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a b s t r a c t

Fatty acid esters are useful functional molecules in pharmaceutical, cosmetic and lubricant industries. The
conversion of esters may be enhanced by continuous removal of the water produced during the esterifica-
tion process which is a reversible reaction. Non-porous hydrophilic pervaporation membranes have the
ability to remove water using milder conditions compared to conventional technologies. The potential
of pervaporation driven by temperature gradient has been investigated in this study for esterification of
oleic acid, a long chain (C18) fatty acid, with methanol. Composite polyvinyl alcohol (PVA) membrane was
cast on polyether sulfone (PES) ultraporous substrate in view of its feasibility for scale-up in the form of
plate and frame modules. Characterization of the membrane was carried out by measuring the thickness
of membrane layers, scanning electron microscopy (SEM) studies, thermogravimetric analysis (TGA) and
tensile strength testing before and after esterification experiments. The swelling studies of the composite
membrane were also carried out in binary mixtures of methanol and water. The water removing effi-
ciency of the membrane was evaluated in terms of flux and separation factor when methanol was spiked
with 1–3 wt% water. Separation of water from methanol is a bigger challenge compared to dehydration of
higher alcohols due to the polar nature of both molecules. The performance of the same membrane was
evaluated as percentage conversion of ester during reaction between oleic acid and methanol, catalyzed
by sulfuric acid. Research thrust was to minimize the amount of the corrosive sulfuric acid without com-
promising on conversion. The reaction conditions such as reactant ratio and temperature were varied

and optimized in order to get maximum conversion of ester. Using PVA composite membrane, 99.9% con-
version of methyl ester having acid value 0.2 could be obtained using 0.3 wt% sulfuric acid at 65 ◦C. As per
international specification for biodiesel, the acid value of the ester should be below 0.5. Pervaporation
aided esterification, driven by temperature gradient eliminated the necessity of using an inert sweep
gas or vacuum on the downstream side. The % ester conversion was found to be better than the result
in the absence of pervaporation. Results observed with the indigenous membrane were comparable to

com
performance exhibited by

. Introduction

Long chain fatty acid methyl esters such as methyl oleate
re widely used in biodiesel and biolubricant industry, food and
harmaceutical formulations, plasticizers, emollients in cosmet-

cs, and as a precursor for manufacture of oleyl alcohol which is
n important ingredient in liquid detergents, pharmaceuticals and
ntifoaming agents [1–3]. Esterification of fatty acids with alcohols

n the presence of sulfuric acid catalyst is a conventional way to syn-
hesize fatty acid esters due to low cost and availability of H2SO4,
hich brings about high conversion. 90% conversion of fatty acid

ster was reported at high temperature (130 ◦C) during esterifica-

∗ Corresponding author. Tel.: +91 40 2719 3370; fax: +91 40 2719 3370.
E-mail address: vijay kale1@rediffmail.com (V. Kale).
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mercial membrane.
© 2010 Elsevier B.V. All rights reserved.

tion of palm fatty acids (containing 41% oleic acid) with ethanol
and methanol using 0.1 wt% H2SO4 [4]. The same conversion was
achieved with >2% H2SO4 at lower temperature (55 ◦C) [5]. 94%
conversion of methyl ester was reported by Chongkhong et al. [6]
using 1.8 wt% H2SO4 at 75 ◦C. Cardoso et al. [7] carried out ester-
ification of oleic acid in the presence of SnCl2·H2O catalyst where
they had shown excess addition of alcohol for 90% conversion of
fatty acid in 12 h whereas 94–95% conversion was obtained in 8 h
with 3.5 wt% H2SO4. Literatures stated above showed that 90–95%
conversion of fatty acid esters could be obtained when the reaction
is carried out either with moderately high concentration of H2SO4

catalyst or at relatively high temperature. Sulfuric acid is corrosive
in nature and forms several by-products [8], therefore, research
thrust should be on its minimal use with maximum possible con-
version. Esterification is a reversible reaction which produces water
along with the ester whose conversion can be maximized by con-

dx.doi.org/10.1016/j.cej.2010.06.005
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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inuous elimination of the produced water [9]. Several attempts
ike azeotropic distillation and dehydration using molecular sieves
ave been adopted to remove water from esterification reaction
ixture [10–12]. Lucena et al. [13] had shown that esterification of

leic acid with methanol at 100 ◦C with 1 wt% H2SO4 increased the
onversion of fatty ester from 88% to 97% when the reactor system
as attached with an adsorption column. Powdered silica gel was
sed as water adsorbent during the esterification of oleic acid with
usel oil fraction where the conversion was 97.3% [14].

Hydrophilic pervaporation (PV) membranes have the ability to
electively remove the produced water from the reactor. Perva-
oration assisted esterification of carboxylic acids with different
lcohols is widely reported. Esterification of acetic acid with
ethanol [15], 1-propanol [16], 2-propanol [17], isopropanol [18],

as been performed using commercial PVA composite membrane.
VA based commercial dehydration membrane, GFT-1005, was
pplied by Benedict et al. [19] for the solid catalyzed esterification
f lactic acid and ethanol. The same GFT membrane was applied for
he enzymatic esterification of oleic acid with i-amyl alcohol [20].
VA/ceramic composite pervaporation membrane was prepared
y Liu et al. [21] in the laboratory and applied during the esteri-
cation of acetic acid with n-butanol in the presence of Zr(SO4)2
atalyst. Cellulose acetate PV membrane was applied for the enzy-
atic esterification of the long chain (C18) oleic acid with butanol

22], whereas polyimide asymmetric PV membrane was used for
he esterification of oleic acid with ethanol in the presence of
-toluenesulfonic acid at 98 ◦C under elevated pressure [23]. Ester-

fication of oleic acid, with fusel oil (a mixture of alcohols) in the
resence of enzyme catalyst was found 92% complete only after
2 h whereas 99.8% conversion was obtained in the same time in
he presence of pervaporation [24]. More than 99% conversion of
leic acid to ethyl oleate was reported in 6 h by PV aided esteri-
cation where the authors have used asymmetric polyetherimide
PEI) membrane cast in the laboratory which exhibited high flux
ut low selectivity for water/ethanol binary system [25]. Pervapo-
ation facilitated esterification reactions reported in the literature
re associated with membranes which are either free standing
VA films or commercially available PVA membranes supported
n porous substrates other than PES. Preparation of composite PVA
embrane on polyethersulfone (PES) substrate has the prospect of

cale-up into plate and frame modules for commercial application.
ccording to Guo et al. [26] hydrophobic PES support layer will

ncrease the swelling resistance whereas highly hydrophilic PVA
urface layer will increase the permeability and selectivity. More-
ver, the adverse effects of H2SO4 used as catalyst in esterification
eaction could be overcome by using very low quantity of H2SO4
hen coupled with pervaporation. Reports on the application of

emperature gradient as driving force for PV facilitated esterifica-
ion are not available in literature and thus forms the focus of this
tudy.

With this background, our present investigation aims to fabri-
ate flat sheet composite PVA membrane on PES substrate followed
y its characterization for thermal stability by thermogravimet-
ic analysis (TGA) and determination of tensile strength in feed
olution containing sulfuric acid. Surface and cross-sectional mor-
hologies of the prepared membrane before and after reaction
ere carried out by scanning electron microscopy (SEM). The water

tability of the indigenous membrane was examined by swelling
tudies in methanol–water binary system. The membrane perfor-
ance was evaluated by estimation of water flux and separation

actor with binary mixtures of methanol and water. Separation of

ater from methanol through pervaporation membrane is a bigger

hallenge compared to dehydration of higher alcohols. The per-
ormance of the prepared membrane was also determined for the
sterification of oleic acid with methanol where sulfuric acid was
sed as catalyst. Conversion of ester was optimized by changing
g Journal 162 (2010) 609–615

the reactant ratios, catalyst concentration and temperature in a test
cell attached with the indigenously prepared flat sheet membrane.
The result was compared to the esterification reaction carried out
at optimized conditions in a round bottom flask under constant
stirring condition without PV membrane. The performance of the
indigenously synthesized membrane was compared with a com-
mercial membrane based on PVA–poly(acrylonitrile) composite.

2. Materials and methods

2.1. Reagents

Polyvinylalcohol (PVA) (MW 50,000, Tg 220 ◦C and density
1.37 g/cm3) was purchased from Loba Chemie, Mumbai, India. Non-
woven fabric was supplied by BBA Nonwovens, Walpole, Veratec,
USA, whereas polyethersulfone (PES) of MW 18,600 for preparing
the substrate was supplied by Solvay Advanced Polymers, Ohio,
USA. DMF, propionic acid and glutaraldehyde of LR grade purity
were procured from Ranbaxy, Mumbai, India. De-ionized water was
generated using a reverse osmosis unit in our laboratory. Oleic acid
(LR grade; 65% purity; acid value 195), methanol (LR grade; 99%
purity and 0.25% water content), sulfuric acid (AR grade) and Karl
Fischer reagent (pyridine free) were purchased from s. d Fine Chem.
Ltd., Mumbai, India.

2.2. Description of PV test cell

The permeation test cell was made of thick glass and heated
with an electrical heating coil wound around the cell. PV membrane
with an effective surface area of 20 cm2 was placed on a stainless
steel support plate. The PV membranes used in our experiments are,
PVA composite membrane cast in our laboratory and commercial
membrane supplied by CM-Celfa, Switzerland. Permeate side was
connected to a trap having connection to a vacuum pump. The trap
was kept in dry ice/acetone mixture for condensation of permeate
at −70 ◦C.

2.3. Analytical methods

The permeate sample collected in the trap was analyzed for
water content by Karl Fischer titration.

During reaction, the collected sample was washed repeatedly
with hot water until the pH of the water became neutral. Acetone
was added to the sample containing moisture. Acetone, methanol
and water were removed from the sample under vacuum in a
rotavapor unit. The sample was then thoroughly dried under high
vacuum and the concentration of unreacted oleic acid was deter-
mined by titrating against standardized KOH solution. The measure
of fatty acid concentration remaining in the product is indicated by
acid value which is calculated as:

acid value = (Vs − Vb) × 56.1 × N

W
(1)

where

Vs and Vb = mL of KOH consumed by sample and blank,
N = normality of KOH and
W = dry sample weight.

3. Experimental
3.1. Preparation of PVA composite membrane

Nonwoven fabric was tightly affixed onto a clean glass plate
of A4 size. 15% (w/v) PES dope in dimethylformamide (DMF) was
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repared with continuous stirring along with addition of 3% propi-
nic acid. The bubble free solution was cast onto the fabric to the
esired thickness and gelled in ice cold water bath for 10 min to
btain PES substrate of 50,000 molecular weight cut off (MWCO).
% (w/v) PVA in de-ionized (DI) water was heated with continu-
us stirring at 90 ◦C for 3–4 h to get a clear solution which was
llowed to cool down to room temperature. A crosslinker, 2% glu-
araldehyde, was added to the PVA solution and then cast on the
ES substrate using doctor’s blade. Solvent was evaporated at room
emperature followed by heating in an oven at 110 ◦C for 5–10 min.

.2. Membrane characterization

.2.1. Thermogravimetric analysis (TGA)
Thermal stability and decomposition characteristics of indige-

ous and commercial membranes were examined by Seiko
20TG/DTA analyzer from 40 to 400 ◦C temperature range at a rate
f heating 10 ◦C/min with N2 flushing.

.2.2. Mechanical properties
The mechanical properties of membrane samples were evalu-

ted by Universal Testing Machine (UTM), Shimadzu make, model
GS-10kNG, Japan. The operating load was 5 kN. The membrane
amples with 1 mm width were placed between the grips of the
esting machine with grip length 5 cm. The tensile strength was
alculated by Eq. (2)

ensile strength = max load
cross-sectional area

(N/mm2) (2)

he tensile test of wet membrane samples with same dimension
ere performed after soaking them in a solution containing oleic

cid/methanol in 1:27 mole ratio and 0.3 wt% H2SO4 for 48 h.

.2.3. Thickness of membrane layers
The thickness of the three membrane layers was measured using

itutoyo ABS Digimatic Calipers supplied by Trade Combine, Mum-
ai, India.

.2.4. Scanning electron microscopy (SEM)
The membrane samples were dried thoroughly. Their surface

nd cross-sectional morphologies were studied by SEM using
itachi S2150 microscope. The surface view of PVA composite
embrane was studied again after esterification reaction.

.2.5. Swelling studies
In order to obtain the water stability data of the composite mem-

rane, the swelling studies were performed on pre-weighed dry
embrane in methanol–water binary mixture containing 0–5 wt%
ater. The experiment was carried out in pure water as well. After

8 h soaking, the membrane samples were taken out and wiped
mmediately to record the final weight. The degree of swelling was
alculated according to the formula (3):

swelling = Wf − Wi

Wi
× 100 (3)

here Wi and Wf are initial and final weights of the membrane
amples respectively.

.3. Pervaporation experiments with methanol/water binary
ixture
Pervaporation experiments were performed on methanol mixed
ith water at 1, 2.2 and 3 wt% concentrations. 0.3 wt% H2SO4 was

dded to the binary mixture and experiments were conducted at
eflux temperature where the vapor pressure difference across the
embrane was found sufficient for permeation of water. Therefore,
g Journal 162 (2010) 609–615 611

vacuum was not applied on the permeate side in all the experi-
ments. These experiments have shown that temperature gradient
can be successfully used to enable mass transfer in pervaporation in
the absence of vacuum or inert gas which are generally used to aid
the concentration gradient. Permeate collected in the trap after 3 h
was analyzed for water content. Water separation efficiency of the
membrane was calculated on the basis of total flux and separation
factor (˛) according to the following formulae (4) and (5).

J = Q

A · t
(4)

˛ = YW/YM

XW/YM
(5)

where Q is permeate collected at time t and A is the effective mem-
brane surface area. X and Y indicate the weight fractions in the feed
and permeate respectively. W and M stand for water and methanol.
Total flux multiplied by weight fraction of water in permeate gives
the value of water flux.

3.4. Pervaporation aided esterification of oleic acid with methanol

The esterification reaction of oleic acid with methanol in the
presence of H2SO4 catalyst was carried out in the pervaporation test
cell with 73 mL feed volume under reflux temperature and in the
absence of vacuum. Ratio of membrane surface area to feed volume
was kept at 27.3 m−1. H2SO4 catalyst concentration was varied from
0.1 to 0.5 wt% of oleic acid and molar ratio of oleic acid/methanol
was maintained between 1:9 and 1:27. Effect of temperature was
also studied in the range 35–65 ◦C. The retentate samples were col-
lected intermittently and washed with water to remove sulfuric
acid and analyzed for acid value using the procedure mentioned
in 2.3. Optimization of reactant ratios, catalyst concentration and
temperature was done on the basis of acid value and % conversion
of ester calculated according to Eq. (6).

% ester conversion = Ai − Af

Ai
× 100 (6)

where Ai and Af are initial and final acid values of the collected
samples respectively.

The quantity of by-products formed during the reaction of oleic
acid and methanol due to the presence of H2SO4 was negligible as
demonstrated by the product purity. The same was also confirmed
by material balance calculations.

The results of esterification reaction using PVA composite
membrane at optimized conditions were compared to those of
esterification done without pervaporation. This reaction was car-
ried out in a round bottom flask under constant stirring condition
attached with an air condenser. A comparison was also made with
performance exhibited by another composite pervaporation mem-
brane supplied by CM-Celfa, Switzerland.

4. Results and discussions

4.1. Membrane characterization studies

4.1.1. Thermogravimetric analysis (TGA)
Thermal degradation behavior of PVA composite membrane was

compared to the PVA free film as well as to commercial composite
membrane and thermograms are displayed in Fig. 1. It was observed
that, the indigenously developed PVA composite membrane is
thermally stable up to almost 360 ◦C whereas the commercial

membrane started decomposing slowly after 300 ◦C. The indige-
nously prepared composite membrane shows improved thermal
stability possibly due to the difference in nature of substrates
used and degree of cross-linking. The PVA composite membrane
prepared in our laboratory can therefore be safely used for high
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Table 2
Thickness of different layers in indigenous PVA composite membrane.

Membrane layers Thickness (�m)
ig. 1. TGA curves of indigenous PVA composite membrane, commercial membrane,
ES support and PVA free film.

emperature applications. In our previous work [27] and as well
s in Fig. 1, it was observed that PVA free film started exhibiting
ecomposition at 250 ◦C which may be due to the loss of water
hrough decomposition of –OH groups. In case of indigenous PVA
omposite, where PVA constitutes 17% of the composite, the –OH
onds are crosslinked with the support layer and therefore need
xtra energy for breakage of the linkage as compared to the free
VA film. Fig. 1 also shows that the presence of thermally robust
ES substrate in the composite contribute to enhanced thermal sta-
ility compared to the free PVA film due to higher Tg and melting
oints of the support materials. The curve representing PES sub-
trate underlines this fact. Loss of solvent is obvious only in case of
ree standing film between the temperature range of 50–100 ◦C.

.1.2. Tensile strength
Data on the tensile strength and % elongation at break point of

VA composite membrane and commercial membrane in dry and
oaked conditions are provided in Table 1.

The indigenous membrane exhibited lower tensile strength but
etter flexibility when compared to the commercial membrane.
his observation could be attributed to different substrates used for
asting the two membranes and varying extents of cross-linking
f the selective PVA layer. The mechanical strength of both the
embranes did not reduce in dilute acidic conditions contain-

ng 0.3% H2SO4 which indicates their chemical stability in acidic
edium. After 48 h of soaking in a medium containing oleic acid and
ethanol in 1:27 molar ratio and 0.3% H2SO4, both the membranes

xhibited enhanced tensile strength. The increase in mechanical
trength may be attributed to the sorption and interaction of big-
er molecular sized fatty acid molecules with hydrophilic polar
roups present in the membrane. Under the soaking conditions
oth the membranes have displayed comparable tensile strength
nd % elongation values due to the plasticization effect of the oleic

cid.

.1.3. Thickness of membrane layers
The thickness of the three polymer layers from bottom to upper

ayer in the composite membrane is indicated in Table 2.

able 1
ensile strength and % elongation of PVA composite and commercial membrane in
ry and soaked conditions.

Membrane type Tensile strength (N/mm2) % elongation

PVA composite (dry) 14.86 20.4
Commercial (dry) 34.75 11.2
PVA composite (soaked) 41.8 16.22
Commercial (soaked) 48.9 15.4
Non woven fabric 100
PES substrate 45
PVA dense layer 30

4.1.4. SEM studies
SEM images of the surface of PVA composite membrane before

and post esterification are displayed in Fig. 2(a) and (c). It can be
seen that the surface does not exhibit any defects in Fig. 2(c) which
indicates the inert chemical nature of the polymer in the acidic
reaction medium. Moreover the non-porous nature of the surface
in both the images reveals that the membrane will allow only those
chemical species which have interaction with the functional groups
of the polymer and the mechanism of mass transfer would be sorp-
tion followed by diffusion and then desorption. The cross-sectional
view of the composite PVA membrane is presented in Fig. 2(b)
which shows the existence of a non-porous skin layer of PVA sup-
ported on a porous substrate made of PES. The bottom white portion
of the image represents the nonwoven polyester fabric. It can be
concluded that the top selective layer penetrates to some extent
into the porous PES layer. Overall, the SEM analysis shows uniform
surface morphology and there are no agglomerations or clusters
found to exist.

4.1.5. Swelling studies
The degree of swelling of the indigenous composite membrane

with wt% of water in methanol–water binary feed is depicted in
Fig. 3. The degree of swelling of the membrane in pure methanol
is 32.5% and it increases with increase in feed water concentration.
The degree of swelling was found to be 44.6% in pure water. There-
fore, it can be stated that the degree of swelling of the indigenous
membrane is between 32% and 47% for the feed water concentra-
tion varying from 0% to 100%.

4.2. Pervaporation experiments with methanol/water binary
mixture

Fig. 4 shows that the flux increases from 1.6 to 5.4 g/m2 h
with increasing feed water concentration from 1 to 3 wt%. With
increasing feed water concentration, the hydrophilic PVA polymer
undergoes greater swelling due to preferential affinity for water.
This causes plasticization which enhances flux and reduces separa-
tion factor since more number of methanol molecules can penetrate
the swollen membrane. Moreover, both water and methanol are
polar molecules and since the latter is also more volatile, there
exists competitive sorption and permeation which is reflected in
the moderate separation factors that have been observed. The
performance of the membrane for separation of methanol/water
mixture was observed over a period of three months and found to
be reproducible.

4.3. Pervaporation aided esterification of oleic acid with methanol

Esterification of oleic acid with methanol was carried out at
reflux temperature (65 ◦C) by varying the molar ratio of oleic
acid to methanol using 0.3 wt% H2SO4 catalyst. The results are
shown in Fig. 5. It was observed that after 6 h of reaction between
oleic acid and methanol at 1:9 molar ratio, the acid value came

down to 2.7 from 195, i.e. 98.6% ester conversion was achieved.
As the goal of the present study was 99.9% conversion of ester,
methanol content was increased to 1:18 and then 1:27. Using
1:18 molar ratio of fatty acid to methanol, the acid value was
found to be 1.2 after 6 h and at 1:27 molar ratio, the acid value
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Fig. 3. Degree of swelling of indigenous PES/PVA composite membrane with wt%
water in feed.

Fig. 4. Variation of water flux and separation factor with feed water content.

Fig. 5. Esterification of oleic acid with methanol at varying molar ratios (0.3 wt%
H2SO4, T = 65 ◦C).
ig. 2. SEM images of (a) surface morphology, (b) cross-sectional view of indige-
ous PVA composite membrane and (c) surface view of indigenous PVA composite
embrane after esterification.

as 0.2 which corresponds to 99.9% conversion of ester after
h.

After optimizing the molar ratio of reactants at 1:27, experi-
ents were conducted by varying H2SO4 concentration from 0.1 to

.5 wt% as shown in Fig. 6. At 0.1% and 0.2% H SO concentration,
2 4
he conversion of methyl ester was found to be 97.8% and 99.5%
espectively for 6 h of reaction duration. 99.9% ester conversion
as achieved after 6 h using 0.3 wt% H2SO4 and within 5 h by using

.5 wt% of the catalyst. As one of the targets of the present study

Fig. 6. Esterification of oleic acid with methanol for varying catalyst concentrations
(1:27 molar ratio, T = 65 ◦C).
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ig. 7. Esterification of oleic acid with methanol at different temperatures (1:27
olar ratio, 0.3 wt% H2SO4).

as to minimize the concentration of H2SO4 for maximum conver-
ion of ester, the H2SO4 concentration was optimized at 0.3 wt% of
atty acid for future experiments.

The effect of temperature on pervaporation aided esterifica-
ion reaction at 1:27 molar ratio of oleic acid and methanol using
.3 wt% H2SO4 is represented in Fig. 7. The major driving force in PV
peration is the difference in vapor pressure across the membrane.
he vapor pressure difference may be generated either by reduc-
ng vapor pressure at the permeate side by applying vacuum or by
ncreasing vapor pressure on the feed side of the membrane. In our
resent study, vapor pressure of the feed was enhanced by rais-

ng the feed temperature. Therefore, temperature is a crucial factor
hich should be optimized to maximize membrane performance

nd minimize polymer degradation. Experiments were carried out
t 40, 50 and 65 ◦C (the reflux temperature of methanol). It was
bserved that the ester conversion was 99.9% at reflux temperature
65 ◦C).

After optimization of the reaction parameters, the material bal-
nce of the esterification reaction was calculated as shown in
able 3.

The material balance for the esterification indicates that negli-
ible amount of side products are formed during the reactions.

.4. Comparison of performance with commercial membrane and
sterification without PV

After optimizing the reaction conditions such as reactant
atio, catalyst concentration and temperature in order to achieve
aximum conversion of ester using indigenous PVA composite
embrane, the results were compared to (1) using commercial PV
embrane and (2) in the absence of PV. The results are graphi-

ally represented in Fig. 8. It showed that the esterification reaction
nder constant stirring condition and without PV was initially rapid
ut as soon as more water was produced, the backward reaction
tarted taking place simultaneously and conversion could not reach
eyond 98.7% after 3–4 h. PV membrane has the potential of remov-
ng the water produced in the esterification reaction and steady rate
f increase in the ester conversion was observed in PV aided ester-
fication reaction. The results of esterification with PVA composite

embrane were found to be comparable with commercial compos-

able 3
aterial balance of the esterification reaction (oleic acid to methanol 1:27 mole

atio; 0.3 wt% H2SO4; 65 ◦C temperature).

Input (g) Output (g)

Oleic acid 15 Methyl oleate 15.68
Methanol 45 Oleic acid 0.06
H2SO4 at 0.3 wt% 0.045 Methanol 43.3

H2SO4 0.045
Water 0.95

Total 60.045 60.045
Fig. 8. Comparison of ester conversion using indigenous PVA membrane with com-
mercial PV membrane and reaction without PV.

ite membrane. Since the experiments were performed in a test cell
housing having an effective membrane surface area of only 20 cm2,
the optimum conversion was attained after 6 h. If the reaction is
performed in a cross-flow PV system with greater membrane area,
it would reduce the reaction time.

5. Conclusion

Nearly complete conversion of oleic acid to methyl oleate was
achieved during PV aided esterification of oleic acid with methanol
at 1:27 molar feed ratio of fatty acid to alcohol, using 0.3 wt% of
H2SO4 catalyst and at reflux temperature (65 ◦C) of methanol. PVA
composite membrane prepared in our laboratory has profound
influence on the equilibrium limited reaction through elimination
of water. The results are superior to the esterification reaction car-
ried out in the absence of pervaporation. Thermal stability of both
indigenous and commercial composite membranes appeared to be
better than the free standing PVA film, thus rendering them suit-
able for high temperature reactions. Stability of cross-linking and
permeation properties of the membrane was tested over a period
of three months with methanol–water system and found to be
sustainable. Stirring of reactants in the cell and vacuum on the per-
meate side may be eliminated if the reaction is carried out at reflux
temperature.

According to EN14214, ASTM B6751-07, IS 15607-2005, the acid
value of the methyl esters to be used as biodiesel should be lower
than 0.5 which corresponds to a conversion of 99.7%. Esterifica-
tion of oleic acid with methanol under constant stirring condition
resulted in a maximum conversion of 98.7% which corresponds to
an acid value of 2.5, whereas 99.9% conversion was achieved in
pervaporation assisted system where the final acid value was 0.2.
Therefore, pervaporation has appreciable influence in esterification
reaction in order to achieve 99.9% conversion of ester.

The study clearly exhibited the enormous potential of temper-
ature gradient pervaporation for esterification of long chain fatty
acids. Scale-up of the PVA–PES composite flat sheet into plate and
frame modules is feasible. However, further efforts are required to
fabricate spiral wound modules after tackling problems related to
sealing under high temperature conditions.
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