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Abstract 

Pervaporation of model and actual wastewater consisting of acetic acid (HAc), ethylene 

glycol (EG), and vinegar was extensively investigated using commercial, modified and 

synthesized polymeric composite membranes, for a wide range of operating conditions.  

Effect of several physico-chemical parameters such as feed concentration, feed 

temperature and feed flow rate on the pervaporation flux, separation factor, selectivity, 

permeance and intrinsic membrane permeability was critically analyzed with respect to 

existing theories. The membranes used in the study were characterized by FTIR, FESEM, 

AFM, XRD, TGA, DSC, contact angle measurement and by evaluating the mechanical 

properties. A mathematical model following Flory-Huggins equations were used to 

determine the binary interaction parameters for EG-water system to study the sorption 

behavior of solvent transport through the polymeric membranes. The predicted sorption 

data were computed using MATLAB (version 2017 in a symbolic mathematics tool box) 

and compared with the experimental results. Findings of this work may provide useful 

insights to pervaporation fundamentals, system design and scale up for the acetic acid and 

ethylene glycol dehydration. The process allowed the production of permeate stream with 

great reutilization possibilities and developed a set of performance parameters. Based on 

this, further treatment of wastewater may be investigated for the recovery of water as well 

as valuable organic compounds. The study has focused on improving the pervaporation 

performance based on membrane modifications and identifying suitable physico-chemical 

parameters.  

 

Brief description on the state of art of the research topic 

Dehydration of organic solvents plays an important role in the downstream separation 

processes in chemical, petrochemicals, food and beverage, pharmaceutical, and allied 

industries. Pervaporation is a membrane-based process for separating binary or multi-

component mixtures of miscellaneous organic solvents like aromatics, alcohols, ketones, 

ethers, acetic acid, acetone, dioxane, ethylene glycol and so on (Smitha et al., 2004). It is 

much touted as an efficient and environmentally benign separation process both as a stand-

alone unit and a supplementary to the distillation. Pervaporative dehydration of aqueous 

HAc, one of the top fifty organic intermediates in the chemical industry, has been reported 

by several researchers, however with different membranes (Aminabhavi and Naik, 2003; 

Durmaz-Hilmioglu et al., 2001; Jullok et al., 2011; Kuila et al., 2011). Polyvinyl alcohol 

(PVA)-based membranes are claimed to be suitable for the dehydration of acetic acid with 

no limitation (Chapman et al., 2008). Ethylene glycol (EG) is also a widely used precursor 

in organic chemical industries for the manufacturing of unsaturated polyester resins, 
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polyacetate fibers, plasticizers antifreezing agents. EG dehydration by traditional 

multistage evaporation and distillation is highly energy intensive, requiring high pressure 

steam for reboiler. As an alternative, pervaporation dehydration of EG has been explored 

in a number of several recent studies using an assortment of polymeric or ceramic 

membranes (Wu et.al., 2015; Rao et al., 2007; Sun et al., 2015). Surface modification by 

grafting hydrophilic copolymers onto the PVA chains during cross-linking allowed the 

improvement of the separation factor. PVA was modified by cross-linking with 

glutaraldehyde (Aminabhavi et al., 2003; Durmaz-Hilmioglu et al., 2001). Modified PVA 

and casting sodium alginate onto a microporous polypropylene membranes have also been 

used (Kuila and Ray 2011; Zhang et al., 2014). Physico-chemical modification of a PVA 

can also be made by incorporating graphene oxide (GO) to improve its chemical tunability 

and mechanical strength. The hybrid membranes are observed to exhibit higher water flux 

and better fouling resistance (Wang et al., 2012; Lee et al., 2013). For PVA membrane 

amount of cross linking agent can counter the inherent swelling susceptibility and 

minimize compaction. Imparting hydrophilicity on the surface of the support layer (Belfar 

et al., 2000; Huang et al., 2000), incorporation of a coupling agents or surfactants (Jonsson 

and Jonsson, 1991) are some of the ways in order to reap the benefit of trans-layer 

interfacial interaction. 

Definition of the problem 

A volatile organic compound even at low concentrations renders the water unfit for reuse 

or discharge, thus warranting its effective reclamation. Dehydration by traditional 

multistage evaporation and distillation is highly energy intensive, requiring high pressure 

steam for reboiler. Increased cost as well as the formation of azeotropes limits the 

separation efficiencies of the distillation process. This necessitates the importance of 

pervaporation as an alternative dehydration protocol for aqueous-organic mixture, which is 

the premise of the present work. Pervaporation can be evaluated in terms of several indices 

such as permeation flux, selectivity, separation factor and long-term membrane 

performance. All the factors above should be addressed in order for the process to be used 

commercially. Considering that the recovery of valuable compounds from aqueous 

solutions by pervaporation is very promising, this thesis draws attention to such recovery 

process as its general topic with special emphasis on the selective separation of acetic acid, 

vinegar and ethylene glycol. 

 

Objectives and Scope of work 

1. To study the surface modification and characterization of selected pervaporation 

membranes by multifunctional cross linking agents. 
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2. To evaluate the comparative swelling characteristics of various composite 

membranes cross linked with different cross- linkers. 

3. Study of the pervaporation of different combinations of acetic acid-water, vinegar-

water and ethylene glycol-water binary solution in various proportions in a pilot 

plant. 

4. To investigate the effect of physico-chemical parameters such as feed temperature, 

feed concentration and feed flow rate on the pervaporation flux and separation 

factor. 

5. To study the intrinsic membrane properties like permeability, permeance, 

membrane selectivity and mechanical properties of membranes. 

6. To study the diffusion behavior and mechanism of solute/solvent transport through 

polymeric membranes in pervaporation. 

7. To develop mathematical model for the study of sorption behavior of solvent 

transport through the polymeric membrane.  

 

Original contribution by the thesis 

The present research would act as a benchmark to explore the amenability of pervaporation 

to be used commercially either as stand-alone system or as a supplement to the traditional 

equilibrium separation such as distillation in particular, for the recovery of industrially 

important volatile organic compounds from aqueous-organic mixture. In this work, 

pervaporation performance of the studied membranes was evaluated on the basis of 

experimental results in combination with mathematical modeling of sorption behavior. 

This dissertation offers an innovative analytical and methodological approach for synthesis 

of a number of cross-linked composite membranes by using three different cross-linking 

agents and two different support matrix for pervaporation dehydration of acetic acid, 

vinegar and ethylene glycol aqueous mixture with a wide range of concentrations. The 

applicability of the Flory-Huggins model for PVA-PES membrane in ethylene glycol-water 

systems was assessed after comparing the predicted and experimental equilibrium data. 

The study presents and corroborates some fundamental and applied aspects of 

pervaporation, which could be useful for large scale operation.  

 

Methodology of research 

(i)   Chemicals and membranes used 

Various chemicals (AR grade) such as polyvinyl alcohol (PVA), graphene oxide (GO), 

dimethyl sulfoxide (DMSO), glutaraldehyde,  formaldehyde, borax, sodium sulphate, 

sulfuric acid  and others  used in the present study were purchased/procured from  M/s 
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Loba Chem and M/s S D. Fine-Chem, Mumbai, India and were used as received without 

additional processing. Preparation of stock solutions was carried out with deionized water, 

having a conductivity of 20 S/cm, produced from a reverse osmosis system. All other 

chemicals were of reagent grade and were used without additional processing. Polyether 

sulfone (PES) support membrane was kindly provided by M/s Permionics Membrane Pvt. 

Ltd, Baroda, India. The details of the commercial, modified and prepared asymmetric flat 

sheet PVA composite membranes used in the present study are shown in Table 1.  

Table 1 Membranes with different cross-linking agents used in the present PV study 

Membrane Cross-linking agent 
Feed mixture for 

pervaporation study 

Commercial (PVA-PES) Glutaraldehyde Acetic acid -Water 

(PVA-PES) 5 vol% Formaldehyde Vinegar-water 

(PVA)0 5 vol% Glutaraldehyde Vinegar-water 

(PVA-GO)1 5 vol% Glutaraldehyde Vinegar-water 

(PVA-GO)2 5 vol% Glutaraldehyde Vinegar-water 

(PVA-PES, 0.2% Borax) 0.2 wt% borax Ethylene glycol-Water 

(PVA-PES, 0.5% Borax) 0.5 wt% borax Ethylene glycol-Water 

(PVA-PES, Uncross-linked) -- Ethylene glycol-Water 

  

(ii)   Swelling behaviour of membrane 

Degrees of swelling (DS) of the prepared membranes were estimated by immersing the 

membrane samples into the binary feed mixture for 24 to 48 h to guarantee equilibrium. 

Samples were taken out and weighed immediately. Percentage degree of swelling was 

determined as (Richau et al., 1996) Eq (1)  

100% 



dry

drywet

W

WW
DS              (1) 

where Wdry and Wwet are the weight of dry and swollen membrane, respectively. 

(iii)   Pervaporation (PV) study 

Pervaporation experiments were conducted in a small pilot plant assembly, the basic 

schematic diagram of which is shown in Fig. 1, however experiments were also performed 

using three other modified experimental set-ups (not shown here). The permeation cell of 

the basic experimental set-up consisted of two detachable stainless steel parts which were 

provided with inlet and outlet openings for the flow of feed solution and withdrawal of 

permeated product respectively. The liquid feed-mixture is circulated in contact with the 

membrane using a peristaltic pump from a feed tank, equipped with an overhead condenser 

to prevent any loss of feed due to evaporation. The effective area of the membrane was 160 

cm2. The constant temperature of feed was maintained by using a thermostat bath. The 
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permeate compositions were analysed using Abbe Refractometer (Model-RSRT-1) or 

digital automatic Karl-Fischer titrator (Model-Veego/Matic-D). 

  
Fig. 1 Schematic diagram of experimental set-up of pervaporation used in the present study 

 

(iv)    Flux and separation factor 

The trans-membrane flux in pervaporation is generally expressed as mass flux or molar 

flux (Verhoef et al., 2008). 
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The membrane separation factor (  ) can be defined as the ratio of the molar component 

concentrations in the fluids on either side of the membrane. Hence: 

)1(

)1(

yx

xy




                             (3) 

Wherer iP  is the membrane permeability, l  is the membrane thickness and  is the activity 

coefficient, which may be calculated using Van Laar eqation. The mole fraction in the feed 

and permeate solution is denoted as x and y, Psat is the saturated vapor pressure and Pp is 

the permeate pressure obtained during the PV experiment. 

(v)   Pervaporation separation index (PSI) and enrichment factor 

PSI is a measure of the separation ability of a membrane (Kariduraganavar et al., 2005) 

and can be determined as Eq. (4)  

)1(  JPSI           (4) 

where J is the permeation flux and α is the membrane selectivity. 

An enrichment factor (EF) is simply the ratio of concentrations of the preferentially 

pervaporating species in permeate and feed (Dutta et al., 1997) as calculated from eq (5)  

  
wf

wp

C

C
EF             (5) 
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Where Cwp and Cwf are concentrations of water in the pervaporate and feed sides. 

(vi)  Intrinsic membrane permeability, permeance and selectivity 

The membrane permeability, (Pi
G) is defined as the transport flux of the material through 

the membrane per unit driving force per unit membrane thickness (Baker et al., 2010). The 

membrane permeance (
G

iP / l ) is the ratio of membrane permeability to membrane 

thickness. 

Membrane selectivity ( mem ), defined as the ratio of the permeabilities or permeances of 

components i and j through the membrane is given by Eq. (6) 

G

j

G

i
mem

P

P
                 (6) 

(vii) Diffusion and partition coefficient 

Fick’s law is used to describe the binary diffusion, which can  be expressed as 

                                                         
dh

dC
DJ ii                  (7) 

where iJ  is the permeation flux of component i per unit area (kg/m2h), iD  is the diffusion 

coefficient of component i (m2/s), C is the concentration of permeant (kg/m3) and h is the 

diffusion length (m).The concentration profile in this study is assumed to be linear as a 

result, Eq.(7) can be rewritten as (Kusumocahyo et al., 2000). 

   C

J
D i

i


                         (8) 

Where   is the membrane thickness. Thus the partition coefficient (K) of species i between 

membrane and feed can be determined using Eq.(9) 

   
iii KD

l

P
)(                     (9) 

(viii) Determination of activation energy 

Effect of temperature on pervaporation can be described by Arrhenius type relationship 

(Jullok et al., 2011).  

 
)exp(

RT

E
XX X

o


                 (10) 

where X is the PV flux (J), X0 is the pre-exponential factor, R is the universal gas constant 

(J/mol K), T is the temperature (K), and EX is the activation energies of flux (kJ/mol). 

(ix)   Thermogravimetric analysis (TGA) and Differential scanning calorimetry 

The thermal degradation propensities of the as-prepared membranes were evaluated with a 

TGA 2050 Themogravimetric Analyzer under nitrogen atmosphere. The glass transition 

temperature Tg was measured by means of DSC using an in-built data analysis software. 
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(x)  Fourier Transform Infrared Spectroscopy (FTIR) 

The presence of organic functional groups on the membrane surface was analyzed by the 

Fourier transform infrared spectroscopy (Perkin Elmer Spectrum GX) using a wave 

number range of 400  4000 cm1 at a resolution of 4.0 cm1 with an acquisition time of 1 

min.   

(xi)   AFM analysis 

Atomic force microscopy (AFM) was carried out using a NT-MDT NTEGRA Aura 

Autoprobe CP atomic force microscope. The surface roughness parameter in terms of root 

mean square (RMS) roughness was calculated. 

(xii) XRD analysis  

The crystal structures of the as-prepared composite polymer membranes were examined 

using X-Pert-MPD (Philips, Holland) X-ray diffractometer (XRD) with Cu K radiation of 

wavelength λ = 1.54056 °A in the range 5o ≤ 2θ ≤ 50o.The X-ray generator was operated at 

an excitation voltage of 45 kV and a current of 40 mA.  

(xiii) FE-SEM analysis 

The cross-sectional and outer surface topologies of the prepared membranes were 

investigated via field emission scanning electron microscopy (FE-SEM) using JEOLFE-

SEM (JSM-6701F) at 5kV under different magnifications.   

(xiv) Mechanical property of membrane 

Tensile strength, Elongation at break and Modulus of elasticity of the prepared membrane 

were measured using Universal Testing Machine (UTM) (Simadzu AG 100 KNG, Japan).  

(xv) Modeling of sorption behaviour 

Flory–Huggins equations are applied to commercial (PVA-PES) composite membrane 

cross-linked with glutaraldehyde for EG-water binary mixtures. Sorption of pure solvents 

and binary mixture was determined. Thermodynamic equations for the Gibbs free 

energy change can be expressed as Eq. (11) and (12) (Mulder et al., 1985; Yang and Lue, 

2013). 

mixmixmix SHG Δ-Δ=Δ              (11) 

miimmmii

mix
φnXφnφn

RT

G
+ln+ln=

Δ
        (12) 

where  is the enthalpy change of mixing and  is the entropy of mixing and  

is the F-H interaction parameter, can be calculated as per Eq. (13) for pure solvent sorption.  

2

i

)-1(

)-1(+ln
-=

i

i

im
φ

φφ
X             (13) 

https://en.wikipedia.org/wiki/Thermodynamic_potentials
https://en.wikipedia.org/wiki/Gibbs_energy
https://en.wikipedia.org/wiki/Gibbs_energy
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The Gibbs free energy of mixing for a ternary system is expressed as Eq. (14) and the 

derivative of Eq. (14) can obtain the model equations (15), (16) in terms of activity of 

water and ethylene glycol (Flory 1953; Mulder et al., 1985). 
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1=++ mEGw φφφ            (17) 

where ,  and are the F-H interaction parameter between water-EG, water-

membrane and EG-membrane respectively. It can be considered as being concentration 

independent or dependent. The equations (15), (16) and (17) can be solved simultaneously 

using Matlab (Symbolic mathematics toolbox, version 2017) to predict the sorption 

behaviour.  

 

Results and discussion 

Membrane swelling study 

Swelling of dense polymeric membrane plays a key role in the transport of molecules 

during pervaporation. The greater the affinity between solvent and polymer, the higher is 

the swelling. The data obtained for different membranes used in the present study indicates 

that the degree of swelling increased almost linearly with increasing water content in the 

feed mixture. Degree of swelling of 0.2 wt% borax cross linked PVA-PES composite 

membrane was less than that of 0.5 wt% borax cross linked membrane. This was probably 

due to the fact that addition of more cross-linker might have reduced membrane free 

volume resulting in restricted segmental motion (Qu et al., 2010). The analogous trend was 

observed for the PVA-GO composite membranes. However for the PVA-PES membrane 

cross-linked with glutaraldehyde, it was found that % degree of swelling decreased 

gradually with increase in water concentration at three different temperatures viz. 25, 45 
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and 65oC. Also for the different composition of acetic acid-water mixture, % sorption was 

found to be increased with time upto nearly 28 h and thereafter it remains constant. This 

was probably due to the attainment of dynamic equilibrium between water and the 

membrane.   

Effect of feed concentration on flux and separation factor 

Individual and overall pervaporation flux with membrane separation factor was determined 

for all the synthesized membranes used in the present study. Fig. 2 reveals that overall flux 

of (PVA-GO) membrane decreased with increase in feed acetic acid concentration.  

 

Fig. 2 Overall pervaporation flux and separation factor in the simulated vinegar solution 

Strong interaction between water and membrane makes it more swollen which results in 

facilitated water flux at higher water concentration (Durmaz et al., 2001). (PVA-GO)2 has 

maximum flux of 0.24 m3(STP)/m2h and separation factor 62.2 at 2.5 vol% and 20 vol% of 

feed acetic acid concentration. Compare to acetic acid flux, the magnitude of water flux 

was observed to be higher for all feed acetic acid concentration. The analogous trends were 

also observed for the PV dehydration of acetic acid and ethylene glycol with different 

membranes.  

Effect of feed temperature on flux and separation factor 

Effect of the feed temperature on pervaporation performance over a temperature range 

from 50 to 90°C with a constant feed concentration of 50 vol% acetic acid with PVA-PES 

composite membrane cross-linked with glutaraldehyde are presented in Fig. 3. Figure 

indicates that molar fluxes of both water and acetic acid increased with increasing 

temperatures while the separation factor decreased. Effects of temperature on flux and 

separation factor shows the similar kind of results for the pervaporation study of vinegar-

water and ethylene glycol-water mixture with the other prepared membranes. 



 

10 
 

 
Fig. 3 Molar flux and separation factor during PV study of acetic acid-water mixture. 

Apparent activation energy and flux 

Activation energies were calculated using Arrhenius type relationship. For water 

permeation it was significantly lower than those of acetic acid or ethylene glycol 

permeation, suggesting a higher permeation flux and separation efficiency of the prepared 

membranes used in the present pervaporation study.  

Pervaporation separation index and enrichment factor 

Pervaporation separation index and enrichment factor for water-acetic acid mixture 

through PVA-PES membrane cross-linked with glutaraldehyde are presented in Fig. 4. PSI 

was found to decrease with increasing feed concentration whereas enrichment factor 

increased. Similar observations were reported by Kuila and Ray (2011) for the dehydration 

of acetic acid by using a cross linked co-polymeric polyvinyl alcohol-acrylamide 

membrane. 

 

Fig. 4 PSI and enrichment factor during pervaporation study of acetic acid-water mixture. 
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Intrinsic membrane permeability, selectivity and feed concentration 

Partial permeability of acetic acid and water with feed acetic acid concentration at a fixed 

temperature of 30oC are presented in Fig. 5. It indicates that with increase in feed 

concentration, both the partial permeability of acetic acid and water decreased and 

membrane selectivity is increased. Incorporation of GO into the PVA results in the 

enhanced water affinity towards the membrane which becomes more hydrophilic (Pezeshk 

et al., 2012). It was observed that (PVA-GO)2 gives  higher selectivity than (PVA-GO)1 

and (PVA)0.   

  

Fig. 5 Partial permeabilities of acetic acid and water as a function of feed HAc 

concentration  

The similar results were also obtained during the pervaporation separation of acetic acid-

water and ethylene glycol-water with PVA-PES membranes. 

Effect of feed temperature on membrane permeability 

 

Fig. 6 Water, acetic acid permeability and membrane selectivity as a function of feed temp 
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Intrinsic membrane selectivity and permeability of commercial (PVA-PES) membrane 

used for the pervaporation study of concentrated acetic acid-water mixture as a function of 

temperature is presented in Fig. 6, which shows that the permeabilities of both the 

component increases and membrane selectivity decreases. It was also noted that the 

magnitude of water permeability was always higher than that of acetic acid.   

Membranes with their water permeability and selectivity 

In general it was also observed that with increase in water concentration, the permeability 

of water increases for all the membranes. The reason for the increasing permeability may 

be attributed to the promotion of more turbulence at the membrane surface.  

Table 2 Water permeability and selectivity of the prepared membranes during PV study 

Membrane 
Feed composition 

(vol%) 

Feed 

temp 

(oC) 

Max. water 

permeability 

(Barrer) 

Membrane 

selectivity 

(αmem) 

Commercial (PVA-PES) 50/50, HAc/W 90 35.76 4.76 

(PVA-PES) 3/97, Vinegar/W 35 0.28 1.80 

(PVA)0 2.5/97.5, Vinegar/W 60 0.21 3.18 

(PVA-GO)1 2.5/97.5, Vinegar/W 60 0.36 4.00 

(PVA-GO)2 2.5/97.5, Vinegar/W 60 0.51 4.25 

(PVA-PES, 0.2% Borax) 80/20, EG/W 45 14.56 2.58 

(PVA-PES, 0.5% Borax) 80/20, EG/W 45 10.02 1.10 

(PVA-PES, Uncross-linked) 80/20, EG/W 45 11.12 1.32 

 

Table 2 indicates the maximum water permeability and selectivity determined during the 

PV performance of the different composite membranes used in the present study.  

Effect of feed flow rate on diffusion coefficient 

Water and EG diffusion coefficients of the borax cross-linked membrane evaluated at 

constant 45 oC for 80 vol% feed EG concentration are presented in Fig. 7.  

 

Fig. 7 Water and ethylene glycol diffusion coefficient in the PV study of EG-water mixture  



 

13 
 

As shown in the figure both the EG and water diffusion coefficients increased with 

increasing feed flow rate. The diffusion coefficients of water decreased as borax content 

increased from 0.2 to 0.5% wt due to the reduction of membrane free volume resulting in 

restricted segmental motion of water diffusing molecule through membrane network (Qu et 

al., 2010). Effect of the feed concentration and temperature on diffusion and partition 

coefficient were also estimated with the other prepared membranes for vinegar-water 

mixture. 

Thermogravimetric and differential scanning calorimetry analysis 

TGA characterizations of the all prepared membrane are made to signify the heat 

resistance and thermal stability. Two stage weight losses were observed. The first weight 

loss is because of loss of water molecules and second weight loss may be due to the 

decomposition of polymeric backbone. All the PVA membrane shows considerable 

stability enhancement. 

Fourier Transform Infrared Spectroscopy of membrane 

FTIR spectra of PVA-PES membrane cross-linked with glutaraldehyde shows that there 

were few additional absorption peaks detected due to the absorption of – O  H stretching 

and hydrogen bonds of water and acetic acid in the swollen membrane. In case of (PVA-

GO)1 and (PVA-GO)2 due to hydrogen bonding interactions stretching vibration of 

hydroxyl groups are shifted to 3450 and 3434 cm1 in respectively. Borax crosslinked 

PVA-PES composite membrane with two different proportion of borax exhibited peaks in 

the range of 1324 – 1409 cm−1, confirming crosslink formation. 

Atomic force microscopy 

AFM image of PVA-PES membrane cross-linked with formaldehyde are presented in Fig. 

8.   

  

(a) (b) 

Fig.8. AFM images of pristine (a) and used (b) PVA-PES membrane for the pervaporation 

study of acetic acid-water mixture 

Figure reveals that the ridges are not distinctly visible compared to the virgin membrane 

due to swelling for prolonged contact with different concentrations of acetic acid water 
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mixture. AFM images of (PVA-GO) membrane shows higher swelling compare to pristine 

PVA membrane. AFM images was also recorded for PVA-PES composite membranes 

confirm that borax cross linking have imparted rougher surfaces.  

X-ray diffractometer analysis 

The X-ray diffraction measurement was carried out to observe the crystallinity of the 

composite polymer membrane. Compared to (PVA)0 the XRD peaks  of (PVA-GO)1 and 

(PVA-GO)2 membranes were somewhat broadened by the incorporation of graphene oxide  

thereby indicating an enhanced amorphicity of the composite membranes. An overall 

decrease in relative crystallinity was observed in the case of PVA-PES composite 

membrane cross-linked with 0.2% wt borax as compared to that cross-linked with 0.5% wt 

borax. 

Field emission scanning electron microscopy of membrane 

The cross section and surface morphology of the as-prepared membranes used in the 

present study were examined by field emission scanning electron microcopy (FE-SEM). 

As shown in Fig. 9 that SEM result of (PVA)0 exhibits a compact and almost smooth 

surface while GO penetrated  membrane have coarser topography  with bumpy surfaces. 

   

(a) (b) (c) 

Fig. 9 FE-SEM cross sections of (a) (PVA)0 (b) (PVA-GO)1 (c) (PVA-GO)2 membranes  

Also the SEM images of borax cross-linked PVA-PES membrane results that increasing 

the amount of cross-linker from 0.2% to 0.5 wt%, the structure became denser and uniform. 

Mechanical properties of the prepared membrane 

Tensile strength, Elongation at break and Modulus of elasticity of the newly prepared 

membranes used in the present pervaporation study are presented in Table 3. The values 

indicate that the modulus of elasticity of the borax cross-linked membrane is higher than 

(PVA-PES, Uncross-linked) membrane. The tensile strength and elongation at break of 

(PVA-GO)1 and (PVA-GO)2 is higher than (PVA)0 membrane. It was also observed that 

for the formaldehyde cross-linked (PVA-PES) membrane, tensile strength and modulus of 

elasticity are marginally reduced after immersion in water and acetic acid for one week. 

Table 3 Mechanical properties of the newly prepared membranes used in the present study 
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Membrane  
Max Tensile strength 

(MPa) 

% Elongation 

at Max 

Modulus of Elasticity 

(MPa) 

(PVA-PES) 27.23 16.18 155.2 

(PVA)0 24.5 14.6 145.4 

(PVA-GO)1 27.8 16.8 149.6 

(PVA-GO)2 27.2 16.4 147.7 

(PVA-PES, 0.2%Borax) 2.15 8.84 17.56 

(PVA-PES, 0.5%Borax) 2.29 10.67 21.46 

(PVA-PES, Uncross-linked) 2.54 12.43 20.43 

 

Modeling of sorption behaviour during pervaporation 

It was observed from the sorption data that with increase in feed concentration of water, 

water uptake is increased and ethylene glycol uptake is decreased at 25oC. The maximum 

sorption selectivity was determined to be 4.21 at 80% vol water concentration. It was noted 

that the activity of water increased and ethylene glycol activity decreased with increased in 

feed water concentration. The Gibbs free energy was also decreased. F-H interaction 

parameter calculated from the pure water and ethylene glycol sorptions were 0.78 and 0.92 

respectively which shows that the present membrane has more affinity towards water 

rather than ethylene glycol as the membrane is hydrophilic. The interaction parameters 

were also estimated by considering them as concentration independent or dependent with 

four different cases to predict the sorption model results. Fourth order polynomial 

expression was used to determine the adjustable parameters. In case of concentration 

dependent parameters, it was noted that with increase in water concentration, the value of 

Xwm was increased while value of Xw-EG was decreased. This may be due to the more 

interaction between the low molecular weight water and high molecular weight PVA. As 

the affinity between polymer and the solvent increased, the amount of liquid in the 

polymer increased and Xw-EG decreased (Chuang et al., 2000). The error between predicted 

and experimental data was decreased from around 60% to 10% when considering 

interaction parameter to be concentration dependent.  

 

Achievement with respect to objectives  

 Seven different polyvinyl alcohol (PVA) based composite membranes were 

synthesized and characterized through different analytical methods like FTIR, TGA, 

DSC, AFM, XRD and FESEM.  

 Comparative swelling study of the as prepared membranes was carried out 

effectively using gravimetric method at different temperatures including room 

temperature. 
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 The prepared membranes were successfully used in the pervaporation separation of 

acetic acid-water, vinegar-water and ethylene glycol-water binary feed solution in a 

wide range of feed concentrations. 

 Effect of various physico-chemical parameters such as feed temperature, feed 

concentration and feed flow rate on the permeate flux, separation factor, 

pervaporation separation index and enrichment factor were investigated. 

 Intrinsic properties like partial permeability, permeance and selectivity as well as 

the mechanical properties like tensile strength, elongation at break and modulus of 

elasticity of the newly prepared PVA composite membranes were evaluated and 

compared with pertinent literature.  

 Diffusion behavior during pervaporation transport through the prepared membranes 

was determined in terms of the diffusion and partition coefficient using Fick’s law. 

 Modeling of sorption behavior of ethylene glycol-water binary solution through 

commercial (PVA-PES) composite membrane cross-linked with glutaraldehyde 

was carried out using Flory-Huggins equations.  

 

Conclusion and future scope of study 

Seven different flat sheet hydrophilic PVA membranes cross-linked with glutaraldehyde, 

formaldehyde and borax were synthesized. The prepared membranes were thoroughly 

examined by using wide angle XRD, FTIR, TGA, DSC, FESEM and AFM analyses. TGA 

results indicate that GO incorporation could notably enhance the thermal stability of PVA-

GO membrane. The overall decrease in relative crystalinity in the PVA-GO composites 

was observed from the XRD results. The PVA layers were successfully cross linked with 

two different concentrations e.g. 0.2 wt% and 0.5 wt% borax as cross linking agents  

although 0.2% borax cross-linked PVA-PES composite was found better in terms of flux, 

permeability and separation factor. The degree of swelling increased almost linearly with 

increasing water concentration. With increase in feed temperature degree of swelling 

decreased marginally. There was disproportionality between the flux and separation factor 

for all feed compositions and operating temperatures. The rate of increase of molar flux of 

water with temperature was found to be substantially higher than acetic acid. The apparent 

activation energy of water permeation was significantly lower. Incorporation of GO into 

the PVA results in the enhanced water permeability. PV flux and diffusion coefficients of 

both EG and water increased with increasing feed flow rate. Diffusion and partition 

coefficient for water and acid were also found to increase with temperature. Modeling 

results could produce satisfactory prediction of experimental sorption of ethylene glycol-

water binary mixture. GO incorporated and borax cross-linked membrane exhibited higher 
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tensile strength and modulus of elasticity. However, further efforts for flux enhancement 

and tuning of the physico-chemical properties of the composite membranes are needed in 

the future. Active laboratory-scale pervaporation research should be complemented with 

more efforts in scaling up the process from laboratory to industry. 

Presentation and layout of the thesis 

The proposed thesis contains the following chapters with appropriate sections, subsections, 

references, appendices and the list of publications. 

Chapter 1: Introduction 

Chapter 2: Review of literature 

Chapter 3: Materials and methods 

Chapter 4: Theoretical consideration 

Chapter 5: Results and discussions 

Chapter 6: Summary and conclusion 

 

References 

Aminabhavi, T. M., & Naik, H. G., (2003). Synthesis of graft copolymeric membranes of 

poly(vinyl alcohol) and polyacrylamide for the pervaporation separation of 

water/acetic acid mixtures. J of Appl. Polym. Sci. 83, 244-258. 

Baker, R.W., Wijmans, J.G., Huang Y., (2010). Permeability, permeance and selectivity: a 

preferred way of reporting pervaporation performance data. J Membr. Sci. 348, 346-

352. 

Belfer, S., Fainchtain, R., Purimson, Y., Kedem, O., (2000). Surface characterization by 

FTIRATR spectroscopy of polyethersulfone membranes-unmodified, modified and 

protein fouled. J. Membr. Sci. 172, 113–124. 

Chapman, P. D., Oliveira, T., Livingston, A. G., Li, K. J., (2008). Membranes for the 

dehydration of solvents by pervaporation. J. Membr Sci. 318, 5-37. 

Chuang, W., Young, T., Wang, D., Luo, R., Sun, Y., Yi-Ming., (2000). Swelling behavior 

of hydrophobic polymers in water/ethanol mixtures. Polymer. 41, 8339-8347. 

Durmaz-Hilmioglu, N., Yildirim A.E., Sakaoglu A.S., Tulbentci S., (2001). Acetic acid 

dehydration by pervaporation. Chem. Eng. Proc. 40, 263-267. 

Dutta, B.K., Ji, W., Sikdar, S.K., (1997). Pervaporation: Principles and applications. 

Separation and purification methods, 25, 131 -224. 

Flory, P. J., (1953). Principles of Polymer Chemistry. Cornell University Press, Ithaca, 

New York.  

Huang, R. Y. M., Pal, R., Moon, F G.Y., (2000). Pervaporation dehydration of aqueous 

ethanol and isopropanol mixtures through alginate/chitosan two ply composite 

http://www.sciencedirect.com/science/article/pii/S0376738809008333
http://www.sciencedirect.com/science/article/pii/S0376738809008333


 

18 
 

membranes supported by poly(vinylidene fluoride) porous membrane. J. Membr. Sci. 

167, 275–289. 

Jonsson, A., Jonsson, B., (1991). The influence of nonionic and ionic surfactants on 

hydrophobic and hydrophilic ultrafiltration membranes. J. Membr. Sci. 56, 49–76. 

Jullok, N., Darvishmanesh, S., Luis, P., Bruggen, B. V., (2011). The potential of 

pervaporation for separation of acetic acid and water mixtures using 

polyphenylsulfone membranes. Chem. Eng. J. 175, 306-315. 

Kariduraganavar, M.Y., Kulkarni, S.S., Kittur, A.A., (2005). Pervaporation separation of 

water-acetic acid mixtures through poly (vinyl alcohol)-silicone based hybrid 

membranes. J. Membr. Sci. 246, 83–93. 

Kuila, S. B., Ray, S.K., (2011). Dehydration of acetic acid by pervaporation using filled 

IPN membranes. Sep. Purif. Technol. 81, 295-306. 

Kusumocahyo, S.P., Sano, K., Sudoh, M., Kensaka, M., (2000). Water permselectivity in 

the pervaporation of acetic acid–water mixture using crosslinked poly(vinyl alcohol) 

membranes. Sep. Purif. Technol. 18, 141–150. 

Lee, J.,  Chae, H.-R., Won, Y.J., Lee, K., Lee, C.-H., Lee, H.H., Kim, I-C., Lee, J.M., 

(2013). Graphene oxide nanoplatelets composite membrane with hydrophilic and 

antifouling properties for waste water treatment. J.Membr.Sci. 448, 223–230. 

Mulder, M.H.V., Franken, T., Smolders, C.A., (1985). Preferential sorption versus 

preferential permeability in pervaporation. J. Membr. Sci. 22, 155-173. 

Pezeshk, N., Rana, D., Narbaitz, R.M., Matsuura, T., (2012). Novel modified PVDF 

ultrafiltration flat-sheet membranes. J. Membr. Sci. 389, 280–286. 

Qu, H., Kong, Y., Lv, H., Zhang, Y., Yang, J., Shi.  D., (2010). Effect of crosslinking on 

sorption, diffusion and pervaporation of gasoline components in hydroxyethyl 

cellulose membranes. Chem. Eng. J. 157, 60-66. 

Rao, P. S., Sridhar, S., Wey, M.Y., Krishnaiah, A. (2007) Pervaporative separation of 

ethylene glycol/water mixtures by using cross-linked chitosan membranes, Ind. Eng. 

Chem. Res. 46, 2155-2163. 

Richau, K., Schwarz, H.-H., Apostel, R., Paul, D., (1996). Dehydration of organics by 

pervaporation with polyelectrolyte complex membranes: some considerations 

concerning the separation mechanism. J. Membrane Sci. 116, 31-41. 

Smitha, B., Suhanya, D., Sridhar, S., Ramakrishna, M., (2004). Separation of organic-

organic mixture by pervaporation –A review. J Membr. Sci 241, 1-21. 

Sun, D., Yang, P., Sun, H-L., Li, B-B, (2015) Preparation and characterization of cross-

linked poly (vinyl alcohol)/hperbranched polyester membrane for the pervaportion 

dehydration of ethylene glycol solution. Euro. Polymer J. 62,155-166. 

https://www.sciencedirect.com/science/article/pii/S138589471101182X
https://www.sciencedirect.com/science/article/pii/S138589471101182X
https://www.sciencedirect.com/science/article/pii/S138589471101182X
https://www.infona.pl/resource/bwmeta1.element.elsevier-a63bb22e-55cb-39fb-956e-c73133941abd
https://www.infona.pl/resource/bwmeta1.element.elsevier-a63bb22e-55cb-39fb-956e-c73133941abd
https://www.sciencedirect.com/science/article/pii/S138358669900060X
https://www.sciencedirect.com/science/article/pii/S138358669900060X
https://www.sciencedirect.com/science/article/pii/S138358669900060X
http://dx.doi.org/10.1016/S1383-5866(99)00060-X
https://www.sciencedirect.com/science/article/pii/S0376738804002546#!
https://www.sciencedirect.com/science/article/pii/S0376738804002546#!
https://www.sciencedirect.com/science/article/pii/S0376738804002546#!
https://www.sciencedirect.com/science/article/pii/S0376738804002546#!


 

19 
 

Verhoef, A., Figoli, A., Leen, B., Bettens, B., Drioli, E., Van der Bruggen, B., (2008). 

Performance of a nanofiltration membrane for removal of ethanol from aqueous 

solutions by pervaporation. Sep. Purif. Technol. 60, 54-63. 

Wang, N., Ji, S., Zhang, G., Li, J., Wang, L., (2012). Self-assembly of graphene oxide and 

polyelectrolyte complex nanohybrid membranes for nanofiltration and pervaporation. 

Chem  Eng. J. 213 , 318–329. 

Wu, D., Martin, J., Du, J., Zhang, Y., Lawless, D., Feng, X. (2015) Thin film composite 

membranes comprising of polyamide and polydopamine for dehydration of ethylene 

glycol by pervaporation. J Membr. Sci. 493, 622-635. 

Yang, T-H., Shingjiang, J.L., (2013). Modeling sorption behaviour for ethanol/water 

mixtures in cross-linked polydimethysiloxane membrane using the Flory-Huggins 

equation. J. Macromolelar Sci. 52, 1009-1029. 

Zhang, W., Xu, Y., Yu, Z., Lu, S., Wang, X., (2014). Separation of acetic acid/water 

mixtures by pervaporation with composite membranes of sodium alginate active 

layer and microporous polypropylene substrate. J. Membrane Sci. 451, 135-147. 

 

List of publications 

Journal  

1. Haresh K Dave and Kaushik Nath, Graphene oxide incorporated novel polyvinyl 

alcohol membrane for pervaporative recovery of acetic acid from vinegar 

wastewater, Journal of Water Process Engineering (Elsevier) 14 (2016) 124-134.  

2. H K Dave and K Nath, Effect of Temperature on Flux and Intrinsic Membrane 

Permeabilities during Pervaporation of Water-Acetic Acid Binary Mixture, Journal 

of Scientific & Industrial Research (CSIR) 76 (2017) 217-222. 

3. Haresh K Dave and Kaushik Nath, Sorption and diffusion phenomena in 

pervaporative dehydration of acetic acid through a PVA-PES composite membrane, 

Journal of Scientific & Industrial Research (CSIR) 77 (2018) 98-103.  

4. Haresh K Dave and Kaushik Nath, Acetic acid separation as a function of 

temperature using commercial pervaporation membrane, Iranian Journal of 

Chemistry and Chemical Engineering, Iranian Institute of Research and 

Development in Chemical Industries (Under review). 

5. Haresh K Dave and Kaushik Nath, Synthesis, characterization and application of 

disodium tetraborate crosss-linked polyvinyl alcohol membranes for pervaporation 

dehydration of ethylene glycol, Acta Chimica Slovenica, Slovenian Chemical 

Society (Under review). 

 

https://www.sciencedirect.com/science/article/pii/S1383586607003553
https://www.sciencedirect.com/science/article/pii/S1383586607003553
http://www.sciencedirect.com/science/article/pii/S1385894712012715
http://www.sciencedirect.com/science/article/pii/S1385894712012715
http://www.sciencedirect.com/science/article/pii/S1385894712012715
http://www.sciencedirect.com/science/article/pii/S1385894712012715
http://www.sciencedirect.com/science/article/pii/S1385894712012715
http://www.sciencedirect.com/science/journal/13858947
http://www.sciencedirect.com/science/journal/13858947/213/supp/C


 

20 
 

Book Chapter 

1. Haresh K Dave and Kaushik Nath (2018), Recovery of acetic acid from vinegar 

wastewater using pervaporation in a pilot plant, Advances in membrane processes-

Pervaporation, vapour permeation and membrane distillation for Industrial Scale 

Separations, (Ed. S. Sridhar and S. Moulik), Scrivener Publishing, Wiley, pp. 141-

167 (In press). 

Conference proceeding  

1. Rutvi Patel and Haresh K Dave, Study and Evaluation of Various Performance 

Parameters for the Separation of Acetic acid and Water Mixture by Pervaporation 

Technique National Conference on New Trends and Development in Chemical 

Science and Technology jointly organized by ISTAR, Vallabh Vidyanagar and 

SVNIT, Surat on 31st January, 2015. 

2. Haresh K Dave and Kaushik Nath, Pervaporative Dehydration of Acetic acid-Water 

using PVA-PES Composite Membrane International Conference on Membrane 

Based Separation (MEMSEP 2015) organized by MSU, Baroda during 21-23rd 

February, 2015. 

3. Haresh K Dave, Anam Khan and Kaushik Nath, Pervaporative dehydration of 

dilute acetic acid using a novel polyvinyl alcohol-graphene oxide (PVA-GO) 

composite membrane in a pilot plant, CHEMCON 2015 organized by IIT Guwahati 

during 27-30th December 2015. 

4. Haresh K Dave and Kaushik Nath, Pervaporative dehydration of water-acetic acid 

binary mixture using PVA-PES composite membrane, International Conference on 

Paradigm Shift in Chemical Engineering Education, Processes and Technology 

organized by The Institution of Engineers (India),Gujarat, on 16-17th September 

2017. 

 


