, an enhanced hydrophilic-hydrophilic molecular interaction
between MCM-41 and PVA enhances significantly the diffusion of water
molecule through the mixed matrix membranes, by retaining the organic

component on the feed side.

6=
Pervaporative Separation Index

0= T T T
2 4 6 8 10

Wt % MCM-41 Loaded Membrane

Figure 5. Pervaporation separation index.
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Membrane performance

Since the transport is very sensitive to the micro level (because of
the size of the molecules from the liquids), it is interesting to explore the
interfacial fit between the inorganic and polymer phases. In addition to the
improved mechanical strength, remarkable changes have been noticed in
liquid transport phenomenon of mixed matrix membrane using MCM-41
mesoporous silica. MCM-41 is a well-known molecular sieve with a pore
diameter of 2-6.5 nm with interconnected cages that is ideally suited to the
binary liquid separation systems.

In the present PV experiments, the performance of the mixed matrix
membrane was studied with respect to flux and selectivity. The organic
component transport is hindered in the presence of large excess of water due
to their hydrophilic interactions with the membrane. As seen in Figure 6, for
the PVA membrane, the selectivity data for isopropanol-water is much
lower than those observed for the mixed matrix membranes. The selectivity
increases with the MCM-41 content for the mixed membranes, in
correlation which the increased hydrophilicity with the MCM-41 content.
The mixed PVA membranes are able to remove more than 97% of water at
the permeate side, whereas pristine PVA was successful to separate up to

96% of isopropanol.
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Figure 6. Selectivity results for the MCM-41 loaded PVA membrane.

The flux results are shown in figure 7 for a feed mixture containing
12.3 wt. % of water in isopropanol (azeotropic point) suggest that also flux
increases accordingly as increasing MCM-41 particles ratios.
The selectivity increased from 96 (plain PVA) to 1430 (PVA-MCM-41/10),
while the flux started from 0.1, (PVA) to 0.382 kg/m* h (PVA-MCM-
41/10). This kind of increment in membrane performance clearly shows the
preferential interaction of water molecules with the filled matrix
membranes.
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Figure 7. Total Flux with respect to MCM-41 loaded PVA membrane.
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Conclusions

In order to improve the membrane performance, the present research
focuses on the improvement in the membrane performance in terms of flux
and selectivity. The fillers like MCM-41 mesoporous material can improve
the separation properties of membranes, provided that the suitable
combinations of polymer and mesoporous material are chosen. The mixed
matrix membranes considered here were successful in PV dehydration of
isopropanol from an azeotropic mixture with water. Even the incorporation
of 2% of MCM-41 mesoporous material particles into PVA matrix has
augmented the flux and selectivity to water as compared to pristine PVA
membrane, while 10% MCM increased almost four times the flux and
almost 15 times the selectivity. This behavior is due to the hydrophilic
nature of MCM-41, acting in synergy with the hydrophilic PVA polymer.
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