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ABSTRACT 

 

Pervaporation (PV) is gradually evolving from a novel approach into an efficient and eco-

friendly unit operation in the arena of separation science and technology. It is widely 

touted as an advanced membrane process capable of efficient separation of heat sensitive 

volatile organic components or azeotropic mixtures which are otherwise difficult to 

achieve by conventional means. In the present study 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. Comparative swelling/sorption study 

of the as prepared membranes was carried out effectively using the gravimetric method at 

different temperature including room temperature. The degree of swelling for graphene 

oxide (GO) incorporated and borax cross-linked membranes was found to be increased 

almost linearly with increasing water concentration. The addition of more cross-linker may 

also increase the swelling charecteristics of the prepared polymeric membranes. Effect of 

several physico-chemical parameters such as feed concentration, feed temperature and feed 

flow rate on the pervaporation flux, separation factor, pervaporation separation index (PSI) 

and enrichment factor (EF) were critically analyzed with respect to their existing theories. 

There was disproportionality between the permeate 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 observed to be significantly lower, suggesting a higher 

separation efficiency of the prepared membranes. Intrinsic membrane 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 

polyvinyl alcohol (PVA) composite membranes were evaluated and compared with 

pertinent literature. Incorporation of graphene oxide (GO) into the polyvinyl alcohol matrix 

results in the enhanced water permeability and also the magnitude of water permeability 

was always higher than that of acetic acid. The GO incorporated and borax (disodium 

tetraborate) cross-linked PVA composite membranes exhibited higher tensile strength and 

modulus of elasticity. Diffusion behavior during the pervaporation transport through the 

prepared membranes was determined in terms of the diffusion and partition coefficient 

using Fick’s law of molecular diffusion. Diffusion and partition coefficient for water and 



 x 
 

acid were also found to increase with temperature. Diffusion coefficients of ethylene 

glycol and water increased with increasing feed flow rate; however the magnitude of water 

diffusion coefficients was higher than ethylene glycol under all experimental conditions. 

The membranes used in the present pervaporation study were characterized by FTIR, 

FESEM, AFM, XRD, TGA, DSC and contact angle measurement. 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 composite membrane was 

observed from the XRD results. FTIR results show effective cross-linking of borax with 

PVA network. 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 wt% 

borax cross-linked PVA-PES composite membrane was found better in terms of flux, 

permeability and separation factor during the PV separation of EG-water binary solution. 

AFM and FE-SEM results indicate that the prepared composite membranes displayed the 

desirable operating and structural stability. A mathematical model following the Flory-

Huggins equations were used to determine the binary interaction parameters for ethylene 

glycol-water binary solution to study the sorption behavior of solvent (EG and water) 

transport through the commercial polymeric membrane. The predicted sorption data were 

computed using MATLAB programming (version 2017 in a symbolic mathematics tool 

box) and the results could produce satisfactory prediction of experimental sorption of 

ethylene glycol-water binary mixture.  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. The membranes 

used in the present pervaporation study could tolerate highly concentrated corrosive acetic 

acid. Based on this study, further treatment of wastewater may be investigated for the 

recovery of water as well as the some other valuable organic compounds from aqueous 

stream. However, further efforts for flux enhancement and tuning of the physico-chemical 

properties of the composite membranes are needed in the future. The study has focused on 

improving the pervaporation performance based on membrane modifications and 

identifying suitable physico-chemical parameters. Active laboratory-scale pervaporation 

research should be complemented with more efforts in scaling up the process from 

laboratory to industry. 
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CHAPTER 1 

Introduction 

 

Solvent recovery is an indispensable part of many downstream operations in chemical and 

allied process industries and it constitutes one of the major components of expenses 

thereby augmenting to overall production cost. Although, recovery of valuable organic 

compounds from aqueous streams is a highly sought-after process it does encounter 

difficulties in the separation especially when an azeotrope is formed or when heat sensitive 

organic compounds with aroma and flavours are involved. Separation itself accounts for 

more than 40-70% of capital and operating cost in any chemical industry, and hence the 

proper use of selective separation process could appreciably enhance the benefit-cost ratio. 

Facile recovery of solvents is also important by considering their effect on environment 

after discharges. In essence, separation and purification continue to play a critical role in 

chemical process industries with the ever increasing demands of value added products.  

 

1.1 Conventional separation processes and their limitation 

In general, separation processes of fluid mixtures can be divided into two categories: 

equilibrium separation and rate governed separation. Conventional separation processes 

like evaporation, distillation, extraction, adsorption, and absorption, used on large scales in 

the industry, are based on equilibrium distribution. A first phase comprising a mixture to 

be separated is brought into intimate contact with a second phase. After a certain time 

thermodynamic equilibrium is established between the two phases. This implies that both 

phases show the same temperature and all components have the same chemical potential in 

both phases. The analytical concentrations of a component in the two phases, however, 

may differ; e.g. a component can be highly enriched in one phase and be depleted in the 

other one. If now the two phases are separated by an appropriate means, the enriched 

component can be recovered usually by establishing a new equilibrium at a different 

temperature or pressure. This procedure can be repeated to obtain a phase in which one of 

the components is present at the desired purity. On the other hand, if separation is based on 

differences in transport rate through some medium under the influence of a driving force 

resulting from a gradient in pressure, concentration, temperature, or electrical field, it is 
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termed as rate governed separation. All types of membrane separation, pressure driven or 

otherwise, including pervaporation, fall under this category. 

Traditional separation technologies like distillation, liquid-liquid extraction, drying etc. 

suffer from certain disadvantages associated with them. Distillation generally is an energy 

demanding procedure and mixtures wherein relative volatility of the compounds is unity or 

for the separation of heat sensitive compound, one may have to resort to the use of more 

cost intensive processes such as azeotropic or vacuum distillation. Liquid-liquid extraction 

has the major drawback of enhanced downstream processing due to the presence of an 

additional solvent. The introduction of the liquid could also cause problems in terms of the 

purity of the final food or drug product. Even drying and evaporation require high thermal 

energy to increase the concentration of final product along with more required residence 

time and process conditions. All these conventional separation techniques demand 

extensive amount of energy, external entrainer and additional processing time to recover 

key components (Baker, 2004). Furthermore, the industrial growth is associated with 

exponential energy demands and a more precise control on the environmental pollution. 

These techniques can often cause product contamination and environmental pollution 

(Afonso and Crespo, 2005). In order to fulfil the increasing energy requirements and 

environmental safety, alternative energy sources should be introduced and ongoing 

processes should be revamped to make them energy saving and environment friendly.   

 

1.2 Significance of pervaporation 

Pervaporation (PV) is one of the promising separation technologies and is much touted 

with low energy consumption, minimum contamination and ability to carry out separations 

which are otherwise difficult to achieve by conventional means. It is a developing 

membrane technology which combines the dual steps of vaporization followed by 

permeation. PV has been the focus of basic and applied research encompassing the 

membrane modification, process performance evaluation and exploration of newer areas of 

applications for more than three decennia. Pervaporation is not limited to the liquid-vapour 

equilibrium like distillation, but the core of PV technology depends on the differences in 

sorption and diffusion of the mixture components to be separated. PV technology involves 

the operating unit of feed preheating, membrane permeation cell, vacuum pumping and 

product condensation. Molecules selectively passing through boundary layer due to their 

polarity, higher affinity and faster diffusivity are vaporized and removed from surface 

https://www.omicsonline.org/open-access/effects-of-crude-oil-contamination-under-the-controlled-conditions-on-the-physicochemical-properties-of-water-in-khurmala-and-guwa-2375-4397-1000165.php?aid=76873
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immediately. Therefore, desired species are enriched to high purity at permeate side 

without any thermodynamic limitations while remaining ones are also enriched at retentate 

side simultaneously. Pervaporation-distillation hybrid system leads to a clean technology 

and offer potential savings in energy because of reduced thermal and pressure requirements 

(Jyoti et al., 2015). PV provides effective separation of binary or multi-component 

mixtures at ordinary operating conditions without using any outside chemical separating 

entrainer. So, it avoids the contaminations of required flow and its modular nature makes it 

more economical even handling the low capacity, which can be further increased by 

increasing the effective area of selected membrane (Nunes and Peinemann, 2001). The 

water enriched permeate could be treated and reused, which makes the whole process zero 

discharge. Pervaporation process has compact structure, small space occupation with 

elevated resource utilization. As compared to distillation and drying plant, the space 

requirement for pervaporation unit could be 70-80% lower with automaticity and high 

security in operation. Therefore, it is also suitable for the highly flammable and explosive 

solvent dehydration. It does not need any hazardous or toxic chemicals for the separation, 

but only a selective membrane, it does not discharge any hazardous effluent stream, 

causing water or ground pollution. 

 

1.3 Background of the present work 

Stringent environmental regulation and growing public awareness have become 

instrumental for the efficient reclamation of wastewater and the recovery of the organic 

compounds dissolved therein. Separation of organic solvents using pervaporation has 

immense potential for saving energy as compared to other traditional separations 

processes. Dilute acetic acid, model wastewater of vinegar and ethylene glycol solution 

were selected as feed in the present work with the aim to evaluate their amenability 

towards pervaporation under different operating conditions. The separation of an aqueous 

acetic acid from a waste stream from the organic intermediates is most important in the 

chemical and pharmaceutical industries and has become a priority area of industrial 

research for quite some time. Acetic acid (HAc) is used for the manufacturing of a large 

number of products. These include vinyl plastics, hot-melt adhesives, synthetic fibers and 

textiles, latex paints, phthalic and acetic anhydride, terephthalic acid, household cleaning 

and so on. The chemical processes for the production of these end-products and 

intermediates are mostly accompanied by generation of waste and recycle streams 
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containing acetic acid-water mixtures thereby necessitating their efficient separation 

(Jullok et al, 2011, Kuila and Ray 2011a). Although, a binary mixture of acetic acid and 

water does not form an azeotrope, removing pure water by distillation is still difficult due 

to their close-boiling temperatures. A conventional dehydration process for acetic acid 

(HAc) recovery is completed by a distillation column with 45-60 theoretical stages and 

with a high reflux ratio (Chien et al., 2004). This separation is energy intensive because the 

relative volatility between water and HAc is close to unity. Aqueous acetic acid containing 

more than 80 mass% acids is also corrosive in nature.  Thus, pervaporation may be an 

alternative option to separate such a mixture.  

Ethylene glycol (EG) is a widely used precursor in organic chemical industries for the 

manufacturing of unsaturated polyester resins, polyacetate fibers, plasticizers, antifreezing 

agents, lubricants, non-ionic surfactants, brake fluid, solvent and so on. Currently, direct 

hydration of ethylene oxide, i.e. the pressurized hydration process is the preferred route for 

the commercial production of EG (Xi et al., 2014). The process entails the addition of 

excess amount of water (about 10-25 times the molar quantity of ethylene oxide) to raise 

the selectivity of ethylene oxide to the EG. Therefore, the concentration of the EG obtained 

after completion of the reaction is at most around 10-20% by weight. EG (boiling point: 

198oC) dehydration by traditional multistage evaporation and distillation is highly energy 

intensive (Du et al., 2008; Guo et al., 2006; Rao et al., 2007), requiring high pressure steam 

for reboiler. Here comes the importance of an alternative dehydration protocol for EG-

water mixture. 

The aqueous stream containing up to 15 to 20 % acetic acid is commonly known as vinegar 

which is widely used as cooking ingredients, food flavourant, pickling and perishable food 

preservation. Additionally it is also used as effective cleaning agents for crockery. 

Wastewater generated from the vinegar processing units contains up to 15% of recoverable 

acetic acid with a COD of 66.3 gL−1 (Kargi and Arikan, 2013b). This dilute acetic acid 

(along with few other ingredients like salts, edible colour etc) in vinegar is not amenable to 

separation from water by conventional distillation or rectification owing to their proximate 

boiling points. But very few studies have focused on the concentration of vinegar or 

recovery of acetic acid from spent vinegar. Therefore, development of pervaporation 

process for acetic acid recovery from dilute waste stream, which may partly supplement, if 

not fully substitute distillation processes, is quite encouraging. Taking these considerations 

into account, we chose to work on polyvinyl alcohol based different composite membranes 
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for the separation of acetic acid from dilute mixture and spent vinegar solution, and 

ethylene glycol from model wastewater.  

Membrane being the heart of pervaporation, the key success of the process is largely a 

function of membrane features such as its chemical component and morphology (Manshad 

et al., 2016) in addition to the physical property of polymer, porosity, thickness, degree of 

cross-linking and polymer-solvent interaction. The polymeric membranes can be modified 

by changing their physical and chemical structure and properties according to their end 

industrial application. Thus, there is a need to modify existing membranes or synthesize 

new membranes for enhanced pervaporation performance. To this end the present study 

partly attempted to investigate pervaporation by using commercial, modified and 

synthesized polymeric composite membranes, for aforementioned feed mixtures with a 

wide range of operating conditions. 

 

1.4 Definition of 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 process 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, membrane permeability or permeance, selectivity, 

separation factor, enrichment factor and long-term membrane performance. All these 

factors should be addressed in order for the process to be used commercially by preparing 

different polymeric composite membranes. Considering that the separation of valuable 

organic chemicals from aqueous mixtures 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 aqueous binary mixures of acetic acid, vinegar and ethylene glycol. 

The impetus for the present work was stimulated by the potential advantage of 

pervaporation for efficient dehydration of organic compounds like acetic acid, ethylene 

glycol and spent vinegar and to obtain a complementary insight into the basis and applied 

aspects which could be practical as guiding principle for scale up and design of the 

pervaporation process. 
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1.5 Objectives and scope of the present study 

The main objectives and scope of the present study are appended below: 

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

membranes by multifunctional cross linking agents. 

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.  

The study offers a better perspective on the exact link between membrane characteristic 

(surface composition and bulk structure) and separation properties (flux and selectivity).  

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 other valuable organic 

compounds. The study has focused on improving the pervaporation performance based on 

membrane modifications and identifying suitable physico-chemical parameters.  

 

1.6 Presentation and layout of the thesis 

This thesis contains total six chapters with appropriate sections, subsections, references, 

appendices and the list of research publications. The first chapter of this thesis deals with 

the introduction and significance of the pervaporation process in industries along with its 

advantages and limitations in comparison to conventional separation techniques. It also 

describes the definition of problem and objectives of the present research work. The 

theoretical background related to the general pervaporation process (including basic 



Introduction 

 

7 
 

working principle, industrial application, membrane characterization techniques, 

mechanical properties and swelling behaviour of membrane, different membrane 

modifications, transport mechanism, sorption modeling, research gap) and a detailed 

literature review for the pervaporation study of acetic acid-water and ethylene glycol-water 

mixture are given in chapter 2. Chapter 3 describes the different equipments, glasswares, 

chemicals, membranes, modules and the detail descriptions of the pervaporation 

experimental procedure used to carry out the present research work. The methodologies 

used for the analysis of the feed and permeate sample, membrane charecterization as well 

as the different theoretical equations and terminologies used to determine the effect of 

various physico-chemical parameters on the pervaporation performance are also discussed 

in chapter 3. Chapter 4 highlights the theoretical considerations of Flory-Huggins 

mathematical model approach which is applied to the commercial polymeric composite 

membrane used for the sorption study of ethylene glycol-water binary mixture of different 

concentrations. The experimental sorption results are compared with the predicted sorption 

data. The results obtained for the swelling and pervaporation study of all the membranes 

with their mechanical properties and charecterization are presented and discussed in details 

in the chapter 5. Finally, chapter 6 summarises the findings and the major conclusions that 

can be drawn from this investigation with some recommendation for the further study. 
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CHAPTER 2 

Literature Review 

 

Lower energy consumption, higher efficiency, recycling of valuable resources, and higher 

product quality are considered to be some of the desirable attributes of an advanced 

separation process. Pervaporation (PV) stands out to be a unique one in terms of all the 

aforementioned attributes when compared to the traditional equilibrium separations 

processes. The PV process can easily dehydrate solvent mixtures. The binary or ternary 

azeotropes can be dehydrated without the use of entrainers. In some cases, where 

distillation is not possible, PV is the only alternative to costly incineration of waste solvent 

streams. It is widely recognized as a typical energy efficient and green separation 

technology, which utilizes the dual process of permeation and evaporation to separate 

liquid mixture through a dense perm-selective membrane. PV has gained its importance as 

an environmentally benign separation process both as a stand-alone unit and a 

supplementary to the distillation. Both industrial and academic interest in pervaporation 

has dramatically increased in the past few decades.  

 

2.1 Working principle of pervaporation 

The membrane based separation process, which uses a dense polymeric membrane for 

selective permeation of one or more components from a liquid mixture, is pervaporation. 

As shown in Fig. 2.1 the feed liquid mixture is kept in direct contact with one side of the 

membrane and the permeated product (pervaporate) is removed in the form of vapor.  

 

                                        Fig. 2.1 Schematic of a pervaporation unit 
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The mass flux is brought about by keeping the lower side partial pressure lower than 

saturation pressure, either by providing a vacuum on the downstream side or introducing a 

carrier gas. The working principal of PV process can be best discussed through 

understanding a two step procedure, an evaporation process and a transfer process acroos 

the dense membrane. In the evaporation process, the feed liquid mixture temperature is 

increased up to the temperature where the saturated vapor from the feed solution is formed. 

This saturated vapour comes in the contact with the membrane when it is circulated over 

the membrane surface through pump. In the second stage of pervaporation process, this 

vapor diffuses from the feed side to the permeate side across the dense membrane which is 

then condensed using a condenser installed on the permeate side of the membrane. 

Mathematically speaking, the second stage of PV process can be considered as the ratio of 

the components in the permeate vapor to the ratio of the components in the feed vapor. The 

vapor permeate is at least partially condensed to produce a liquid product. Any 

uncondensable vapor is purged from the system. Because the amount of uncondensable 

vapor is usually small, the pumping required for this method is frequently minor. The flux 

is due to the constant adsorption of components on the membrane side and desorption on 

the permeate side. The separation is governed by the physical-chemical affinity between 

the membrane material and the species to pass through hence the chemical nature, structure 

and materials of membrane play a key role (Nunes and Peinemann, 2003). The accepted 

mechanism for PV transport is solution-diffusion.  

The selective transport in pervaporation through the membrane is followed by a three 

consecutive steps as shown in Fig. 2.2.  

(i) Sorption of the species from the feed liquid mixture to the membrane side. 

(ii) Selective diffusion of the species through the dense membrane and 

(iii) Desorption of the species to the permeate side of the membrane.  

The selective polymer absorbs the desired species, which is then desorbed by evaporation 

on the other surface of the membrane. The continuous sorption on one side and desorption 

on the other side creates the mass flow through the membrane. In case of aqueous-organic 

separation through pervaporation, because of this selective sorption of compound, the rate 

at which the organic is transferred through the membrane will greatly exceed the rate for 

water, leaving a permeate stream that is highly enriched in the organic. Relative to the 

other conventional separation techniques, PV systems are simple to operate, easy to 

maintain, sized and configured based on a particular design. Moderate operating 
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temperature, no requirement of entrainer and thus no secondary contaminations are some 

of the key features of pervaporation (Hao et al., 2009).  

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Transport through pervaporation process 

In general, pervaporation offers a flexible, efficient solution for several organic or 

inorganic solvent purification in which the performance of a feed liquid mixture is 

determined based on the physico-chemical properties of feed mixtures with their own 

interactions, the affinities of permeates toward the membrane, and the physical structure of 

the membrane. 

 

2.2 Significant industrial applications of pervaporation 

Advances in ongoing pervaporation membrane research and technological developments 

have led to the commercialization of several pervaporation applications in the chemical, 

food, pharmaceutical, allied process and wastewater treatment industries. Organic solvents 

are used for a variety of purposes in such industries e.g. for synthesis of pharmaceuticals, 

to precipitate materials from aqueous solutions, for cleaning purposes and for drying of 

final products (Nunes and Peinemann, 2001). Most of the industrial spent solution or 

effluents always contain some amount of water. Dehydration of organic solvents, 

purification of water and separation of organic-organic mixtures are the potential 

applications of pervaporation. Fig. 2.3 represents some important industrial applications of 

pervaporation process. A well designed and operated pervaporation plant will recover 90 to 
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97 % of the solvent contained in a feed mixture, thus reducing storage and shipping of 

hazardous goods (Nunes and Peinemann, 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Industrial applications of pervaporation 
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Separation of 95 wt% ethanol-water azeotropic mixture and isopropanol-water mixture are 

particularly found to be the most energy efficient application of pervaporation using cross-

linked PVA membrane. Dehydration of n-butanol and dimethylformamide was also carried 

out using several silica membranes (Petersa and Fontalvoa, 2005). Other organic solvents 

such as acetic acid, ethyl acetate, butyl acetate, acetone, methyl isobutyl ketone, 

tetrahydrofurane, ethylene glycol and acetonitriel etc can also be dehydrated using 

pervaporation. About seventy commercial plants for alcohol dehydration are now in 

operation world-wide (Dutta et al., 1997). 

Pervaporation has been used for the separation of volatile organic compound (VOC) from 

the contaminated aqueous stream which may be generated from the industrial process 

water, groundwater or leachate and the recovery of volatile flavour and aroma elements 

from streams produced in the processing of fruits and vegetables. PV can also be 

effectively practical in food process industries for the processing of aqueous condensate 

streams generated during the production of concentrated orange juice, tomato paste, apple 

juice etc., which produce concentrated, high-value oil, without exposing the flavour 

elements to high temperatures (Rajagopalan and Cheryan, 1995; Karlsson and Tragardth, 

1996). Rubbery PV membranes are successful for separating hydrophobic organic solutes 

from dilute aqueous solutions. PV can be used to reduce the water content of the 

bioethanol for fuel application. The treatment of streams originating from the evaporation 

of solvents in coating processes in the film and tape production, the purge of products like 

polymers, by which unreacted monomers are removed, or from breathing of storage tanks 

for solvents and especially from loading and unloading of gasoline tanks in tank farms are 

some of the significant industrial application of pervaporation using organophilic 

membranes (Nunes and Peinemann, 2001). Compound like phenol can be efficiently 

removed and recovered from water competing process using PV technology. Pervaporation 

applications are also found in biotechnological industry for the continuous separation of 

ethanol and butanol from the yeast fermentation broth, which can be further purified and 

concentrated.  

At present pervaporation separation of organic-organic mixture becomes difficult because 

of the limitations of membranes and membrane modules to withstand the high temperature 

and their long term exposure to organic compound (Dutta et al., 1997). However, specific 

modifications in the membranes can help to remove the light alcohol such as methanol and 

ethanol from the other organic compounds. In organic-organic separations most of the 
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alcohols form azeotropes with other organics, like aromatics, alkanes, ethers, ester, etc. 

Cross-linked cellulose acetate-poly (styrene phosphate) blend membrane was used for the 

pervaporation separation of benzene/cyclohexane mixtures (Cabasso, 1983). Pervaporation 

can also be used to recover pure methanol from the feed mixture of 

methanol/isobutene/methyl tertiary butyl ether (Chen et al., 1988). It can also be used for 

the separation of methanol-toluene and ethanol-hexane mixture. Another application that 

has developed to the pilot scale is the separation of aromatic/aliphatic mixtures in refining 

crude oils into transportation fuels (Matsui and Paul, 2003).  

 

2.3 Membranes for pervaporation 

The choice membrane for the pervaporation process depends on the feed solution. 

Performance of the PV is evaluated in terms of membrane permeability and selectivity as 

well as the rate of transport of feed mixture through the membrane. Membranes used in 

pervaporation processes are classified according to the nature of the separation being 

performed. Hydrophilic membranes are used to remove water from organic solutions. 

These types of membranes are typically made of polymers having glass transition 

temperatures above room temperatures. Organophilic membranes are used to recover 

organics from solutions. These membranes are typically made up of elastomer materials 

(polymers with glass transition temperatures below room temperature). The flexible nature 

of these polymers makes them ideal for allowing organic to pass through. Because of their 

hydrophilic character, these membranes enable the extraction of water with good 

permeation flux and selectivity depending upon the chemical structure of the active layer 

and its mode of cross linking. 

2.3.1 Polymeric membranes 

According to the nature of the separation being performed, polymeric membranes are 

further classified in two category (i) hydrophilic membranes and (ii) organophilic 

membranes. Hydrophilic membranes are preferentially allows the permeation of water 

depending on the permeability and diffusivity of the membrane with its glass transition 

temperatures above the room temperatures while organophilic membranes have better 

solubility towards the organic solvents with its hydrophobic nature in order to increase 

their permeation and to overcome the unfavorable separation and diffusivity (Koops and  

Smolders, 1991). Both, hydrophilic and hydrobhobic composite membranes consist of a 

very thin active layer supported on the porous membrane of woven or non woven fabric. 
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This support membrane gives sufficient physical, chemical, mechanical and thermal 

stability to the composite membrane. Polymers like polyimides, polymaleimides, 

polyacrylonitrile, polyetherimide, polysulfone, polyethersulfone, polyvinylidenfluoride, 

Nafion etc. can be used as porous support for the polymeric membranes.  

Hydrophilic membranes 

Commercially available hydrophilic membranes are generally made from polyvinylalcohol 

(PVA), natural polymers like chitosan, cellulose and its product like ethyl cellulose or 

cellulose acetate, sodium alginate, etc. which must be cross-linked in order to render them 

insoluble after the coating process. PVA is a semi crystalline glassy polymer with a glass 

temperature of 84oC and a melting temperature of 220oC. Due to the presence of hydroxyl 

groups, PVA has strengthened hydrophilicity and affinity toward water, as proved by its 

lower contact angle and the higher swelling property with aqueous solutions. Due to high 

degree of swelling ability the free volume in the PVA matrixs increases and chemical 

interaction with the permeating components decreases, which results in lower separation 

factor and thermal stability of PVA membrane. In order to improve its stability, polyvinyl 

alcohol is usually cross-linked/grafted or blended with appropriate cross linking agents 

(Xie et al., 2011). Hydrophilic membranes are also prepared or modified using chitosan 

which can be used for the treatment of industrial waste water since (Wan et al., 2006). Due 

to the high strength of hydroxyl groups along with the backbone chain in cellulose 

derivatives it forms the complete networks of hydrogen bonds (Qiu and Hu, 2013). The 

presence of carboxylic and hydroxyl groups of the sodium alginate consist membranes are 

responsible for better water sorption and diffusion, thus permeating the making of 

membranes with more permselectivity for the recovery of water (Huang et al., 1999). 

Organophilic membranes 

Organophilic membranes are mostly prepared from the rubber polymer like polydimethyl 

siloxane (PDMS), polymethyl octyl siloxane (POMS), polyether-block-polymide, 

ethylene-propylene diene terpolymers, polybutadiene etc. The flexible nature of these 

polymers makes them ideal for allowing organic to pass through. Because of the absence 

of double bonds in polydimethyl siloxane membrane, the rotation of bond becomes 

possible which it very good elastic polymer. Generally PDMS membrane gives higher 

permeation rate with moderate pemeabilities by diffusion of permeating components 

through its free volume (Watson et al., 1992). In another pervaporation experimental study, 

Sikdar et al. (2008) developed a new technology of preparation of asymmetric flat sheet 
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membrane using SBS polymer. The novel membrane prepared by him gives better PV 

performance in terms of membrane selectivity and separation factor. 

2.3.2 Inorganic membrane 

Inorganic membranes refer to membranes made of materials such as ceramic, carbon, 

silica, zeolite, various oxides (alumina, titania, zirconia) and metals such as palladium, 

silver and their alloys. The membranes prepared from Inorganic materials have better 

physical and chemical properties incompare to the polymeric membranes, including 

improved structural strength, high resistance to corrosion, abrasion and fouling, and limited 

swelling or compaction with long lifecycles. In addition, when compared to polymeric 

membranes, chemical stability and pH tolerance of inorganic membranes are much higher. 

Therefore, many mixtures, which are not possible to be separated with polymeric 

membranes, can be separated by inorganic membranes (Hoof et al., 2006). Despite of their 

high weight and considerable production cost, inorganic membranes can resist rigorous 

chemical environments and work at high temperatures. These membranes can be further 

divided into five different class of material such as ceramic, carbon, glass, metal, and 

zeolite membranes. 

2.3.3 Composite membranes 

Composites membranes are also used in pervaporation. These membranes have basically 

two layers, the lower porous layer of the support membrane and the upper active layer or 

permselective membrane which preferentially allows the chemical compounds to absorb on 

its surface. The pervaporation performance of the composite membranes strongly depends 

on the thickness of active layer. For example, flat sheet composite hydrophilic polyvinyl 

alcohol (PVA) membranes with either polyether sulfone (PES) or polyacrylonitrile (PAN) 

are used for the pervaporation separation. Generally, the composite membranes have 10 to 

100 squre metres of active surface area when they are used in pervaporation plants, consist 

of different membrane modules. Flat-sheet, tubular and spiral-wound membrane modules 

are commonly used with PV plants. Spiral wound membrane modules have high surface 

area per module which allows them to operate comparatively at high feed flow rates for 

pervaporation separation. For the separation of organic solvents from the dilute stream of 

aqueous solution, the silicone rubber type PV membrane modules are extremely effective. 

The use of the dense membranes has initially inhibited the growth of pervaporation process 

due to the high values of membrane thickness, which result in low permeate fluxes. 
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However, the development of integral asymmetric membranes by Loeb and Sourirajan 

significantly contributed to the progress of pervaporation process. 

 

2.4 Pervaporation membrane fabrication methods 

Pervaporation membranes can be considered as either fully dense or composite assymetric 

with a thin active layer. The membrane fabrication play vital role as the overall efficiency 

of separation factor in pervaporation depends on membrane performance (Ong et al., 

2016). Following are the common fabrication method used for pervaporation membranes.  

2.4.1 Solution casting 

Flat sheet membranes are generally fabricated using solution casting technique. The 

polymer solution is first prepared by dissolving it into suitable solvent. This ready solution 

of polymer is then spread onto a smooth surface and allows for the rapid evaporation of 

solvent from it in order to prepare the dense membrane. Phase inversion procedure can 

produce asymmetric membrane. The composite membranes with more than one layer can 

also be prepared by casting multi polymer solution onto flat surface. In the case of mixed 

matrix membrane preparation, the fillers are added into the polymer solution. In order to 

prevent the agglomeration, the polymer solutions are meticulously stirred by providing 

sonication (Ong et al., 2016). 

2.4.2 Hollow fiber spinning 

Here the single polymer or mixture of polymer solution in different combination and ratios 

is extruded into a non solvent bath where demixing occurs because of exchange of solvent. 

Polymer such as polysulphone (PSF), polyethersulphone (PES), polyacrylonitrile (PAN), 

polyvinyl alcohol (PVC) and polyvinylidene fluoride (PVDF) can be used (Vandekar, 

2015). They are in liquid state (dope) and kept in the solution tank. The polymer and water 

are then passed through the spinneret at different velocities. To keep the bore diameter of 

hollow fibre membrane constant, water is generally used. The fiber is then extruded and 

passed through constant water bath and then it is winded at bobbin. Actual formation of 

hollow fiber membrane begins at the air gap between the spinneret and water bath. The 

membranes become smooth and little bit flexible in water tank. Based on requirements, 

Spinneret used will be of different types. It may be multi- bored or single bored. It may be 

having two concentric bores for single layered or three concentric bores or double layered. 

Multi-bored spinneret is used to increase the number of layers of the hollow fiber 

membrane (Ong et al., 2016). 
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2.4.3 Solution coating 

It is also known as dip coating method. The design of assymetric, tubular and hollow fiber 

modules of composite membranes are prepared by casting the thin active layer on the 

upper surface of micro porous substrate or support using solution coating method.  In order 

to control the membrane resistance, the substrate must be porous. In order to stop the 

interruption of the grafting solution generally, the substrate pore size should be kept sharp 

and free of large defects. The solution layered composite membrane is then dried out to 

remove the remaining undried solvent (Ong et al., 2016). Majority of the pervaporation 

membranes in flat sheet arrangement are prepared using this method. However, it is 

difficult to made hollow fiber design due to small fiber diameter using this technique. 

2.4.4 Interfacial polymerization 

The membranes used for the reverse osmosis, nanofiltration and pervaporation dehydration 

process are generally made by interfacial polymerization. In this process constant 

polyamide film of two immiscible solutions are formed by carry out the quick reaction 

between the monomers of amine and acyl chloride. Due to the excellent solubility of acyl 

chloride group monomer and very good solubility of amine group monomer, it is assumed 

that the growth of polyamide film starts from the aqueous phase to organic phase at the 

solution interface (Morgan, 1965). This technology produces a very thin active layer of 

selective membrane at the upper surface, which significantely enhance the permeation flux 

and membrane selectivity. In addition to that interfacial polymerization technique provides 

good chemical resistance, excellent thermal strength and long term exposure to the 

prepared composite membranes (La et al., 2010). 

 

2.5 Characterizations of membrane 

The PV membrane performance can be best understood by correlating their properties of 

fundamental charecterization. During the pervaporation separation, the rate of mass 

transfer through the used membranes is inhibited by the solution-diffusion phenomena. So, 

to determine the transport properties of particular membrane, the polymer-permeants 

interaction becomes very necessary. The charecterization helps to better understand the 

transport properties across the membrane. 

2.5.1 Atomic force microscopy (AFM) analysis 

The visual information of the membrane structure can be explaned with atomic force 

microscopy analysis of the used membrane. In order to better understand the separation 



Literature Review 

 

18 
 

properties and top active surface of the membrane, the AFM charecterization of the 

membranes becomes very essentials. AFM techniques provide the high resolution from 

few micrometers to the nanometer range. In the area of membrane separation, AFM 

technology is most widely used for getting the 3D images of membrane surface which can 

also provides the detail informations of membrane roughness and pore size distributions. In 

addition to that the AFM technology also allows the measurement of interaction forces 

between the membrane surfaces and various materials used which can help in determining 

the fouling properties of the composite membrane (Hilal and Johnson, 2010). 

2.5.2 Field emission scanning electron microscopy (FE-SEM) analysis 

The analysis and of the membrane through scanning electron microscopy (SEM) is one of 

the most accepted and extensively used techniques for the membrane characterization. 

SEM can be effectively used to characterize specimens down to a resolution of a few 

nanometres, with image magnifications achievable in the range of 10 to over 300,000. In 

addition to information on surface on surface topography, SEM can also provide useful 

information on chemistry, crystal orientation and internal stress distribution. SEM consists 

of an electron gun to emit electrons that are focussed into a beam, with a very fine spot size 

of 5nm. Electrons are accelerated to energy values in the range of a few hundred eV to 50 

KeV, and rastered over the surface of the specimen by deflection coils. As the electrons 

strike and penetrate the surface, a number of interactions that result in the emission of 

electrons and photons from the sample occur, and SEM images are produced by collecting 

the emitted electrons on a cathode ray. Various SEM techniques are differentiated on the 

basis of what is subsequently detected and imaged (Muty et al., 2013). 

2.5.3 Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The infrared spectrum provides a rich array of absorption bands. Many of the absorption 

bands cannot be assigned accurately; those that can, however, provide a wealth of 

structural information about a molecule. Either the wavelength (µ) or wave number (cm-1) 

is used to measure the position of a given infrared absorption. The wave number is directly 

proportional to the absorption energy, whereas the wavelength is inversely proportional to 

the absorbed energy. Infrared absorption spectra are usually obtained by placing the 

sample in one beam of a double-beam infrared spectrophotometer and measuring the 

relative intensity of transmitted light energy versus wavelength or wave number. A 

common light source for infrared radiation is Nernst glower, a molded rod containing 

mixture of zirconium oxide, yttrium oxide and erbium oxide that is heated to around 
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1500oC by electrical means. Either optical prisms or grating spectrophotometers is used to 

obtain approximately monochromatic light. Glass and quartz absorb strongly throughout 

most of the infrared region, so they cannot be used as cell containers or as optical prisms. 

Metal halides are commonly used for that purposes. Recording spectrophotometers are 

available such that a complete spectrum (2.5-25 µ, 4000-400 cm-1) may be obtained in a 

matter of minutes (Dyer, 2012). 

2.5.4 X-ray diffractometer (XRD) analysis  

XRD is extensively used to study the crystal structure of solids, measure the average 

spacing between layers or rows of atoms, sizes, shape and internal stress of small 

crystalline regions. It determines the orientation of a single crystal or grain and finds the 

crystal structure of an unknown material. In XRD, a beam of X-ray, with wavelength 

ranging from 0.07 to 0.2 nm, is diffracted by the crystalline specimen according to Bragg’s 

law as per Eq (2.1) 

                    θdλ sin2=      (2.1) 

Where d  is the interplaner distance and  is the wavelength of the X-rays. The intensity of 

the diffracted beam is measured as a function of the diffraction angle (2θ) and the 

specimen’s orientation. The diffraction pattern can be used to identify the crystalline 

phases and their structural characteristics. XRD is non-destructive and does not require 

detailed sample preparation. Homogeneous and inhomogeneous strains in materials can be 

measured as X-ray intensity and dependent on the Bragg angle. Since XRD gives averaged 

information, it leads to broadening of the diffraction peaks, which increase with increase in 

sinθ. Peak broadening can also be possible due to the fine crystallite size, which is 

independent on sinθ (Muty et al., 2013).  

2.5.5 Thermogravimetric (TGA) analysis 

TGA is a technique in which the mass of a substance is monitored as a function of 

temperature or time as the sample specimen is subjected to a controlled temperature 

program in a controlled atmosphere. A TGA analysis is performed by gradually raising the 

temperature of a sample in a furnace as its weight loss is measured on an analytical balance 

that remains outside of the furnace. Chemical reactions, such as combustion, involve mass 

losses, whereas physical changes, such as melting, do not.  The weight of the sample is 

plotted against temperature or time to illustrate thermal transitions in the material such as 

loss of solvent and plasticizers in polymers, water of hydration in inorganic materials, and, 

finally, decomposition of the material. A TGA consists of a sample pan that is supported 
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by a precision balance. That pan resides in a furnace and is heated or cooled during the 

experiment. The mass of the sample is monitored during the experiment. A sample purge 

gas controls the sample environment. This gas may be inert or a reactive gas that flows 

over the sample and exits through an exhaust. A TGA thermal curve is displayed from left 

to right. The descending TGA thermal curve indicates a weight loss occurred. Most TGA 

experiments use an inert sample purge gas. This is done so the sample only reacts to 

temperature during decomposition. When the sample is heated in an inert atmosphere this 

is called pyrolysis (Rana et al., 2006). 

2.5.6 Differential Scanning Calorimetry (DSC) analysis 

DSC analysis is used to measure melting temperature, heat of fusion, latent heat of 

melting, reaction energy and temperature, glass transition temperature, crystalline phase 

transition temperature and energy, precipitation energy and temperature, denaturization 

temperatures, oxidation induction times, and specific heat or heat capacity. It can also 

measure the amount of energy absorbed or released by a sample when it is heated or 

cooled, providing quantitative and qualitative data on endothermic (heat absorption) and 

exothermic (heat evolution) processes. Only non-corrosive samples can be analyzed in this 

very sensitive instrument. The sample is placed in a suitable pan and sits upon a constantan 

disc on a platform in the DSC analysis cell with a chromel wafer immediately underneath. 

A chromel-alumel thermocouple under the constantan disc measures the sample 

temperature. An empty reference pan sits on a symmetric platform with its own underlying 

chromel wafer and chromel-alumel thermocouple. Heat flow is measured by comparing the 

difference in temperature across the sample and the reference chromel wafers. The DSC 

study can also be used to predict the miscibility behavior for the blending of polymer by 

measuring their heat of mixing (Rana et al., 2000a). 

2.5.7 Mechanical properties of membrane 

The prime consideration in determining the general utility of polymer material is its 

mechanical behavior that is its deformation and flow charecteristics under stress. For 

polymers, numerous mechanical properties can characterize their applicability. Tensile test 

for the membrane material is mainly used to get intrinsic properties of the polymeric 

material specifically strength, Young’s Modulus as a function of strain and elongation at 

break. Kuila and Ray (2011a) reported that incorporation of inorganic filler in the matrix of 

FIPN membrane increases its stiffness but reduces chain mobility and hence the filled 

membranes show higher tensile strength and lower elongation at break compare to PVA 
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membrane after immersion in water and acetic acid for one week. Das and Ray (2013) 

observed that with increase in concentration of carboxy methyl cellulose in the blend 

membranes of polyvinyl alcohol (PVA), tensile strength reduces from 31.4 MPa to 15.9 

MPa and elongation at break reduces from 6 to 3 due to reduced in the crystallinity 

increase in restriction of mobility of the polymer chains. The addition of polyaniline into 

sodium alginate polymer results in an improvement in the tensile strength and reduction in 

the elongation at break may be due to ionic interactions (Moulik et al., 2016). Zhao et al. 

(2010) reported that the addition of graphene into the polymer matrix has a significant 

improvement in the mechanical properties of PVA such as Young’s modulus and tensile 

strength for the graphene/PVA composites. They noted the tensile strength of the 

composite containing 1.8 vol % graphene is up to 42 MPa, while that of the PVA pristine 

sample is 17 MPa; i.e., the tensile strength increased by 150% due to contact between 

graphene and the matrix, which restricts the movement of the polymer chains. The addition 

of formaldehyde to the aqueous PVA solution increased the tensile strength of the single-

layer membranes; however, excess addition of formaldehyde caused a decrease in the 

tensile strength (Dong et al., 2011). Guo et al. (2007a) noticed that the appropriate 

crosslinking of glutaraldehyde for PVA membrane in ethylene glycol peravaporation 

dehydration can simultaneously enhance the degree of elongation and Young’s modulus, 

however, with increasing the crosslinker content from 15 to 20 vol%., the increased 

Young’s modulus and reduced elongation at break indicates that the membrane becomes 

stiffer and easy to fracture. The results of tensile strength and elongation of chitosan and 

cross-linked chitosan blend membranes used for the separation of ethylene glycol 

(EG)/water mixtures exhibited tensile strengths of 1.385 and 1.846 N/mm2 and percents of 

elongation at break of 3.48 and 2.21, respectively which shows that after cross-linking the 

membrane with phosphoric acid, tensile strength increases (Rao et al., 2007).  In the 

similar study of EG dehydration using glutaraldehyde cross-linked poly(vinyl 

alcohol)/hyperbranched polyester membrane, Sun et al. (2015) observed that with increase 

in the HBPE content tensile strength decreased and and tensile elongation first increased to 

the maximum 729.11% and then decreased due to decrease in membrane crystallinity. 

 

2.6 Swelling behaviour of polymeric membrane  

Swelling or sorption is significant phenomenon of a polymeric membranes used for the 

organic solvent recovery. The selectivity of the used membrane can be best investigated by 
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measuring its swelling activities. The swelling show a key responsibility in the separation 

of organic solvents through polymeric membranes, as sorption alters the physical as well as 

the chemical properties of polymer. Generally, during the swelling of polymeric membrane 

the mixing of solvent and polymer takes place, hence it is also considered as 

thermodynamic process (Flory and Shih., 1997). The degree of cross-linking, crystallinity, 

polymer-solvent interaction, and the adhesive forces significantly affect the percentage of 

swelling. During the swelling because of the more polymer-polymer interaction then 

polymer-solvent interaction, the polymer matrix expanded restricts the entire dissolution of 

the membrane. The higher the interaction among the solvent-polymer results in more 

swelling of membrane. The mechanism of swelling can be described in a three different 

steps as shown in Fig. 2.4. The solvent molecules are first absorbed at the membrane 

surface, then penetrate via diffusion through the membrane by occupiying the free volume 

and finally the structure of polymer gets expand due to the trapping of solutions in to 

polymer network and makes the polymer chain to swell. Because of the opening of pores 

during swelling of dense composite membrabe, the more solvent molecules are allowed to 

move through it which greatly affects the membrane permeability and selectivity in 

pervaporation. In case of porous membrane swelling, the pore wall becomes narrow due to 

the contraction which results in more membrane selectivity but at the cost of lower 

permeability (Verhoef et al., 2008). 

 

Fig. 2.4 Swelling of polymeric membrane 

Generally to study the swelling behaviour of polymeric membrane, sorption experiment is 

carried out in which membrane samples of known weight are immersed in solution of 

known concentration and allowed to equilibrate. Each sample is weighed periodically until 

no mass change is observed. The membranes are then taken out from the solution and 
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weighed after the superfluous liquid was wiped out with tissue paper. The increment in 

mass is equal to the total mass of solution absorbed by the membranes. When 

pervaporation is carried out using polymeric membrane, flux and separation factor are 

affected by the amount of membrane swelling. In pervaporation due to the swelling, the 

concentration gradient becomes non-linear. Hence it is worth to mention that higher 

swelling of PV membrane leads to extreme decrease the selectivity. Swelling tends to alter 

the membrane properties and generally leads to higher permeability and lower selectivity. 

Usually it is observed that the pervaporation flux and separation factor are inversely 

propernal to each other so one has to compromise either of this factors by reducing the 

swelling effect of membrane. It is true that the lower degree of sorption provides poor flux 

with high membrane selectivity. 5 to 25 wt% of swelling were considered to be the most 

favourable value of swelling (Mulder, 1997). Based on the feed composition the membrane 

free volume can be changed as the time progress hence the sorption value also change 

(Tarleton et al., 2006). A number of swelling studies of the polymeric membrane concludes 

that the PV membrane performance and also the physical structure of membrane were 

affected by sorption phenomena (Jiang et al., 2009; Shao and Huang, 2007). Therefore, in 

orde to design and scale up of pervaporation membrane, swelling measurements are 

considered as one of the key charecteristics of PV plants (Shi et al., 2013). 

Isiklan and Sanli (2005) reported that the degree of swelling of maleic acid cross-linked 

PVA membrane decreases as the cross linking agent content is increased for the PV of 20 

wt% acetic acid aqueous solution at 25oC. The DS for acetic acid-water mixture increased 

with increasing feed water concentration for polyacrylonitrile and polyethersulfone 

supported sodium alginate/polyaniline composite membranes (Moulik et al., 2016). The 

total sorption of HAc and water increases with increase in the loading of hydrophilic 

aluminosilicate filler (Kuila and Ray 2011a). Yeom and Lee (1996) concluded that with 

increasing the glutaraldehyde solution content, the swelling ratios of the PVA membranes 

in acetic acid and water mixture decreased rapidly until 5 and 10 vol%, respectively, and 

then increase slowly. Jiang et al. (2009) has reported that in PV dehydration of acetic acid 

too much absorption of water molecules by -OH group such as -NH2, -COO or -OH in the 

PVA membrane results in excessive swelling, mechanical fragility and morphological 

instability of the membrane. It is noticed that the degree of swelling increased almost 

linearly for poly(vinylalcohol)-silicone based hybrid membranes in different mass% of 

water–acetic acid mixture at 30oC (Kariduraganavar et al., 2005). Jullok et al. (2012) 
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reported that different polyphenylsulphone membranes show a higher DS in higher acetic 

acid concentrations of about 95 wt%.  Higher hydrophilicity also means a higher degree of 

swelling of the sulfonated polybenzimidazole membrane which reduces the separation 

efficiency and mechanical rigidity (Wang et al., 2012a).  

Hu et al. (2012) observed that the swelling degree of water in the composite membranes 

comprising of polyvinylamine-poly (vinyl alcohol) incorporated with different content of 

carbon nanotubes is approximately 10 times greater than the sorption uptake of ethylene 

glycol. Hyder and Chen (2009b) has reported the swelling behaviour of poly(vinyl 

alcohol)–poly(sulfone) membranes crosslinked with 0.05 to 0.7 wt%  trimesoyl chloride 

solution for EG–water mixtures containing 50–90 wt% water at 25oC. They observed that 

the higher concentration of trimesoyl chloride in the crosslinking solution reduces the 

swelling degree which might lead to a more rigid and less water-expandable membrane 

structure. In another swelling study of EG-water mixture carried out at 20oC using PVA-

Zeolite NaA mixed matrix membrane, it was noted that with increasing the dose of zeolite 

content in PVA the degree of sorption increases (Baheri et al., 2015). The data presented 

by Guo et al. (2007a) for the sorption study of PVA membrane cross-linked with 

glutaraldyhyde shows that the swelling degree increases with increasing water 

concentration in the feed of aqueous ethylene glycol. The hydrophilic groups in cross-

linked chitosan membranes with phosphoric acid in alcohol baths were responsible for the 

preferential water sorption in EG-water mixture (Rao et al., 2007). A composite 

membranes of PVA-hyperbranched polyester and PVA-polypropylene prepared using 

glutaraldehyde as cross-linking agent for the dehydration of ethylene glycol-water mixtures 

also shows higher degree of swelling at high feed water concentration (Sun et al., 2015; 

Shahverdi et al., 2011). Ong and Tan (2015) reported high sorption for high water 

concentration of EG-water mixture for symmetric buckypaper supported ionic liquid 

membrane. The fully swollen polymer may be 10 to 100 times the volume, weight or 

surface area of the dense, unswollen polymer (Wang et al., 2002). Therefore, analysis of 

degree of swelling (DS) of membranes in feed solutions is a vital step to study the 

chemistry between the membrane and the feed solutions. 

 

2.7 Different membrane modifications 

The membrane is considered to be stable enough if it constantly preserves its permeability 

and selectivity in definite operating environments with extended period of time. Parameters 
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like membrane material, structure as well as its mechanical and thermal strength greatly 

affect the membrane stability. Hence it is worth to mention that the membrane 

modification becomes essential to maintain its pervaporation performance and constant 

durability. Also the transport characteristics of PVA membranes can be appreciably 

improved by using the different methods of polymer modification. Among them, bulk 

(volume) and surface modifications are considered to be the most effective way of tailoring 

the properties membrane according to their end use. The bulk modification can be made by 

blending the polymer and making mixed matrix of PVA membrane (Dmitrenko et al., 

2018). The blending of polymers is a quite simple bulk modification method capable to 

acquire characteristic advantages by combining two or more polymers in different 

concentration ratio for the preparation of the blended membrane with the optimal transport 

properties (Chapman et al., 2008). Chiang et al. (2002) carried out the surface alteration by 

cross-linking of the PVA chain with poly (sodium salt styrene sulfonic acid-co-maleic 

acid) which results in good enhancement of membrane separation without changing its 

permeation rate. They also noticed that when polyvinyl alcohol is covered with a film of 

plasma-polymerized acrylic acid, the permeation flux was found to be improved with 

constant separation factor (Chiang et al., 2002). The reduction in extreme swelling of 

polymeric membranes can also be carried out by grafting or blending them with suitable 

cross-linking agents. During the cross-linking of composite membrane molecular network 

is formed between the polymer chain which improves the structural, thermal and chemical 

stability of the polymeric materials. Table 2.1 represents the various cross-linking agents 

used for the PVA membranes.  

 

Table 2.1 Different cross-linking agents and chemicals used to prepare PVA membrane  

 

Membrane 
Cross linking 

agents 

Composition of 

membrane 

Other 

chemicals 

added 

Membrane 

thickness 

(μm) 

References 

Polyviny alcohol Acryilic acid 
2 wt% PVA in 

water 
-- 25 – 30 

Zhang et al., 

2012 

Polyviny 

alcohol/polyether 

sulfone 

Borax, 

Glutaraldehyde 

0.5 – 2 wt% PVA 

in water 

Acetone for 

GA solution, 

0.12 vol% HCl 

-- 
Guo et al., 

2008 

PVA-silica 

nanocomposite 

γ-

mercaptopropyltr

imethoxysilane 

7 wt% PVA 

homogeneous 

solution in double 

distilled water 

1 M HCl or 

NH4OH 
45 

Guo et al., 

2007b 

PVA– γ- 5 wt% PVA 1 M HCl 45 Guo et al., 
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Membrane 
Cross linking 

agents 

Composition of 

membrane 

Other 

chemicals 

added 

Membrane 

thickness 

(μm) 

References 

GPTMS/TEOS glycidyloxypropy

ltrimethoxysilane 

and 

tetraethoxysilane 

solution in 

deionized water 

2006 

Zeolite-

embedded 

poly(vinyl 

alcohol) 

Fumaric acid 

12 wt% PVA  

solution in 

deionized water + 

20 wt% zeolite 

15 wt% PAN 

in DMF 

solution, 

150 
Huang et al., 

2006 

PVA/ NaY 

zeolite 

Tetraethylorhto 

silicate (TEOS) 

4 wt% PVA in 

water 

Concentrated 

HCl 
40 

Kulkarni et 

al., 2006 

Polyviny alcohol Maleic acid 
5 wt% PVA 

solution in water 

5 wt% maleic 

acid solution 
50 

Isiklan and 

Sanli, 2005 

Poly(vinyl 

alcohol)-silicone 

Tetraethylorhto 

silicate (TEOS) 

4 wt% PVA in 

water 

Concentrated 

HCl 
40 

Kariduragan

avar et al., 

2005 

Formaldehyde 

treated PVA 

Maleic acid 

anhydride 

7 wt% PVA 

solution in 

deionized water 

98% Sulphuric 

acid 
75-80 

Han et al., 

2003 

Plasma-treated 

asymmetric 

poly(4-methyl-1-

pentene) 

Ethylene glycol 

4.8 vol% TPX in 

a mixture of 

cyclohexane, 

ethanol, n-butanol 

and cyclohexanol 

Aluminum 

nitrate 
3.5 

Wang et al., 

2002 

Polyviny alcohol 
Glutaraldehyde, 

Formaldehyde 

10 wt% PVA in 

water 

10 wt% 1N 

HCl, 10 wt% 

1N NaOH 

-- 

Durmaz 

Hilmioglu et 

al., 2001 

Polyviny alcohol 

Citric, adipic and 

maleic acid, 

glutaraldehyde 

and glyoxal 

8 wt% PVA in 

water 
-- 10 

Burshe et 

al., 1997 

Polyviny alcohol Glutaraldehyde 
10 wt% PVA in 

water 

0.12 vol% 

HCl, acetone 
12-14 

Yeom and 

Lee, 1996 

Polyviny alcohol 

Amic acid based 

on m-phenylene 

diamine 

10 wt% PVA in 

water 

Dimethyl 

sulfoxide 
39 -47 

Huang and 

Yeom., 1991 

 

In the membrane technology, there are two reasons for the polymer cross-linking, first, to 

make the polymer insoluble in the feed mixture and second, to reduce the degree of 

swelling of polymer for achieving a good selectivity (Manshad et al., 2016). The adding of 

cross-linker or inorganic fillers to the polymer solution changes the structure of the 

polymer metrix by reducing the free volume, making the polymer stronger and more rigid. 

Polymer cross-linking greatly affects the membrane performance and stability (Dreiss et 

al., 2007). Poly vinyl alcohols based composite membranes would significantely improve 
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the membrane selectivity for water permeation due to its hydrophilic nature (Chapman et 

al., 2008; Bolto et al., 2009). In order to boost up the hydrophilic property of PVA, it was 

mixed with an excellent hydrophilic protein named as sericin which ultimately gave the 

better separation ability of membrane at the cost of lesser permeation flux (Gimenes et al., 

2007). A good separation factor of around 13 was determined by plasma-grafting PVA 

membrane (Lee et al., 1992). A good number of researchers have changed the PVA 

charecteristics by adding glutaraldehyde as cross-linking agent (Aminabhavi et al., 2003; 

Durmaz-Hilmioglu et al., 2001). The effect of the glutaraldehyde on the pervaporation 

separation of PVA membranes and its copolymeric membrane of PVA-co-itaconic acid 

and PVA-co-N-3-trimethyl-ammonio-propyl-acrylamide-chloride was extensively 

investigated by Praptowidodo (2005). The cross-linking reaction of PVA with 

glutaraldehyde and maleic acid are shown in Fig. 2.5.  

 

 

Fig. 2.5 Structure of (a) glutaraldehyde (GA) and (b) maleic acid crosslinked polyvinyl 

alcohol (PVA) 
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Modified PVA and casting sodium alginate onto a microporous polypropylene membranes 

have also been used (Kuila and Ray 2011a; Zhang et al., 2014). The use of sulphuric acid 

cross-linked chitosan composite membrane results in a good pervaporation flux of around 

0.472 kg/m2h with a separation factor of 1791 was obtained for the 90 wt% ethanol 

dehydration at 60oC (Ge et al., 2000). An excellent separation factor of more than 900,000 

was determined for the pervaporation dehydration of isopropenol by preparing a composite 

membrane from PVA and chitosan which was (20:80) cross-linked with glutaraldehyde 

and sulphuric acid at high temperatures (Svang-Ariyaskul et al., 2006). Active layer of 

sodium alginate (NaAlg) on chitosan with poly (vinylidine fluoride) (PVDF) support are 

considered to be the promising alternative composite membrane for the dehydration of 

aqueous ethanol and isopropenol mixture (Huang et al., 2000). In order to enhance the 

mechanical and transport properties of permeation rate for PVA based composite 

membrane, sodium alginate was blended with PVA which reduces the separation factor 

(Kurkuri et al., 2002).  

Numerous inorganic filler including zeolites, carbon molecular sieves, silica, metal oxides, 

carbon nanotubes, silicates, metal organic frameworks, graphene oxide, porous organic 

cages and covalent organic frameworks have been investigated and employed into mixed 

matrix membranes (Jia and Wu 2016; Zhang et al., 2016). Zhang et al. (2018) have 

prepared the All-silica Decadodecasil 3R (DD3R) zeolite membranes on four-channel 

ceramic hollow fibers by seeding with ball-milled Sigma-1 zeolites and hydrothermal 

synthesis method which was further used in pervaporation dehydration of acetic acid. In 

organic membrane modification are also made by combining polymer-inorganic hybrid 

composite membrane for the separation of aqueous system. The permeation properties like 

membrane permeability and selectivity can be enhanced with hydrophobic zeolite ZSM-5 

by dispersing it in PVA, however at the cost of decreased flux due to the decrease in the 

swelling properties of membrane. The overall PV separation index (PSI) of PVA based 

composite membrane was increased by adding a satisfied content of ZSM-5 more than 

around 6 wt% (Kittur et al., 2003). Enhancement in the flux and selectivity of the chitosan 

based membrane has been noticed by adding the inorganic content of NaY-type zeolite due 

to the boost up of hydrophilic properties and the molecular sieving merits of the zeolite 

(Kittur et al., 2005). Physico-chemical modification can also be made by incorporating 

graphene oxide (GO) to improve the permeation flux and selectivity of a polymeric 

membrane. The use of graphene oxide (GO), the oxygenated derivative of graphene, as a 
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filler, to fabricate nanocomposite membranes has drawn considerable attention in recent 

years (Suhas et al., 2013; Huang et al., 2012). 

GO can be incorporated into a ceramic or polymeric matrix to improve its chemical 

tunability and mechanical strength in a myriad of applications including treatment of 

aqueous streams. Due to the presence of different covalently bonded oxygen functional 

groups (such as hydroxyl and epoxy) on the basal planes together with carboxyl and 

carbonyl moieties lining the nanosheet edge of carbon atoms GO exhibits excellent 

hydrophilicity (Compton et al., 2012). It has a quasi-two-dimensional honeycomb lattice 

type structure and can be easily dispersed in water and some organic solvents, to form a 

stable colloidal suspension. GO can be potentially used as a free standing membrane, as a 

surface modifier and as casted GO incorporated composite membranes (Hegab and Zou. 

2015). These GO incorporated membranes are reported to exhibit enhanced performance in 

terms of flux and solute permeation. Through incorporating GO into different polymer 

matrices, the hybrid membranes are observed to exhibit higher water fluxes and better 

fouling resistance for nanofiltration or ultrafiltration (Wang et al., 2012c; Lee et al., 2013).  

The GO film is stabilized by hydrogen bonding and the van der Waals forces between the 

sheets (Wu et al., 2009; Zhu et al., 2010). Stronger interaction between the GO sheets lead 

to laminates with a more ordered and denser structure facilitating the effective separation 

performance of composites. Wang et al. (2014) reported the preparation of “pore-filling” 

membrane by dynamic pressure-driven assembly of a poly (vinyl alcohol)–graphene oxide 

(PVA–GO) nanohybrid layer onto an asymmetric polyacrylonitrile ultrafiltration 

membrane for the pervaporation of toluene and n-heptane mixture. Graphene-loaded 

sodium alginate (NaAlg) nanocomposite membranes were used to enhance the 

pervaporation (PV) dehydration of isopropanol at varying feed concentrations and 

temperatures (Suhas et al., 2013). In another study graphene oxide (GO) was deposited on 

modified polyacrylonitrile (mPAN) for the dehydration of 1-butanol mixtures by 

pervaporation. The composite membrane thus prepared exhibited exceptional 

pervaporation potential at 30oC. The concentration of water at the permeate side and flux 

was reported to be 9.6 wt% and 2.54 kg /m2h respectively (Tsou et al., 2015). Poly 

(ethyleneimine) and polyacrylic acid modified GO nanohybrid membranes were used in 

the pervaporative dehydration of ethanol/water mixture at 50°C (Wang et al., 2012b). Free 

standing GO membranes were synthesized by a simple drop-casting method. The resulted 

nanofiltration membranes showed significant potential in separation of sodium salts from a 
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mixture of copper salts and organic contaminants (Sun et al., 2013). Performance of a free-

standing graphene oxide (GO) thin films were reported by Tang et al. (2014) in the 

pervaporation of ethanol-water mixture. Water/ethanol separation factor of 227 was 

achieved for separation of an 85 wt% ethanol-water mixture at 24oC. Graphene based 

membranes could give the permeate flux of 2.2 kg/m2h and a good separation factor of 308 

for the separation of 20 wt% water-ethanol solution even with a very small thickness of 93 

nm GO sheet (Yeh et al., 2013). Hung et al. (2014) concluded that a layer of GO on PAN 

substrates shows high separation factor of 1160 with a moderate permeation flux at 

temperature of 70oC. Table 2.2 presents the different graphene oxide (GO) incorporated 

composite membranes used for the pervaporation separation process of various organic 

solvent.  

 

Table 2.2 Pervaporation performance of graphene oxide (GO) incorporated membrane 

 

Membrane 

Feed 

concentration 

(wt%) 

Feed 

Temp 

(oC) 

Flux 

 

(m3(STP)/m2h) 

Separation 

factor 
Reference 

GO-AAO (anodic 

30luminium oxide) 

Butanol /4.8 

wt% water 
50 0.4523 440 

Chen et al., 

2015a 

GO-AAO (anodic 

30luminium oxide) 

Butanol /16.7 

wt% water 
-- 2.7227 124 

Chen et al., 

2015a 

r-GO- Na Alginate Water /ethanol 50 0.9562 1566 
Cao et al., 

2014 

GO supported on 

ceramic hollow fiber 

Dimethyl 

carbonate / 2.6 

wt% water 

25 0.4676 -- 
Huang et al., 

2014 

Go-ceramic composite 
Ethanol / 

water 
40 0.2599 -- 

Lou et al., 

2014 

PVA-GO nanohybrid 
Toluene / n-

heptane (50%) 
40 0.00631 12.9 

Wang et al., 

2014 

GO-m-PAN (modified 

polyacrylonitrile) 

Isopropyl 

alcohol /30% 

water 

70 1.299 2331 
Hung at al., 

2014 

GO- Na Alginate 
Isopropanol / 

10 wt% water 
30 

156 barrer (Water 

permeability) 
4623 

Suhas et al., 

2013 

 

Modification of the porous support membrane of a thin selective layer membrane towards 

a more facile permeation of the solute poses a technical challenge in the pervaporation 

membrane fabrication. A very skinny active layer on the porous support membrane can 

also increase the membrane performance. By modifying the active layer of membranes 

with different chemical compositions and structures, they are enabled to extract water with 
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broad ranges of flux and selectivity (Zhang et al., 2010; Zhao et al., 2013). Joseph et al. 

(2014) concluded that the development of supported membranes with a thin selective layer 

and the deposition of nano-sized layers by layer-by-layer assembly can be considered as 

one of the effective means of improving permeation flux and separation factor. Usually 

water permselective composite membranes consist of a hydrophilic active layer imparting 

permeability and selectivity on a hydrophobic support layer having swelling resistance 

propensity (Guo et al., 2008). Mitigating the surface tension and improving the interfacial 

interactions between these two layers have become a standard approach of the tailor-made 

membrane fabrication. The incorporation of borax as a cross linking agent for PVA stems 

from the premise of its di-diol complexation reaction with PVA resulting in significant 

enhancement of its malleability. Disodium tetraborate acts as cross linking agent to bind 

PVA chain together. This results in the solidification of polyvinyl alcohol and trapping of 

water molecules, forming a slimy mass. Imparting hydrophilicity on the surface of the 

support layer as well as on to the bulk (Belfer 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. Additionally a 

strong adhesive strength between active and support layers is another prerequisite of an 

efficient composite membrane failing which the support layer may get peeled off and 

dissolve into aqueous solution. For polyvinyl alcohol (PVA) based pervaporation 

membranes incorporation of an interfacial cross linking agent can not only counter the 

inherent swelling susceptibility of PVA to ensure that the contaminants in water can be 

retained, but also minimize the compaction under pressure while used in other pressure 

driven processes.  

 

2.8 Pervaporation of acetic acid-water mixture 

Acetic acid (HAc) is the colourless liquid organic compound which has a distinctive sour 

taste and pungent smell. The high purity of acetic acid is commonly used in the chemical 

process and pharmaceutical industries. During the production of acetic acid, water is 

generally a by-product which has almost comparable volatility, creating its separation very 

complicated and costly. Recovery of this acetic acid from aqueous solution by a suitable 

method has been a focus of attention for quite some time, since it is also one of the top fifty 

organic intermediates in the chemical industry. It is an important chemical reagent and 

industrial chemical that is used in the production of plastic soft drink bottles, photographic 
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film; and polyvinyl acetate for wood glue, as well as many synthetic fibres and fabrics. The 

production process of these end-products and intermediates are invariably accompanied by 

waste and or recycle streams containing acetic acid-water mixtures thereby necessitating 

their efficient separation (Durmaz-Hilmioglu et al., 2001). Mixtures containing HAc and 

water do not form an azeotrope nonetheless; the separation of HAc from water using 

distillation is constrained with associated high costs due to the small small difference in the 

volatility of acetic acid (boiling poin-117oC) and water (boiling point-100oC) and 

requirement of large number of plates which are as many as 45-60 (Chien et al., 2004). 

This separation is energy intensive because the relative volatility between water and HAc 

is close to unity. The vapor-liquid equilibrium graph for the HAc/H2O system indicates 

that in the region of the low HAc (high water) concentration, it becomes even more 

difficult for distillation as the compositions of HAc in liquid and vapor phase approach 

each other. The main challenges of such separation process are two-fold, firstly cost-

minimization and secondly increase of separation efficiency. High concentration of vinegar 

(containing up to 15% acetic acid) is commonly used as cooking ingredients, food 

flavourant, pickling and perishable food preservation. Additionally it is also used as 

effective cleaning agents for crockery. Wastewater generated from the vinegar processing 

units contains up to 15% of recoverable acetic acid with a COD of 66.3 g/L (Kargi and 

Arikan 2013b). Vinegar containing about 12 wt/vol% acetic acid was concentrated by 

electrodialysis (ED) to produce triple-strength vinegar (30–33% acetate) (Chukwu and 

Cheryan 1996). Kargi and Arikan (2013a) carried out electro hydrolysis of vinegar 

fermentation wastewater for COD reduction and hydrogen production. Justin et al. (2009) 

reported the treatment of wastewater from a wine and apple vinegar production unit and 

detergent unit in a hybrid constructed wetland. 

Pervaporative separation of aqueous acetic acid solution has been reported by several 

researchers. Huang and Yeom (1991) reported a separation factor of 1342 and a flux of 

792285 g/m2h through cross-linked PVA membranes. Miyoshi et al. (1988) carried out 

dehydration of an aqueous acetic acid solution through commercial ion-exchange 

membranes. Recovery of water from the HAc-water solution by using a PVA membrane 

composed of several hydrophilic copolymers such as poly (vinyl pyrrolidone) could 

achieve the separation factor of 34 with a flux of 140 g/m2h at 25oC (Nguyen et al., 1987). 

Yoshikawa et al. (1985) reported separation of an aqueous acetic acid solution through 
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poly (acrylic acid-co-acrylonitrile) and poly (acrylic acid-co-styrene) membranes.  Kulia et 

al. (2011b) reported the dehydration of acetic acid using a chemically modified polyvinyl 

alcohol membrane (full interpenetrating network membrane). In another study 

pervaporative dehydration of acetic acid was conducted using polyelectrolytes complex 

(PEC)/11-phosphotungstic acid hydrate (PW11) hybrid membrane (PEC/PW11). The 

hybrid membrane containing 9 wt% PW11 exhibited the best pervaporation performance, 

with flux of 0.440 kg/m2/h and separation factor of 144 for 90 wt% aqueous solution of 

acetic acid at 50oC (Chen et al., 2013). A few other membranes used in the recovery of 

water from acetic acid (HAc)-water mixture includes polydimethyl siloxane (PDMS) (Lu 

et al., 2000), organosilica membranes made from bis (triethoxysilyl) ethane (BTESE) 

(Tsuru et al., 2012), NaY zeolite and hybrid poly (vinyl alcohol) composite membrane 

(Kulkarni et al., 2006), sulfonated polybenzimidazole (Wang et al., 2012a), polyphenyl 

sulfone (Jullok et al., 2011) and so on. Table 2.3 represents the different polymeric and 

ceramic composite membranes and their pervaporation performance for the acetic acid 

dehydration. 

 

Table 2.3 Flux and separation factor during PV performance of acetic acid-water mixture 

 

Membrane 

Feed 

concentration 

(HAc/water) 

(wt%) 

Feed 

Temp 

 

(oC) 

 

Flux 

 

(kg/m2h) 

Separation 

factor 
Reference 

Hollow fiber supported DD3R 

zeolite membrane (M1) 
90/10 75 0.57 3.6.0 

Zhang et al., 

2018 

Hollow fiber supported DD3R 

zeolite membrane (M2) 
90/10 75 0.17 213.0 

Zhang et al., 

2018 

Hollow fiber supported DD3R 

zeolite membrane (M3) 
90/10 75 0.08 55.0 

Zhang et al., 

2018 

PVA modified filled copolymer 

membrane 
90/10 30 0.520 203 

Banerjee and 

Ray, 2018 

NH2-UiO-66/PEI 

Composite membranes on the 

surface of NaA zeolite membrane. 

95/05 60 0.212 356.0 
Wang et al., 

2017 

Silicalite-1 membranes supported 

on porous α-Al2O3 supports 
95/05 50 0.04 33.0 

Ueno et al., 

2017 

Sodium alginate/polyaniline 

(SA/Pani) supported on 

polyacrylonitrile (PAN) 

98/2 30 0.07 441.0 
Moulik et 

al., 2016 

Sodium alginate/polyaniline 

(SA/Pani) supported on 

polyethersulfone (PES) 

98/2 30 0.04 359.33 
Moulik et 

al., 2016 
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Membrane 

Feed 

concentration 

(HAc/water) 

(wt%) 

Feed 

Temp 

 

(oC) 

 

Flux 

 

(kg/m2h) 

Separation 

factor 
Reference 

Poly(vinyl alcohol) (PVA) cross-

linked with tartaric acid 
90/10 60 0.095 707.6 

Chaudhari et 

al., 2015 

Polyphenylsulfone (PPSU) 85/15 50 -- -- 
Jullok et al., 

2014 

Sodium alginate active layer and 

micro porous polypropylene 

substrate 

80/20 50 0.653 631.0 
Zhang et al., 

2014 

Polyvinyl alcohol (PVA) and 

sodium carboxy methyl cellulose 

(CMC) 

97/3 35 1.62 222.0 
Das and 

Ray, 2013 

Polyelectrolytes complex 

phosphotungstic acid hydrate 

(PEC/PW) 

90/10 50 0.440 144.0 
Chen et al., 

2013 

Acid stable ZSM-5 90/10 75 0.25 165.0 
Zhu et al., 

2013 

Poly (acrylonitrile-co-methyl 

acrylate) copolymer 
99/1 30 1.71 409.0 

Kuila and 

Ray, 2013a 

Polyphenyl-sulphone (PPSU) 

(MR-1) 
95/05 70 -- 12.0 

Jullok et al., 

2012 

Polyphenyl-sulphone (PPSU) 

(MR-2) 
95/05 70 -- 6.7 

Jullok et al., 

2012 

Polyphenyl-sulphone (PPSU) 

(MR-3) 
95/05 70 -- 6.1 

Jullok et al., 

2012 

Organosilica membranes of 

bis(triethoxysilyl)ethane (BTESE) 
90/10 75 2.0 – 4.0 200 – 500 

Suru et al., 

2012 

Polyvinyl alcohol (PVA) 

/poly(acrylic acid) (PAA) 
90/10 40 0.15 -- 

Zhang et al., 

2012 

Sulfonated polybenzimidazole 

(SPBI) 
50/50 60 0.207 5461.0 

Wang et al., 

2012a 

Acrylonitrile 

(AN) and butyl acrylate (BA) with 

sodium montmorilonite 

99.5/0.5 30 2.61 1473 
Samanta et 

al., 2012 

Polyphenylsulfone (PPSU) 80/20, 90/10 30 – 80 
0.12 – 

0.83 
5.0 -11.4 

Jullok et al., 

2011 

Zeolite MZM 83/17 80 0.30 >10000 
Chen et al., 

2011 

b-oriented mordenite membranes 50/50 130 10.9 500.0 
Sato et al., 

2011 

Microporous carbon membranes 90/10 30 0.116 2090.0 
Tanaka et 

al., 2011 

Polyvinyl alcohol (PVA) 99/1 30 6.612 325.53 
Kuila and. 

Ray, 2011a 

Hydrophilic poly(1-

vinylimidazole)/mordenite Zeolite 

(PVI/MOR) grafting 

94/6 80 4.00 0.107 
Chen et al., 

2010 

Zeolite CHA 50/50 75 3.0 >10000 Hasegawa et 
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Membrane 

Feed 

concentration 

(HAc/water) 

(wt%) 

Feed 

Temp 

 

(oC) 

 

Flux 

 

(kg/m2h) 

Separation 

factor 
Reference 

al., 2010 

NaAlg/zeolite 4A (crosslinked 

with glutaraldehyde) 
90/10 30 0.188 991 

Bhat and 

Aminabhavi, 

2009 

Sulfonated 

Cardo polyetherketone blend with 

Poly(vinyl alcohol) (PVA) 

90/10 50 0.592 91.2 
Chen et al., 

2008a 

Cardo polyetherketone (PEK-C) 90/10 50 0.248 103 
Chen et al., 

2008b 

Poly(acrylonitrile butyl acrylate) 99.5/0.5 30 3.970 1292 
Jiang et al., 

2007 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 30 0.0245 1102.0 

Kulkarni et 

al., 2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 30 0.0411 1277.0 

Kulkarni et 

al., 2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 30 0.0551 1627.0 

Kulkarni et 

al., 2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 30 0.0835 2423.0 

Kulkarni et 

al., 2006 

Hydroxyethylcellulose and 

Acrylamide blended with sodium 

alginate 

90/10 30 0.058 27.9 
Rao et al., 

2006a 

Acrylonitrile (AN) grafted 

poly(vinyl alcohol) (PVA) 
90/10, 10/90 25 – 50 

0.18 – 

1.18 
2.3 – 1.14 

Alghezawi 

et al., 2006 

Poly(vinyl alcohol)–Sodium 

Alginate Composite 
90/10 30 0.25 20.0 

Rao et al., 

2006b 

Poly(vinyl alcohol) (PVA) 90/10 40 0.048 670.0 
Isiklan and 

Sanli., 2005 

Poly(vinyl 

alcohol)-silicone based hybrid 

membranes (M1) 

90/10 50 0.1850 14.0 

Kariduragan

avar et al., 

2005 

Poly(vinyl 

alcohol)-silicone based hybrid 

membranes (M2) 

90/10 50 0.1223 171.0 

Kariduragan

avar et al., 

2005 

Poly(vinyl 

alcohol)-silicone based hybrid 

membranes (M3) 

90/10 50 0.0814 351.0 

Kariduragan

avar et al., 

2005 

Poly(vinyl 

alcohol)-silicone based hybrid 

membrane (M4) 

90/10 50 0.0534 441.0 

Kariduragan

avar et al., 

2005 

Silica 90/10 100 3.1 800 
Asaeda et 

al., 2005 

Silica-titania 90/10 100 2.2 2100 
Asaeda et 

al., 2005 

NaAlg and Guar Gum Grafted 

Polyacrylamide (M1) 
80/20 30 0.047 22.5 

Toti et al., 

2002 
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Membrane 

Feed 

concentration 

(HAc/water) 

(wt%) 

Feed 

Temp 

 

(oC) 

 

Flux 

 

(kg/m2h) 

Separation 

factor 
Reference 

NaAlg and Guar Gum Grafted 

Polyacrylamide (M1) 
80/20 30 0.054 14.13 

Toti et al., 

2002 

NaAlg and Guar Gum Grafted 

Polyacrylamide (M1) 
80/20 30 0.08 7.42 

Toti et al., 

2002 

Polyacrylic acid (PAA) dip-coated 

asymmetric poly(4-methyl-1-

pentene) 

3/97 25 0.105 6.0 
Wang et al., 

2002 

Poly(vinyl alcohol) (PVA) 90/10 30 – 60 0.0004 3.6 

Drmaz-

Hilmioglu et 

al., 2001 

Poly(vinyl alcohol ) (PVA) -- 25 -- -- 
Kusumocahy

o et al., 2000 

Silicalite filled 

Polydimethylsiloxane (PDMS) 
15/85 55 0.150 2.8 

Lu et al., 

2000 

Poly (4-vinylpyridine-co-

acrylonitrile) 
-- 69 0.087 496.0 

Lee and Oh., 

1993 

 

Mass transfer of a binary liquid mixture through a non-porous polymeric membrane during 

pervaporation is generally governed by the solution diffusion mechanism. The selectivity 

and solute permeation rates depend closely on the solubility and diffusivity of each 

component of the feed mixture to be separated. Many studies on diffusion, and also 

sorption and permeation, of organic components in various polymeric membranes can be 

found in a vast number of papers. Toti et al. (2002) estimated diffusion and sorption 

coefficients of the water–HAc solution through the guar gum-grafted-polyacrylamide 

mixed membranes by using Fick’s equation. The data thus obtained were compared with 

flux values obtained in pervaporation experiments. In another study, sorption and diffusion 

characteristics of sodium alginate and its blend membranes with poly (vinyl alcohol) were 

investigated for water–acetic acid mixtures by a gravimetric method (Aminabhavi et al., 

2004). Al-ghezawi et al. (2006) used the acrylonitrile and hydroxy ethyl metHAcrylate 

coated PVA based hydrophilic membrane for the dehydration of acetic acid-water mixtures 

by pervaporation. They observed that the diffusion coefficients of water and acetic acid 

decreased with the increasing in feed acetic acid concentration (Alghezawi et al., 2006). 

Jullok et al. (2012) studied sorption and diffusion behavior of acetic acid water system 

using polyphenyl suphone (PPSU) based membranes in a lab-scale pervaporation process. 

Table 2.4 presents the data of diffusion coefficient observed during the PV dehydration of 

acetic acid. 
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Table 2.4 Diffusion coefficient during pervaporation performance of HAc-water mixture 

 

Membrane 

Feed 

concentration 

(HAc/water) 

(wt%) 

Water diffusion 

coefficient 

(Dw × 1012)  

m2/s 

HAc diffusion 

coefficient 

(DHAc × 1012) 

m2/s 

Reference 

PVA/CMC membrane filled 

with hydrophilic bentonite 

filler (B2PC2) 

97/03 16.8 3.08 
Das and Ray, 

2013 

Polyphenyl-sulphone (PPSU) 

(MR-1) 
95/05 37.0 21.0 

Jullok et al., 

2012 

Polyphenyl-sulphone (PPSU) 

(MR-2) 
95/05 17.0 8.6 

Jullok et al., 

2012 

Polyphenyl-sulphone (PPSU) 

(MR-3) 
95/05 27.0 17.0 

Jullok et al., 

2012 

PVA cross linked with 

methylenebisacrylamide and 

glutaraldehyde (FINP500) 

91.48/9.58 1.5 0.5 
Kuila and Ray, 

2011a 

Acrylonitrile and 

Hydroxy Ethyl MetHAcrylate 

Grafted PVA Membrane 

90/10 6.0 3.7 
Alghezawi et al., 

2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 48900.0 147.0 

Kulkarni et al., 

2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 82800.0 213.0 

Kulkarni et al., 

2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 112000.0 225.0 

Kulkarni et al., 

2006 

Poly(vinyl alcohol) (PVA) and 

Tetraethylorthosilicate (M) 
90/10 171000.0 229.0 

Kulkarni et al., 

2006 

PVA-silicone based hybrid 

membranes (M1) 
90/10 186000.0 16680.0 

Kariduraganavar 

et al., 2005 

PVA-silicone based hybrid 

membranes (M2) 
90/10 140900.0 1040.0 

Kariduraganavar 

et al., 2005 

PVA-silicone based hybrid 

membranes (M3) 
90/10 96600.0 430.0 

Kariduraganavar 

et al., 2005 

PVA-silicone based hybrid 

membranes (M4) 
90/10 66700.0 200.0 

Kariduraganavar 

et al., 2005 

Sodium Alginate with PVA 

(M2) 
90/10 3.0 -- 

Aminabhavi et 

al., 2004 

Sodium Alginate and Guar 

Gum Grafted Polyacrylamide 

(M1) 

80/20 1530 280 Toti et al., 2002 

Polyimide 90/10 694 0.00269 Ray et al., 1998 

Nafion 90/10 250 0.5 Ray et al., 1998 

 

2.9 Pervaporation of ethylene glycol-water mixture 

Ethylene glycol (EG) is the simplest and the most important dihydroxyl alcohol which is 

widely used as precursor in organic chemical industries for the manufacturing of 
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unsaturated polyester resins, polyacetate fibers, plasticizers antifreezing agents, lubricants, 

non-ionic surfactants, brake fluid, solvent and so on. The process of pressurized direct 

hydration of ethylene oxide for production of EG requires exceess water (Xi et al., 2014). 

Therefore, the concentration of the EG obtained after completion of the reaction is at most 

around 10-20 wt%. EG (boiling point: 198oC) dehydration by traditional multistage 

evaporation and distillation is highly energy intensive, requiring high pressure steam for 

reboiler. Here comes the importance of an alternative dehydration protocol for ethylene 

glycol (EG)-water mixture.  

Several recent studies have evaluated a number of pervaporative dehydration processes of 

EG using different polymeric or ceramic membranes. Xu et al. (2010) used thin film 

composite membranes comprising of self-assembled polyelectrolytes with 

polyethyleneimine and poly (acrylic acid) as the polycations and polyanions respectivel for 

recovery of water from EG-water mixture by pervaporation. Another study of EG 

dehydration was carried out with composite membranes comprising of polydopamine and 

polyamide by interfacial polymerization from polyethylenimine (PEI) and trimesoyl 

chloride (TMC) at a PEI concentration of 4.0 wt% and a TMC concentration of 0.8 wt% 

(Wu et al., 2015). Rao et al. (2007) prepared a cross-linked chitosan membrane with a very 

high separation factor of 234 in the pervaporation of EG-water mixture at 30oC. Ong and 

Tan (2015) developed a symmetric supported ionic liquid membrane by infiltrating 1-

butyl-3-methylimidazolium tetrafluoroborate blended with PVA into a buckypaper support 

to enhance the thermal and mechanical stability for EG dehydration. The 

Polybenzimidazole/polyetherimide dual-layer hollow fiber membranes exhibit good long-

term stability; at least up to 33 days for pervaporation separation of an 80 wt%. EG 

aqueous solution at 60oC, as demonstrated by Wang et al. (2011). Compared with the PVA 

membrane, the PVA/HBPE (hyper branched polyester) membrane crosslinked with 

glutaraldehyde exhibited better PV performance for the dehydration of EG solution due to 

the increase of hydrophilicity and free-volume in membrane (Sun et al., 2015). Flux and 

separation factor of different membrane, observed during pervaporation performance of 

EG-water are reported in table 2.5. Some other recently used EG dehydration membranes 

include polyvinyl alcohol/polypropylene (Shahverdi et al., 2011), polyvinyl alcohol-Na-

zeolite mixed matrix membrane (Baheri et al., 2015), - alumina-Na-zeolite (Jafari et al., 

2013), Na-A zeolite (Yu et al., 2012), polyvinylamine/polyvinyl alcohol-carbon nanotube 

(Hu et al., 2012).  
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Table 2.5 Flux and separation factor during PV performance of EG-water mixture 

 

Membrane 

Feed 

concentration 

(Water/EG) 

(wt%) 

Feed 

Temp 

 

(oC) 

Flux 

 

 

(kg/m2h) 

Separation 

factor 
Reference 

Mixed matrix membranes 

incorporated with 

polydopamine-coated metal-

organic framework 

10/90 60 0.54 2864 
Zhang et al., 

2017 

Carboxylated PIM–1 

(cPIM–1) membranes 
20/80 30 13.68 75.92 

Chen et al., 

2017 

Permeable PIM-1 membrane 21.5/78.5 30 10.40 24.2 Wu et al., 2016 

Polyamide and polydopamine 2.4/97.6 38 0.081 390 Wu et al., 2015 

Ionic liquid membrane 10/90 70 1.02 1014 
Ong and Tan 

2015 

PVA/hyperbranched polyester 10/90 25 0.043 312 Sun et al., 2015 

PVA/NaA Mixed matrix 20/80 70 2.4 1520 
Baheri et al., 

2015 

Gamma alumina/NaA zeolite 9.5/90.5 80 7.16 10996 
Jafari et al., 

2013 

NaA zeolite membrane 20/80 120 4.03 5000 Yu et al., 2012 

Polyvinylamine-PVA 

incorporated carbon nanotubes 
01/99 70 0.146 1160 Hu et al., 2012 

Polybenzimidazole 

(PBI)/Polyetherimide (PEI) 
20/80 60 0.115 1763 

Wang et al., 

2011 

Polyacrylic-acid-co-acrylamide-

PVA  
12.9/97.1  75  8.928  121  

Kuilla et al., 

2011b  

PVA-Polypropylene  20/80  60  0.91  1021  
Shahverdi et al., 

2011  

Composite membrane of 

polyamide  
3/97  40  0.4  340  Xu et al., 2010  

Chitosan coated zeolite filled 

cellulose  
10/90  30  0.311  50  

Dogan et al., 

2010  

PVA-Polysulfone membrane  10/90  60  0.36  987  
Hyder et al., 

2009a  

Chitosan/poly vinyl 

alcohol 
10/90 70 0.46 986 

Hyder and 

Chen 2009b 

PDMAEMA/PSF 06/94 30 0.222 600 Du et al., 2008 

PVA cross-linked with 

glutaraldyhyde  
20/80  70  0.211  993  

Guo et al., 

2007a  

PVA/MPTMS/Silica 20/80 70 0.067 311 
Guo et al., 

2007b 

Cross-linked Chitosan 

membrane  
04/96  30  0.37  234  Rao et al., 2007  

Chitosan/poly acrylic 

acid 
20/80 70 0.216 105 Hu et al., 2007a 

Chitosan/poly acrylic 

acid 
20/80 70 0.216 105 Hu et al., 2007b 
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Membrane 

Feed 

concentration 

(Water/EG) 

(wt%) 

Feed 

Temp 

 

(oC) 

Flux 

 

 

(kg/m2h) 

Separation 

factor 
Reference 

NaA Zeolite 30/70 70 0.940 1177 Nik et al., 2006 

PVA-GPTMS/TEOS 20/80 70 0.06 714 Guo et al., 2006 

Bacterial cellulose 4/60 30 0.27 66 
Pandey et al., 

2005 

Microporous titania membranes 11/89 80 0.648 27 
Sekulic et al., 

2004 

Sulfonated Polyether ketone 

membrane  
30/70  50  0.393  800  

Huang et al., 

2002  

Surface cross-linked chitosan 

membrane  
20/80  80  1.130  --  

Nam et al., 

1999  

Polyvinylalcohol/polyether 

sulfone 
17.5/82.5 80 0.338 231 

Chen and Chen 

1996 

Chitosan/Polysulfone 10/90 35 0.3 104 
Feng and 

Huang 1996 

 

In essence, most of these works underscore the need for the optimization of the membrane 

formation conditions for solute transport which is largely a function of the binding 

interface between active and support layers. Total flux and selectivity are greatly affected 

by the diffusion of components across the membrane. Hyder et al. (2009b) observed that a 

longer reaction time leads to a higher degree of crosslinking, and the membrane becomes 

less hydrophilic, resulting in a reduced water diffusion rate. He noted the diffusion 

coefficient of water decreases from 47.67 × 10-8 to 20.13 × 10-8 m2/s with a decrease in 

feed EG concentration from 90 to 50 wt% for poly (vinyl alcohol)–poly (sulfone) 

membranes crosslinked with 0.05 wt% trimesoyl chloride solution in hexane. Kuila et al. 

(2011b) reported the diffusion coefficient of 1.97 × 10-10 cm2/s and 2.11 × 10-12 cm2/s for 

water and EG respectively with full interpenetrating network membranes (FIPN75) of 

poly(acrylic acid-co-acrylamide) in the matrix of polyvinyl alcohol. Rao et al., 2007 

determined the EG and water diffusivity as 0.0138 × 10-7 cm2/s and 8.224 × 10-7 cm2/s for 

phosphoric acid cross linked chitosan membrane. 

 

2.10 Transport in pervaporation 

Mass flux across the membrane can be described as a partial pressure difference between 

the feed saturated vapor pressure and the permeate vapor pressure. As the permeate 

pressure decreases and approaches the feed pressure, the flux decreases to zero in a linear 

matter. Temperature is also a factor in this flux. As the temperature of the feed is 
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increased, the system is more able to handle a higher flux of water. This is the reason most 

feed streams pass though a heater before entering the membrane housing. The final 

separation of the feed liquid is the product of the separation achieved by the evaporation of 

the liquid and the separation achieved by the permeation through the membrane. PV 

consists of the following five steps in sequential order (Gonzales and Utribe, 2001): 

(i) Transport of a component from feed solution to the surface of the membrane. 

(ii) Selective sorption (or dissolution) of the component at the membrane surface. 

(iii) Diffusional transport (permeation) of the component through the membrane.  

(iv) Desorption of the component at the permeate side of the membrane.  

(v) Transfer of component from the membrane surface to the bulk of the permeate.  

The first and the last steps are usually considered to be fast and taking place at equilibrium. 

Diffusion, on the other hand, is a kinetic and slower process. Permeation is dependent on 

the sorption and diffusion processes. Selectivity in pervaporation is generally controlled by 

relative sorption of the components being separated. The major parameters involved in 

sorption and diffusion steps are: temperature, pressure, concentration molecular weight, 

size and shape of the molecule, polymer/penetrant compatibility, reticulation level and 

crystallinity of the polymeric materials. Sorption involves thermodynamic aspects 

(molecule penetration) while diffusion is related to kinetic factors (molecular mobility 

within the polymer). Due to low pressure on the permeate side, the desorption step is 

normally the fastest one and does not contribute much to the overall mass transfer 

resistance  

Permeation through the membrane 

In the pervaporation of a pure liquid through a non-porous homogeneous polymer 

membrane, the transport occurs by a solution-diffusion-desorption mechanism. The steady 

state flux can be described by Fick`s law: 

dx

d
DJ v

Φ
-=       (2.2) 

where Jv is the volume flow per unit area time (m/s),  the fractional volume of penetrant 

within the membrane, D is the mutual diffusivity  (m2/s) and distance x is measured from 

the incoming side of the membrane. If the membrane with a thickness lm is uniform and D 

is independent of  (ideal case), the flux per unit area of the membrane is given by 

m

v l
DJ

21 Φ-Φ
=      (2.3) 
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1 and 2 indicates the fractional volume of penetrant at the upstream (liquid) and the 

downstream (vapor) respectively. The gradient in the concentration of the liquid within the 

membrane is induced by the chemical potential (µ) difference, across the system: 

2

1

21 ln=-
p

p
RTμμ      (2.4) 

p1 and p2 are the equilibrium vapor pressure of the liquid and partial pressure of vapor 

respectively. Since concentration of the liquid in the membrane depends on the vapor 

pressure, J can be expressed as a function of the pressures p1 and p2. In case of an ideal 

liquid membrane pair, the simple relationship is given by Henry’s law: 

ps.=Φ      (2.5) 

where s is solubility coefficient, a constant that depends only on the temperature and the 

nature of the system. If we assume that there is always equilibrium at the interface 

m

v l

pp
sDJ

21 -
.=  or 

m

v l

pp
PJ

21 -
=    (2.6) 

where P = D.s  (permeability coefficient) 

When a polymer is in contact with a solution, the diffusion phenomenon becomes highly 

non-ideal. For such cases, the approach of modified Fickian diffusion with the gradient of 

chemical potential as the driving force holds good (Mulder and Smolders, 1984). 

dz

μd
cBJ

m

-=      (2.7) 

putting mm adRTμd ln=  

dz

ad
Dc

dz

ad
cBRTJ

mm ln
-=

ln
-=     (2.8) 

where D = BRT is known as the thermodynamic diffusion coefficient of a species in  a 

frame of reference stationary with respect to the polymer. Moreover, in a pervaporation 

membrane, the solute diffusivity depends upon the concentrations in the polymer. The 

higher will the extent of swelling, the more will be the concentrations of the sorbed 

components and higher will be the diffusion coefficients. Eq (2.8) can be rewritten as: 

dz

dc

cd

ad
ccDJ

m

ln

ln
),(-= 21      (2.9) 

For the components in a binary mixture 
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dz

dc

cd

ad
ccDJ

m

1

1

2111 ln

ln
),(-=     (2.10) 

dz

dc

cd

ad
ccDJ

m

2

2

2

2122 ln

ln
),(-=     (2.11) 

The integration of the above equations over the membrane thickness gives the fluxes of the 

two components as well as the separation factors. The equations are highly non-linear 

because of the concentration-dependence of the diffusivities as well as the non-linear 

dependence of the component activities on concentrations (Nath, 2017). 

 

2.11 Parameters affecting pervaporation performance 

Since the feed liquid contacts with the membrane directly in pervaporation, the interaction 

between the membrane and the feed liquid plays an important role on the membrane 

separation performance. The effectiveness of a pervaporation process can be measured in 

terms of flux, separation factor, membrane permeability, permeance, selectivity and 

diffusivity. The separation performance not only depends on membranes but also the 

operating parameters such as feed concentration, feed temperature, feed flow rate, 

membrane thickness and permeate pressure should be taken into consideration.  

2.11.1 Effect of feed concentration 

Changing of feed composition will affect the sorption and diffusion of each component in 

the feed mixture and consequently change the flux and selectivity. For a binary system, the 

concentration of each component in the feed mixture has great influence on the interactions 

between feed component and the membrane as well as interactions among feed 

components, which will determine the upstream partition. Further, the transportation of 

each component in the membrane is determined by the local concentration of each 

component in the mixture. On the other hand, due to the interaction between feed 

component and the membrane, the membrane morphology would be varied by the feed 

composition, which further causes an impact on the flux and separation factor. 

Moulik et al. (2016) found that with increasing feed water concentration from 1 to 30 wt% 

water flux increased from 0.071 to 0.087 kg/m2h and 0.033 to 0.07 kg/m2h for PAN and 

PES supported sodium alginate/polyaniline composite membranes, respectively at 30°C. 

For both this membrane, they also noticed that with increasing feed water concentration 

acetic acid flux also increased which resulted reduction in membrane selectivity from 1372 
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to 2.97 and 1102.4 to 2.43. The effect of feed composition on the pervaporation 

performance of the sodium alginate active layer and microporous polypropylene substrate 

composite membranes at different operating temperatures was studied by Zhang et al. 

(2014). They observed that, at any given operating temperature, the permeation flux 

decreased and the separation factor increased with increasing acetic acid concentration in 

feed solution. They reported the PV data in terms of the membrane selectivity and sorption 

selectivity which is increased while the diffusivity appeared to be almost constant within 

the experimental range of feed compositions. Das and Ray (2013) determined the effect of 

Effect of feed water concentration on total flux and separation factor for unfilled and filled 

blend membranes of polyvinyl alcohol and sodium carboxy methyl cellulose at 35oC.  

They observed that the filled membranes show higher flux than unfilled membranes and at 

any feed concentration partial permeability of water is observed to be much higherthan 

acid permeability. The filled membranes showed separation factor more than 100 even for 

around 90 wt% acetic acid feed concentration. With an increased acetic acid concentration 

in the feed from 60 to 97 wt%, water flux decreased monotonously, while acetic acid flux 

decreased irrespective of increasing acid concentration and the permeances of both water 

and acetic acid decreased, and separation factors increased from 270 to 640 for 

Organosilica membranes prepared from bis(triethoxysilyl)ethane (Tsuru et al., 2012). In 

another study of pervaporation dehydration of acetic acid, Jullok et al. (2012) seen that 

separation factors were higher at 55 and 65 wt% acetic acid feed solution compared to 75 

wt% which is then increased gradually to reach the maximum value at 95 wt% acetic acid 

in the feed. During the PV performance of sulfonated polybenzimidazole membranes it 

was noted that as the feed acetic acid concentration increased from 50 to 95 wt%, the flux 

decreased from 0.168 to 0.086 kg/m2h while the separation factor increased from 6631 to 

39000 (Wang et al., 2012a). 

For the dehydration of ethylene glycol using chitosan coated zeolite filled cellulose 

membrane, Dogan et al. (2010) reported that with increase in feed water concentratin the 

separation factor decreased while flux increased.  Hu et al. (2012) reported that the partial 

permeation flux of water is approximately proportional to feed water concentration, while 

the permeation flux of ethylene glycol increased very slightly with the water concentration 

in feed. A flux of around 4.1 kg/m2h with a separation factor of greater than 1000 is 

observed by Jafari et al. (2013) at feed temperature of 65oC and 90 wt% ethylene glycol 

concentration with a feed flow rate of 1.5 L/min for gamma alumina/NaA zeolite 
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composite membrane. Baheri et al., (2015) found that the water separation factor first 

increases and then decreases with the highest value of 1520 for the feed with 20 wt% water 

concentration for the zeolite filled PVA membrane. For the glutaraldehyde cross linked 

PVA membrane, the separation factor increases with increasing water concentration in the 

feed, and obtained maximum value of 5509 for 80 wt% in the feed while the water flux 

increased from 0.0929 to 1.945 kg/m2h with arise in feed concentration of water (Guo et 

al., 2007a). They conclude that strong coupling effect exists between water and ethylene 

glycol molecules, which become more pronounced with increasing the water concentration 

in the feed. With the increase of water content from 2.5 to 30 wt%, EG flux and water flux 

increased from 0.35 to 14.04 g/m2h and from 17.21 to 161.45 g/m2h respectively, while 

separation factor followed an opposite trend, decreased from 2401 to 26.8 for the 

glutaraldehyde cross-linked PVA/hyperbranched polyester membrane (Sun et al., 2015). 

2.11.2 Effect of feed temperature 

Temperature has a significant effect on the pervaporation transportation rate. It is consider 

as critical parameter for pervaporation process. Changing the operating temperature may 

cause the changes of membrane structure and mutual interaction between feed components, 

which consequently contribute to the alteration of mass transport coefficient of each 

component. The effect of temperature on pervaporation can be conveniently described by 

Arrhenius type relationship (Jullok et al., 2011). The relationship of flux or permeance of a 

penetrant across a membrane with operating temperature can be described by the Arrhenius 

equations as follows: 

 
)

-
(exp=

RT

E
XX

X

o

                      
(2.12)  

where X is the pervaporation flux (J), X0 is the pre-exponential factor (permeation rate 

constant) R is the universal gas constant (J/mol K), T is the operation temperature (K), and 

XE  is the apparent activation energies of flux (kJ/mol). 

Zhang et al. (2014) observed that with increasing the operating temperature, the flux 

increased while the separation factor decreased. Das and Ray (2013) observed that the 

activation energy for permeation of water is much lower than acetic acid over the entire 

feed concentration range which confirms the water selectivity of the membrane and also 

the partial permeability of water and acid is observed to decrease almost linearly with 

temperature. Kuila and Ray (2011a) mentioned that rate of increase of water flux or 
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permeability with temperature is higher than the rate of increase of acid flux or acid 

permeability. They reported the highest permeation activation energy for water is 30.41 

kJ/deg mole and acetic acid is 34.58 kJ/deg mole in FIPN500 polymer membrane for 0.953 

mass% of water in feed. The effect of temperature on the separation performance of 

acrylonitrile grafted poly(vinyl alcohol) membrane  was studied by Alghezavi et al. (2005). 

They found that as the temperature increases from 25 to 50oC permeation rate also 

increases from 0.18 to 1.17 kg/m2h, however, the separation factor stays constant (3.0) 

above 30oC due to decreases the interaction between acetic acid and water molecules so it 

will be easy for both acetic acid and water molecules to diffuse through the free volumes 

created in polymer chain. Wang et al. (2012a) also studied the effect of temperature on the 

separation performance of the SPBI membranes using a feed composition of 50/50 wt% 

acetic acid/ water. They resulted that the total flux increases from 0.168 to 0.276 kg/m2h 

while the separation factor decreases from 6631 to 5110 with an increase in operation 

temperature from 22 to 80oC. However, the total permeance as well as the individual 

permeance of water and acetic acid follows the opposite trends with that of flux. 

In another pervaporation study of ethylene glycol dehydration Guo et al. (2008) reported 

that PVA/PES composite polymeric membrane cross linked with glutaraldehyde show 

excellent thermal stability when pervaporation tests were carried out from 30 to 80oC. It 

was found that the permeation activation energy of water and ethylene glycol decreased as 

the water content in the feed increased due to a higher degree of swelling. Pervaporative 

dehydration of ethylene glycol using the polyvinylamine-poly (vinyl alcohol) incorporated 

with carbon nanotubes composite membrane was conducted at various temperatures 

ranging from 30 to 70oC by Hu et al. (2012). They noticed that an increase in temperature 

increase the partial permeation fluxes of water and ethylene glycol (EG) due to increase in 

the saturated vapor pressures of both water and ethylene glycol, leading to an increase in 

the driving force for mass transport through the membrane. Also the permeation flux of 

ethylene glycol (EG) increased from 0.65 to 14.8 g/m2h while for water it is increased from 

16.7 to 179 g/m2h which indicates that EG permeation is more significantly influenced by 

the temperature than the permeation of water. Shahverdi et al. (2011) also observed the 

opposite trend between permeation flux and the separation factor with increasing 

temperature from 60 to 80oC for the separation of ethylene glycol-water mixture using 

PVA/polypropylene membrane. 
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2.11.3 Effect of feed flow rate 

For industrial application, the production capacity is always a major concern, it is 

necessary to examine the influence of different feed flow rates on process performance 

(Guo et al., 2008). Also the concentration polarization is directly related to the thickness of 

the boundary layer, which is of importance to the separation performance of pervaporation 

(Hong et al., 2011). With increases of the feed flow rate, the turbulence of the feed solution 

increases as the Reynolds number increases and thickness of the boundary layer decreases. 

Hong et al. (2011) studied the effect of feed flow rate ranging from 14 to 38 L/h on the 

separation factor and permeation flux of PDMS membrane for the separation of 10 wt% 

acetic acid/water mixture at 30oC. They observed that the separation factor increased at 

first and then decreased with increasing feed flow rate because of the influence of 

concentration polarization and at 26 L/h, separation factor and pervaporation flux were 

recorded to be 2.74 and 0.04209 kg/m2h, respectively. In another study of pervaporation 

dehydration of acetic acid effect of feed flow rate for M3 membrane had been studied by 

Chen et al. (2013). They noticed that the permeation flux increases, but separation factor 

decreases with increasing feed flow rate from 160 to 220 ml/min. Due to the influence of 

concentration polarization and temperature polarization mass transfer resistance of the 

boundary layer on the upstream side of membrane decreases and the degree of swelling of 

the membrane increases, which led to the increase the permeation flux of the acetic acid 

more remarkably than that of water (Chen et al., 2013). 

As concluded by Jafari et al. (2013) that increasing the feed flow rate enhances feed kinetic 

energy which in turn increases the extent of feed turbulency on the membrane surface and 

hence the permeation flux across the membrane increased at 65oC for 10/90 wt% water/EG 

mixture separation by pervaporation using gamma alumina/NaA zeolite composite 

membrane. For EG/water pervaporation performance using surface crosslinked PVA/PES 

composite membrane, Gue et al. (2008) observed that when the feed flow rates were in the 

range of 60–120 L/h in experiments, the concentration polarization effect was not 

pronounced, accordingly the pervaporation performance of the membranes did not change 

obviously and hence permeation flux increased slightly but had little effect on the 

separation factor. Gue et al. (2007a) also noticed that during the EG/water separation using 

glutaraldehyde cross linked PVA membrane, as the feed flow rate increased from 60 to 120 

L/h, the boundary layer mass transfer coefficient decreased and the temperature near the 

membrane surface becomes much closer to that in the bulk and hence the increase of the 
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driving force for mass transfer causes the increase of permeation flux and separation. 

Baheri et al. (2015) reported that when the change in the flow rate is in the laminar flow 

region than the concentration polarization is not significant and hence there is little effect 

on the flux for PV dehydration of 80 wt% EG aqueous solution using Zeolite NaA-filled 

PVA membrane at 70oC. 

2.11.4 Effect of membrane thickness 

Pervaporation performance is significantly affected by membrane thickness. For any 

homogeneous membrane used for the pervaporative separation, the permeation flux 

through the membrane is inversely proportional to the thickness of the membrane i.e., flux 

decreases linearly and selectivity of membrane increases with increase in thickness of the 

membrane. This kind of trend was observed by many research groups. Kuila and Ray 

(2011a) reported that water selectivity of all the IPN filled membranes increases and total 

flux decreases with increase in membrane thickness from 0.01 to 0.04 micron for 

pervaporation dehydration of acetic acid. Moulik et al. (2016) observed that during the 

pervaporation separation of acetic acid-water mixture when the thickness varied from 25 to 

150 μm, the corresponding flux decreased from 0.079 to 0.051 kg/m2h for polyacrylonitrile 

and 0.072 to 0.035 for polyethersulfone supported composite membranes since molecular 

diffusion is retarded by greater resistance to mass transfer. They also noted that at the same 

time the water selectivity was improved from 33.85 to 41.76 for polyacrylonitrile 

supported composite membrane whereas for the polyethersulfone supported composite 

membrane the selectivity enhanced from 30.1 to 39.79. The permeation rate and separation 

factor as a function of membrane thickness were studied for 20 wt% acetic acid solutions 

at 40oC by Asilan and Sanli (2005). They reported that as the membrane thickness 

increases, the permeation rate gradually decreases, whereas the separation factor stays 

almost constant below a membrane thickness of 70 μm and then increases sharply between 

70 and 100 μm membrane thicknesses. In another study of ethylene glycol dehydration, the 

effect of membrane thickness on water flux and selectivity were evaluated at a constant 

feed composition 92 wt% EG by casting membranes of thicknesses ranging from 30 to 160 

μm (Rao et al., 2007). They also found that with an increase in membrane thickness, 

permeation flux is gradually reduced from 0.55 to 0.153 kg/m2h while the selectivity 

increased from 56.5 to 190.6 as the upstream layer of the membrane is swollen and 

plasticized due to sorption of feed liquid, thus allowing the unrestricted transport of feed 

components.  



Literature Review 

 

49 
 

2.11.5 Effect of permeate pressure 

Normally, the upstream pressure has no significant influence on pervaporation transport. 

Permeate pressure provides the driving force in pervaporation. The permeate pressure is 

directly related to activity of components at the downstream side of the membrane and 

affect pervaporation characteristics. The maximum gradient is obtained for zero permeate 

pressure, thus higher permeate pressure influence the pervaporation process. Most 

academic researches usually applied full or high vacuum, but it may not be practical or 

economic from industrial viewpoints (Wang et al., 2011). Alghezawi et al. (2006) observed 

that increasing the downstream pressure the permeate rate increased while the separation 

factor decreased for 20 wt% feed acetic acid concentration at 30oC. Moulik et al. (2016) 

studied the separation characteristics of sodium alginate/polyaniline composite membranes 

blended on polyacrylonitrile (PAN) and polyethersulfone (PES) support, respectively 

under permeate pressures varying from 2 to 10 mmHg at constant membrane thickness of 

25 μm and 2 wt% feed water composition. They found that permeate water flux decreased 

from 0.071 to 0.015 kg/m2h and 0.036 to 0.014 kg/m2h with decreasing vacuum while the 

selectivity reduced from 441 to 208.89 and 359.33 to 173.73 for PAN and PES supported 

sodium alginate/polyaniline composite membranes, respectively. The effect of permeate 

pressure on membrane performance of the cross-linked chitosan membranes for EG/water 

separation was also studied by Rao et al. (2007) in the range of 0.5 to 9 mmHg at a 

constant membrane thickness of 50 μm. They reported that there is considerable reduction 

in the flux from 0.45 to 0.17 kg/m2h and the selectivity increased from 61.7 to 127.2 with 

the increasing permeate pressures as due the diffusion of the feed molecules through the 

membrane becomes slow. 

2.11.6 Effect of cross linking content 

Yeom and Lee (1996) observed that for the pervaporation separation of water-acetic acid 

mixtures, as the glutaraldehyde solution content increased until 10 vol%, both flux and 

separation factor decreased dramatically. They further noticed that with increasing the 

glutaraldehyde solution content further, the flux increase slightly while the separation 

factor continues decreasing, which is attributable to increasing acetal and aldehyde groups 

rather than the effect of crosslinked structure in membrane. When the crosslinking agent 

trimesoyl chloride (TMC) has a low concentration, the degree of crosslinking is also low 

(higher crystallinity), which leaves a hydrophilic composite poly (vinyl alcohol)–poly 

(sulfone) membrane to facilitate the permeation of water molecules and with an increases 
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in crosslinking agent TMC concentration, the total flux decreases but the selectivity 

increases (Hyder and Chen 2009b). Guo et al. (2007a) noticed that the permeation flux 

decreases with increasing the volume ratio of glutaraldehyde (cross-linking agent), and the 

highest separation factor is obtained when the volume ratio of glutaraldehyde is 15 vol%. 

They also conclude that as the glutaraldehyde content in the crosslinking bath increases the 

contact angle of the membranes decreases and the hydrophobicity of the membranes 

increases which leads to simultaneous decrease of the separation factor and permeation 

flux toward water. Shahverdi et al. (2011) had also evaluated the effect of the 

glutaraldehyde content in the polymer solution on the PV performance of the crosslinked 

PVA membranes at 80 wt% EG and 60oC. They observed that when the glutaraldehyde 

content was lower than 0.2 mL, the membrane swelling resulted in lower selectivity. 

 

2.12 Modeling of sorption behaviour 

The prediction of the separation charecteristics through polymeric membrane is 

challenging task as physiochemical properties of solvents and their interactions with the 

membrane material significantly affect mass transport during pervaporation. Equilibrium 

sorption data indicate the affinity of various components in solution towards the 

membrane. Therefore, the evaluation of solvent/membrane interactions and sorption 

phenomena is necessary. In pervaporation process, solubility is considered as 

thermodynamic property, while diffusivity is a kinetic parameter as both of these would 

affect the membrane performance. It also follows that the preferential sorption in the 

polymeric membrane depends on the difference in molar volumes of the two penetrants, 

the affinity of both components towards the polymer and the mutual interaction between 

the two penetrants. In general the transport of liquid in pervaporation takes place by 

solution-diffusion mechanism. To investigate this solution part of this transport model 

sorption model of Flory–Huggins theory is useful (Flory, 1953).  It is the most relevant 

theory for modeling the free energy of binary polymer mixtures, initially employed for 

solvent-solvent and polymer-solvent mixtures. Flory–Huggins solution equation is a 

mathematical model of the thermodynamics of polymer solutions which takes account the 

usual expression for the entropy of mixing. The result is an equation for the Gibbs free 

energy change for mixing a polymer with a solvent. This mathematical model generates the 

useful results in the form of F-H intraction parameter for interpreting pervaporation 

sorption experimental results which are carried out for a particular polymeric membrane. 
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Ghoreyshi and Farhadpour (2004) determined the sorption Equilibria for the systems of 

ethanol-water using silicon rubber membrane. They measured the uptake of pure ethanol as 

0.021 g/g dry membrane, leads to F-H interaction parameter 2.8 and for pure water as 

0.003 g/g dry membrane with F-H interaction parameter as 4.8. Mulder and Smolders 

(1984) also demonstrated that the F-H interaction parameters values of ethanol/water 

mixtures are strongly dependent on the concentration, and they utilized the excess Gibbs 

free energy to determine the parameter. Yang and Lue (2013) employed the Flory-Huggins 

expression to predict mixture sorption levels in the Cross-linked Polydimethylsiloxane 

membrane for ethanol-water mixture. Since the constant binary interaction parameter could 

not produce the satisfactory sorption prediction, they used the concentration dependent 

binary F-H interaction parameter to improve the model prediction. The UNIQUAC-HB 

model is advantageous over the classic UNIQUAC model and the Flory–Huggins equation 

because the UNIQUAC-HB model is able to predict the synergistic effect of ethanol on the 

solubility of water and account the effects of hydrogen bonding prior to modeling the 

sorption levels in the ternary ethanol/water/PDMS system (Yang and Lue, 2012). Flory-

Huggins thermodynamics is also applied to the pervaporatlon separation of the full range 

of ethanol-water mixtures through cross linked poly (vinyl alcohol) (PVA) by Yeom and 

Huang, (1992). Suhas et al. (2013) applied the Flory-Huggins sorption model theory for 

graphene-loaded sodium alginate nanocomposite membranes which was further used for 

the pervaporation (PV) dehydration of isopropanol. They found the decreasing trend in 

water-polymer interaction and increasing trend in isopropanol-polymer trend with increase 

in functionalized graphene sheets (FGS) concentration which explains the observed 

increase in total permeance and water-selective nature of FGS. A liquid-membrane 

swelling/sorption equilibrium model was also developed on the basis of a modified 

UNIQUAC equation and Flory-Huggins thermodynamics by Chen and Chen (1996). They 

observed the good agreement between the derived equation predictions and the 

experimental values for the preferential sorption of water-ethylene glycol mixtures in the 

crosslinked PVA membrane. Sorption of the isopropyl alcohol–water binary mixtures 

using copolymer membrane was evaluated in terms of thermodynamic interaction 

parameters based on Flory–Huggins lattice model and found well sorption of binary 

mixtures in the membrane at various feed concentrations and temperatures in terms of 

interaction parameters (Kuila and Ray 2013b). 
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2.13 Limitations of pervaporation 

Pervaporation is a practical and financially viable alternative to distillation when draining 

solvents but if the supply contains suspended matter or dissolved salts, and then membrane 

pollution may be encountered so the correct pre-treatment is implemented. In this case, an 

effective pre-treatment or vapour permeation can be implemented. The problem of 

concentration-polarization, fouling and temperature reduction can greatly decreases the 

membrane flux and membrane permeability during pervaporation separation. Polymeric 

pervaporation membranes are sensitive to chemical attack and can dissolve, or swell, or 

weaken to the extent that their lifetimes become unacceptably short and hence the 

membrane being used for a given separation must have much higher selectivity. Most 

pervaporation membranes work optimally when the permeating component in the supply is 

below a particular maximum level and hence the required membrane surface and required 

energy will be at their lowest. Components with high boiling points make pervaporation 

more difficult as they restrict the selectivity and can block the membrane. The process 

parameters such as temperature, feed composition, membrane thickness, feed flow rate and 

permeate pressure should be optimized for the process to become commercially viable. 

The pervaporation separation systems requires purified feed and cannot be easily staged to 

large feed rate like other conventional separation processes. 

 

2.14 Research gap and challanges 

Physico-chemical modification is an attractive means of tailoring the properties of a 

polymeric membrane according to the end use. Modification of the support layer surface of 

a thin film composite membrane towards a more facile permeation of the solute poses a 

technical challenge in the pervaporation membrane fabrication. Polyvinyl alcohol (PVA) 

based pervaporation membranes, which are so far acknowledged as useful candidates for 

pervaporation, can be modified in a number of ways for effectively tuning the mechanical 

as well as permeation characteristics. Amongst different options, incorporation of an 

interfacial cross linking agent can not only counter the inherent swelling susceptibility of 

PVA to ensure that the contaminants in water can be retained, but also minimize 

compaction under pressure while used in other pressure driven processes. There is a 

challenge to achieve this, however not at the expense of its stability and mechanical 

properties and still obtain economical permeate fluxes. On the other hand, combining the 

excellent film forming ability of PVA and the mechanical stability of graphene oxide 
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(GO), a polymer-inorganic hybrid composite could be a unique option in the pressure 

driven membrane processes for aqueous system. 

Although a growing body of literature in recent years has investigated the structural, 

mechanical, and thermal properties of different polymeric hydrogels, there is a need for 

further research to exploit the potential advantage of pervaporation for efficient 

concentration of useful volatile organic compounds from wastewater, and also to obtain a 

better insight of the permeation properties of various novel type cross linked, doped with 

inorganics or  structurally modified commercial composite membranes. This was the 

premise of the present research whereby a number of modifications were attempted with 

commercial membranes as well as the ones synthesized indigenously. Performance was 

evaluated in terms of pervaporation flux, separation factor, selectivity, pervaporation-

separation index, permeability and solute diffusion coefficients at varying experimental 

conditions.  Attempts have been made to establish their structure-property correlation. The 

results obtained in the present study could provide additional input to the fundamental 

aspects of polymeric composite pervaporation membranes for concentration of dilute 

solution for recovery of value added chemicals on a commercial scale.  
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CHAPTER 3 

Materials and Methods 

 

3.1 Materials used 

3.1.1 Equipments and instruments 

Basic and modified pervaporation pilot plant assembly, Digital Karl-Fischer titrator 

(Model-Veego/Matic-D), Abbe Refractometer (Model-RSRT-1), Metler digital balance 

(Metler Toledo), Hot air oven, Magnetic stirrer, Sonicator bath (Power rating -700 watts, 

Frequency - 20 kHz and Voltage: 110 V), Membrane casting unit (applicator), Fourier 

transform Infrared spectroscope (Spectrum GX Model; Perkin Elmer, USA), Atomic force 

microscope (NT-MDT NTEGRA Aura Autoprobe CP), X-ray diffractometer (X-PERT-

MPD-Philips, Holland), Field emission scanning electron microscope (JEOLFE-SEM, 

JSM-6701F), Thermogravimetric analyzer (Perkin Elmer), Differential scanning 

calorimeter, Universal testing machine (Simadzu AG 100 KNG, Japan), Nitrogen cylinder, 

Heating mantle, Power factor meter.  

3.1.2 Glassware/plasticware   

Volumetric flask (50 ml to 1 L), measuring cylinder (10 ml to 100 ml), Beaker (50 ml to 

500 ml), conical flask (50 ml to 250 ml), round bottom flask (500 ml to 1 L), spiral reflux 

and permeate condenser with standard joints, microliter syringe (capacity 25 L fixed 

needle for Karl Fisher sampling), thermometer, pipette, specific gravity bottle, glass rod, 

sampling bottles. 

3.1.3 Chemicals used 

Various chemicals (AR grade) such as polyvinyl alcohol (C2H4O)n (PVA) granules (MW 

72000; 98–99% conversion from acetate), graphene oxide (GO), dimethyl sulfoxide 

(C2H6OS) (DMSO), glutaraldehyde (C5H8O2) (GA), formaldehyde (CH2O) (FA), disodium 

tetraborate (Na2B4O710H2O) (borax), Acetic acid (CH3COOH) (HAc), Ethylene glycol 

(C2H6O2) (EG), sodium metabisulphate (Na2S2O5), sulfuric acid (H2SO4), phosphoric acid 

(H3PO4), hydrochloric acid (HCl), potassium permanganate (KMnO4), hydrogen peroxide 

(H2O2), Pyridine free Karl Fischer reagent composite (E. Merck product No. 9258), 

Specially dried methanol (CH3OH) (water less than 0.05%) and others  used in the present 

study were purchased/procured from  M/s Loba Chem and M/s S D. Fine-Chem, Mumbai, 
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India and were used as received without additional processing. Glutaraldehyde and 

dimethyl sulfoxide were procured from Qualigens and used as such. Simulated vinegar 

wastewater was prepared by diluting raw vinegar purchased from a local provision store at 

Anand, Gujarat. It was used as received without any further purification. Preparation of 

stock solutions of acetic acid-water, vinegar-water and ethylene glycol-water were 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. The physical properties of the acetic acid, ethylene glycol and 

deionized water are presented in table 3.1. 

 

Table 3.1 Physical properties of acetic acid, ethylene glycol and water 

 

Physical property Acetic acid Water Ethylene glycol 

Chemical Formula CH2COOH H2O C2H6O2 

IUPAC name Ethanoic acid Water, Oxidane Ethane-1,2-diol 

Other name Vinegar (when dilute) Hydrogen oxide Monoethylene glycol 

Molecular weight 60.05 g/mol 18.0 g/mol 62.07 g/mol 

Appearance Colourless liquid Colourless liquid Clear colourless liquid 

Odour Pungent/vinegar-like None Odourless 

Test Sour   

Density 1.049 g/cm3 1.0 g/cm3 1.11 g/cm3 

Melting Point 16oC , 289 K 0oC , 273 K - 12.9oC , 260.25 K 

Boiling Point 118oC , 391 K 100oC , 373 K 197.3oC , 470.45 K 

Solubility in Water Miscible -- Miscible 

Acidity 4.76 7.0 7.8 

Basicity 9.24 (acetate ion)   

Refractive index 1.371 1.3330 -- 

Viscosity 1.22 mPas 0.890 mPas 16.09 mPas 

Flash Point 40oC Non-flammable 115oC 

 

3.1.4 Software used 

Microsoft excel (Windows 2007) was used to construct the different plots of experimental 

data points. The sorption data of ethylene glycol (EG)-water binary mixture using 

commercial PVA-PES membrane were computed using MATLAB programming (version 

2017 in a symbolic mathematics tool box). 
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3.2 Membranes used 

Polyether sulfone (PES) support membrane was kindly provided by M/s Permionics 

Membrane Pvt. Ltd, Vadodara, India. The PES ultrafiltration membrane (molecular weight 

cut-off of 25,000 kDa) was of asymmetric structure supported by nonwoven polyester 

fabric. The details of the commercial, prepared/synthesized and modified asymmetric flat 

sheet PVA composite membranes used in the present pervaporation study of the three 

different binary feed mixtures are presented in table 3.2.  

 

Table 3.2 List of membranes with different cross-linking agents used in the present 

pervaporation study 

Membranes Cross-linking agents 
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 

 

3.2.1 Commercial (PVA-PES) membrane 

Hydrophilized and flat sheet polyvinyl alcohol (PVA) membrane of thickness 115 µm, 

with polyether sulfone (PES) as support and cross linked with glutaraldehyde is used in the 

pervaporation dehydration of acetic acid with feed concentration of 10 to 90 vol%. The 

asymmetric commercial PVA-PES composite membrane was supplied by M/s Permionics 

Membrane Pvt. Ltd, Vadodara, India. The membrane was prepared by solution casting and 

phase inversion gelling. 

3.2.2 Preparation of (PVA-PES) membrane 

PVA solution in deionized water containing the 4% by weight of PVA was prepared. The 

solutions were then kept in a sonicator for 6-8 h. The dried PES support layer was then 

dipped into this slime for 10 min to enhance the hydrophilicity which was then 



Materials and Methods 

 

57 
 

subsequently pressed through heated roller to give the uniform thickness and dried for 12-

14 hours. The prepared membrane was cross-linked (as explained in section 3.2.4) with 

formaldehyde (5 vol%) and used further for the recovery of acetic acid from the vinegar 

wastewater in pervaporation pilot plant. 

3.2.3 Synthesis of graphene oxide incorporated membranes 

Three sets of new membranes namely pristine polyvinyl alcohol (PVA)0, polyvinyl 

alcohol-graphene oxide-composite prepared from PVA dissolved in water (PVA-GO)1 and 

polyvinyl alcohol-graphene oxide-composite prepared from PVA dissolved in dimethyl 

sulphoxide (DMSO) (PVA-GO)2 were used in pervaporation study of the simulated 

vinegar waste water solution having feed concentration of 2.5 to 20 vol% acetic acid. 

Preparation of graphene oxide 

Pristine graphene oxide was prepared by modified Hummers method (Hirata et al., 2004) 

as reported in the literature. In a typical reaction, 5 g of graphite powder and 2.5 g of 

NaNO3 were mixed with 108 mL of 98 wt% H2SO4 and 12 mL of H3PO4 in an ice bath for 

10 min. Then 15 g of KMnO4 was slowly added in batches to keep the temperature under 

5oC. After stirring the suspension for around 60 min, the mixture was transferred into an 

oil bath where it was again stirred at a temperature of 35±2 oC and 40oC for around 30 min 

and 60 min respectively. The temperature of the mixture was adjusted to a constant 98°C 

for 60 min while water was added continuously. Followed by adding 15 mL of H2O2, the 

resulting viscous mud was diluted with deionized water. The reaction product was 

centrifuged and washed with deionized water and 5% HCl solution repeatedly to remove 

the metal ions from the product. 5% HCl was identified as the best possible concentration 

required for rinsing the metal ions from the product. The product was dried at 60°C. The 

chemical structure of graphene and pristine graphene oxide are presented in Fig. 3.1. 

  

(a) (b) 

Fig. 3.1 Chemical structure of graphene (a) and graphene oxide (b) 
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Preparation of PVA pristine and PVA-GO membrane 

Three different PVA composite membranes were synthesized using two different solvents 

named as water and dimethyl sulfoxide for the dissolution of PVA. The as prepared 

membranes are shown in Fig. 3.2. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3.2 Images of prepared (a) (PVA)0 (b)  (PVA-GO)1 and (c) (PVA-GO)2 membranes 
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For the preparation of (PVA)0 membrane 10 g of PVA was dissolved into 100 mL of 

distilled water with continuous stirring using magnetic stirrer at 80oC. In a similar way for 

the preparation of (PVA-GO)1 and (PVA-GO)2 membranes, 10% by weight of PVA was 

dissolved in distilled water and DMSO respectively at around 80oC. 6% by weight of 

prepared graphene oxide was added into both the solutions. The solutions were then kept in 

a sonicator for 6-8 h at 80oC and the membranes were then cast on the glass sheet with an 

applicator and were allowed for drying for 12-14 h. The prepared membranes are then 

cross-linked with 5 vol% glutaraldehyde solution as discussed in section 3.2.4. 

3.2.4 Cross-linking of the prepared membrane 

The prepared (PVA-PES) membrane and three synthesized [(PVA)0, (PVA-GO)1 and 

(PVA-GO)2] membranes were rolled on a sieve in such a way that no two membrane 

surfaces touch each other and inserted in a measuring cylinder as shown in Fig. 3.3.  

 

 

Fig. 3.3 Experimental set up of cross-linking of prepared membrane 

 

The cross-linking solution of 5 vol% aqueous formaldehyde was slowly and carefully 

poured using proper safety gloves in the cylinder containing prepared (PVA-PES) 

membrane and 5 vol% glutaraldehyde into the cylinders containing three synthesized 
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[(PVA)0, (PVA-GO)1 and (PVA-GO)2] membranes. This entire setup was then placed into 

a water bath and kept for around 2.5 h at 60°C. After 2.5 h of cross-linking, the membranes 

were taken out and washed under running water. The prepared composite membranes were 

placed in a tray filled with water to avoid brittling of membranes. 

3.2.5 Modification of PVA-PES membranes with disodium tetraborate (borax) 

The 4% by weight PVA solution was prepared by slowly stirring 4 g of polyvinyl alcohol 

powder into 96 mL of hot distilled water at approximately 80oC using magnetic stirrer. The 

solution was then allowed to stand in a covered container. At the same time 0.2% and 0.5% 

by weight sodium borate solutions were prepared by dissolving requisite amount of sodium 

borate decahydrate (borax) in distilled water. The as-prepared PVA solution was poured 

into a styrofoam or plastic cup and stirred in the sodium borate solution. Disodium 

tetraborate acts as cross linking agent to bind PVA chain together. This results in the 

solidification of polyvinyl alcohol and trapping of water molecules, forming a slimy mass. 

Sodium borate dissolve in water to form boric acid, which then accepts a hydroxide from 

water to become B(OH)4
̶ . The cross-linking of PVA with borax is shown in Fig. 3.4. 

 

                                   H3BO3 + 2H2O  B(OH)4
̶  + H3O

 + 

 

 

Fig. 3.4 Cross linking condensation reaction of polyvinyl alcohol with borax 

 

Water from this condensation reaction as well as the excess water from the two solution 

gets trapped in the cross linked polymer which produces slimy, flexible properties. The 

PES ultrafiltration support membranes were soaked in double distilled water for 24 hours 
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to remove any adherent solvent and then fully dried. The dried PES support layer was then 

dipped into PVA-Borax slime for 15 min to enhance the hydrophilicity which was 

subsequently pressed through a heated roller to give the uniform thickness. Dip-coating 

was repeated twice to ensure a full coverage of the support layer and to minimize 

morphological defects. The membranes thus prepared were finally dried for around 24 h at 

ambient temperature. The as-prepared three composite membranes named as (PVA-PES, 

0.2% Borax) and (PVA-PES, 0.5% Borax) and (PVA-PES, Uncross-linked) were further 

used in the pervaporation separation of ethylene glycol-water binary mixture.  

 

3.3 Experimental set-up and operating conditions 

The pervaporation experiments were performed in a small laboratory scale set up supplied 

by M/s Permionics Membrane Pvt. Ltd., Vadodara. The set up was further modified. The 

detail descriptions of both are explained below. 

3.3.1 Basic Pervaporation pilot plant assembly 

Pervaporation experiments were conducted in a small pilot plant assembly as shown in Fig. 

3.5. The permeation membrane test cell consisted of two detachable stainless steel (SS-

316, Dimension- 240×180×25 mm) parts which were provided with inlet and outlet 

openings for the flow of feed solution and an outlet opening for the withdrawal of 

permeated product. The effective membrane area was 0.016 m2. The liquid feed-mixture is 

circulated in contact with the membrane through flexible tube using a recirculating feed 

peristaltic pump (Ravel Hiteks Pvt. Ltd, Model-RH-P-120L) having the capacity of 1.2 to 

180 L/h from a feed receiver tank (Capacity 1 L), equipped with heating mantle and an 

overhead reflux condenser to prevent any loss of feed due to evaporation. The constant 

temperature of feed was maintained by using a thermostat bath and controlled with the help 

of a temperature controller (Santron, Model- DPM-721) having the accuracy of ±2oC on 

the inlet and outlet of membrane test cell according to the need of the experiment. The 

permeate pressure was maintained by vacuum pump (High speed Appliances, Model-HS-

SD-1) of diaphragm type with capacity of 5-10 litre/min containing pressure guage. In 

order to condense the permeate vapour, a water chiller with the capacity of 1 TR which is 

also controlled by a controller having the accuracy of ±1oC is used to circulate the cold 

water into the permeate condenser. The experimental operating conditions are presented in 

table 3.3 for the pervaporation study of acetic acid/water and ethylene glycol/water binary 

feed solution of various compositions. 
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Table 3.3 Experimental operating parameter considered during the pervaporation study 

Operating parameter condition  Value 

Feed temperature (oC) 50 ˗ 90 

Temperature of chiller for condensing vapour (oC) 5 ˗ 10 

Feed flow rate (m3/h) 0.02 ˗ 0.06 

Pressure on the upper side of membrane (mm Hg) 760 

Permeate pressure (mm Hg) 100 ˗ 200 

Experimental run time (h) 2 ˗ 5 

   

 

Fig. 3.5 Basic experimental set up of pervaporation pilot plant 

 

The schematic representation of the basic pervaporation experimental set-up is shown in 

Fig. 3.6. The optimal operating pressure above the active layer of the membrane was 

atmospheric (Kulkarni et al., 2006; Verhoef et al., 2008). This condition was thought to 

avoid partial vaporization of the feed; thus, a pressure of 1 atm was used in this work. 

Before starting the PV experiments, test membranes were equilibrated for 1 h with the feed 

mixture. Each experiment was repeated twice and the results were averaged to minimize 
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error. The experimental data points were reproducible and the errors inherent in the 

pervaporation measurements were less than 3%. 

 

  

 

Fig. 3.6 Schematic diagram of basic pervaporation experimental set-up 

 

3.3.2 Modified pervaporation experimental set-up  

In order to get the higher permeation rate and selectivity, the basic pervaporation 

experimental set-up was modified by changing the membrane effective area as well as the 

arrangement for vapour condensation with liquid nitrogen dewar. The new experimental 

set up was developed for the pervaporation studies in the laboratory. The photograph and 

schematic diagram of the same are presented in Fig. 3.7 and 3.8 repectively. Pervaporation 

performance of vinegar-water mixture was conducted in an indigenously designed small 

laboratory set-up. A 5 cm diameter of prepared membrane was cut and placed in the 

pervaporation test cell. The simulated vinegar wastewater feed was prepared by making 

four different (2.5, 5, 10 and 20 vol%) concentrations of acetic acid in deionized water. 

The as-prepared feed solution was allowed to circulate continuously in contact with the 

membrane using a peristaltic pump from a feed tank provided with a thermostat to 

maintain the constant temperature of liquid feed mixture.  
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Fig. 3.7 Indigenously designed small laboratory pervaporation experimental set-up 
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Fig. 3.8 Schematic diagram of laboratory designed pervaporation experimental set-up 
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Prior to the pervaporation experiment, the membrane was allowed to equilibrate for 3 h. 

On the downstream side of the pervaporation cell a vacuum of 0.201 atm was maintained 

using a vacuum pump. The permeate (or pervaporate) was condensed in a cold trap by 

liquid nitrogen dewar. The sample was collected after every 2 h.  The schematic diagram 

of the set-up is shown in Fig 3.8. Each experiment was repeated twice using fresh feed 

solution and the results were averaged to minimize the error. The experimental data points 

were reproducible and the errors inherent in the pervaporation measurements were less 

than around 3%. 

 

3.4 Analytical methodologies 

The analysis of the feed and permeate compositions are made by using either automatic 

Karl Fischer titrator or by measuring their refractive index. In order to see the 

pervaporation performance of various prepared membranes, the calculated parameter data 

are converted into required units as discussed further in the following sections. 

3.4.1 Karl Fischer automatic titrator 

Karl Fischer method uses Karl Fischer reagent, which reacts quantitatively and selectively 

with water, to measure moisture content. Karl Fischer reagent consists of iodine, sulfur 

dioxide, a base and a solvent, such as alcohol. This method can be used in both volumetric 

and coulometric titration systems. In volumetric titration method a dehydrating solvent 

suitable for the sample is placed in a flask. Titrant is used to remove all moisture from the 

solvent. The sample is then added. Titration is carried out using a titrant, the titer (mg 

H2O/mL) of which has previously been determined. The moisture content of the sample is 

determined from the titration volume (mL). The end point is detected using the constant-

current polarization voltage method. The method consists of titration of sample in 

methanol in Karl Fisher reagent which incorporates iodine, sulphur dioxide, pyridine and 

methanol. The reactions involved are shown as: 

 

  I2 + SO2 + H2O  2HI + SO3 

                         SO3 + C5H5N    C5H5N.SO3 (pyridine-sulfur trioxide) 

                                           HI + C5H5N   C5H5N.HI 

                              C5H5N.SO3  + CH3OH   C5H5N.HSO4CH3 
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3.4.2 Refractive index measurement 

The feed and pervaporate compositions were analyzed by measuring its refractive index 

with an accuracy of ±0.0005 units using a Abbe refractometer. The obtained refractive 

index was then compared to a standard curve prepared for the different concentrations of 

acetic acid-water binary mixture as shown in Fig. 3.9. 

 

 

Fig. 3.9 Calibration curve of refractive index for acetic acid-water binary mixture 

 

3.4.3 Swelling measurement of membrane 

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

membrane samples (Around 2cm×2cm) into the binary feed mixture (acetic acid-water or 

ethylene glycol-water) of different concentration for 24 to 48 h to ensure equilibrium at 

ambient temperature as shown in Fig. 3.10. Before immersing the membrane sample into 

the prepared solutions, the dry weight of the membrane samples were noted down. To see 

the effect of temperature on swelling the similar kind of study was also conducted for the 

commercial PVA-PES membrane sample by putting them into various concentration of 

acetic acid-water solution at three different temperature viz. 25, 45 and 65oC using hot air 

oven. Subsequently, the membrane samples were taken out and the residual water on 

surfaces was removed and weighed immediately. The samples were then dried in vacuum 

at 80°C for 24 h and weighed again.  
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Fig. 3.10 Swelling measurement of the prepared membranes 

 

Percentage degree of swelling was determined as (Richau et al., 1996) Eq (3.1)  

100×
-

=%
dry

drywet

W

WW
DS                  (3.1) 

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

3.4.4 Dynamic swelling study 

Dynamic and equilibrium swelling of the known weight of commercial (PVA-PES) 

membrane was carried out at 30°C until equilibrium was attained in the presence of acetic 

acid/water mixtures and as well as for pure components. 1cm × 1cm piece of membrane 

was taken out after different soaking periods and quickly weighed by carefully wiping out 

excess liquid to determine the amount absorbed at the particular time (t) at an interval of 2 

h initially and then around 24 h for a period of two days. The membrane was then quickly 

placed back into the solvent. During this period, the total time spent by the membrane 

outside the solvent medium was kept minimum (25-35 s) to minimize the experimental 

error due to solvent evaporation. This error was negligible when the time spent by the 

membrane outside the test flask is compared to the time spent inside the solvent medium. 

The process was repeated until the films attained steady state as indicated by constant 

weight after around 48 h of soaking time. Swelling coefficient (SC) was calculated using 

the Eq (3.2) (Rao et al., 2007). 
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                                                  (3.2)                                                     

where 
M and 0M  are the masses of the swollen membrane and the initial membrane and 

ρs is density of the solvent. The sorption coefficient is simply equilibrium sorption, which 

gives a measure of the amount of penetrate sorbed by the membrane under equilibrium 

condition and was evaluated as Eq.(3.3) (Rao et al., 2007). 

0M

M
SC       (3.3)                            

where M is the equilibrium mass of the membrane and M0 is its initial mass. 

3.4.5 Determination of flux and separation factor 

Flux and separation factor are two important performance indices of any pervaporation 

process. The flux is defined as number of moles, volume or mass of a specified component 

passing per unit time through a unit membrane surface area normal to the thickness 

direction. The performance of pervaporation process can be determined by mainly two 

parameters, namely, the separation factor and the permeant flux. Using a general approach 

of mass transport through membranes, the trans membrane flux for the compound i ( iJ ) is 

expressed as compound i in volume or mass divided by the permeating time and the 

membrane area with a typical unit of kg/m2h (Verhoef et al., 2008). In gas separation, flux 

is normally given as a molar flux ( ij ) with units cm3 (STP)/cm2s or m3(STP)/m2s. Ignoring 

simple numerical conversion terms (m2 to cm2, h to s), it is expressed as Eq (3.4) (Baker et 

al., 2010).  

                                           
G

i
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jJ       (3.4) 

Where 
G

iv  is the molar volume of component i (22.4 l(STP)/mol) and iM  is the molecular 

weight of component i. The separation factor (  ) can be defined as the ratio of mole 

fraction of the components in permeate to the ratio of mole fraction of the components in 

the feed. Hence: 
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=
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Where ‘ ix ’ and ‘ iy ’ represent the feed and permeate mole fraction of the faster 

permeating component i which is water in the present case.  
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3.4.6 Pervaporation separation index (PSI) and enrichment factor 

The performance of pervaporation membranes were also evaluated in terms of 

Pervaporative separation index (PSI), which is a measure of the separation ability of a 

membrane (Kariduraganavar et al., 2005) and can be determined from the product of  flux 

(J) and selectivity α as Eq. (3.6). This index can be used as a relative guideline index for 

the design of pervaporation membrane separation process and also evaluates the overall 

membrane performance, considering the trade-off between flux and separation factor or 

selectivity. 

                                         )1-(×= αJPSI         (3.6) 

Where J is the Overall flux of permeate (or pervaporate) per unit effective membrane cross 

section area and α is the membrane selectivity which can be defined as the ratio of 

composition of components in the permeate vapor over the ratio of composition of 

components in the feed liquid. 

The separation charecteristic of the pervaporation membrane can also be represented in 

terms of another parameter known as enhancement or enrichment factor. An enrichment 

factor (EF) is simply the ratio of concentrations of the preferentially pervaporating species 

in permeate and feed (Dutta et al., 1996) as calculated from eq (3.7)  

           wf

wp

C

C
EF 

                                                  
 (3.7) 

Where wpC  and wfC  are concentrations (molar or mass) of water in the pervaporate and 

feed respectively. 

3.4.7 Determination of intrinsic membrane properties 

In general the membrane performance is determined by membrane permeability, 

permeance and selectivity. The volumetric membrane permeability ( imP , ), (or permeability 

coefficient)  and membrane selectivity ( ) (or ideal membrane separation factor) are the 

intrinsic properties of membranes under study and are independent from operating 

conditions (feed composition, feed stream, fluid dynamics, and permeate pressure). Flux 

per unit transmembrane driving force per unit membrane thickness is known as membrane 

permeability. Following the solution-diffusion mechanism, it is defined as the transport 

flux of material through the membrane per unit driving force per unit membrane thickness, 

given as Eq. (3.8) (Baker et al., 2010). 
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Where imP ,  is the membrane permeability,   is the membrane thickness and  is the 

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

the feed solution is denoted as x. sP  is the saturated vapor pressure calculated with 

Antoine’s equation, y is the mole fraction in the permeate and Pp is the permeate pressure 

obtained for the component during the PV experiment. It is generally denoted as Barrers (1 

Barrer = 1 × 10−10 cm3(STP)cm/cm2 s cm Hg) for the gas separation. Alternatively, when 

the membrane thickness is not known, membrane permeance ( imP , / ), ratio of membrane 

permeability to membrane thickness  can be used. Permeance is most commonly reported 

as gas permeation unit (gpu) (1 gpu = 1 × 10−6 cm3(STP)cm/cm2 s cm Hg).  

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

components i and j through the membrane is given by Eq. (3.9) (Baker et al., 2010). 
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P
α =                                                          (3.9) 

Both selectivity and separation factor parameters quantify how compound i is preferably 

permeated through a certain membrane material when compared to the permeation of 

compound j. Basically, the separation factor evaluates the general performance in the 

separation but it does not give information about the separation caused by the membrane 

itself since the components with higher volatility will have preference to be in the vapor 

phase and thus to permeate easily through the membrane. On the other hand, the selectivity 

considers the volatility of the compounds and their interaction in solution via the ratio of 

vapor pressures and activity coefficients, respectively. Thus, the selectivity should be 

calculated to determine (and compare) the degree of separation caused by the membrane 

while the separation factor should be used to evaluate the general separation once the (best) 

membrane has been selected. 

3.4.8 Estimation of diffusion and partition coefficient 

In a binary mixture, Fick’s law is often used to describe the binary diffusion (Kulkarni et 

al., 2006) which can  be expressed as Eq (3.10) 
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On integrating the Eq.(3.10) over the entire thickness of the membrane we get 
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where Ji  is the permeation flux of component i (kg/m2h), Di is the diffusion coefficient or 

diffusivity (m2/s) of component i, Cio(m)  and Cil(m) are the concentrations (kg/m3) of 

component i in the membrane at the feed interface and permeate interface respectively.  is 

the diffusion length (m). In the pervaporation where the pressure on the downstream side is 

very low, the layer facing this side is unswollen. Thus the concentration at the permeate 

interface can be assumed to be zero. Further it is assumed that in the present study the 

concentration profile is to be linear (Kusumocahyo et al., 2000) along the diffusion length. 

As a result, Eq. (3.11) can be rewritten  

i

i

i C

δJ
D =                                                           (3.12) 

Where Cio(m) is represented as iC , concentration of compoinent i  (kg/m3) and   is the 

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

feed can be determined using Eq. (3.13) (Shao and Huang, 2007). 

iii KD
l

P
)(                                                        (3.13) 

3.4.9 Activation energy calculation 

The phase change of the permeating species is one of the most distinguishing features of 

pervaporation. This is the reason why energy must be supplied in order to prevent a drop in 

temperature. Effects of the feed temperature on the pervaporation performance of all the 

commercial and prepared membranes were determined. As the temperature of the feed 

increases, the permeation rate generally follows an Arrhenius type equation (Eq. 3.14). In 

the present study Arrhenius type relationship (Jullok et al., 2011) is used to describe the 

feed temperature effect on PV performance.  

 
)exp(

RT

E
XX X
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                                                  (3.14) 

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). 

3.4.10 FTIR study of the prepared membranes 

The surface organic functional groups of the membranes were studied by the Fourier 

transform infrared spectroscopy (Spectrum GX Model; Perkin Elmer, USA). The spectra 

were recorded from a wave number of 400  4000 cm1 (2.5 25 µ) at a resolution of 4.0 
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cm1 with an acquisition time of 1 min.  Membrane samples were dried in a vacuum drier 

at 60oC, tightly pressed against the crystal plate, and the sampling chamber was 

continuously purged with nitrogen gas at a flow rate of 10 mL min1 to avoid signal 

interference from the surrounding moisture and CO2. At least 2 replicates were obtained 

for every sample type without applying any baseline corrections. 

3.4.11 AFM analysis of the prepared membrane  

Atomic force microscopy (AFM) analysis of the membrane was carried out using a NT-

MDT NTEGRA Aura Autoprobe CP atomic force microscope. Measurements were 

performed on dry membrane samples under ambient atmospheric conditions. Silicon 

cantilevers with integrated pyramidal tips were used to image membrane surface 

topography. The surface roughness was reported in terms of the root mean square 

roughness (RMS) and calculated by using Eq. (3.15). Roughness is one of the most 

important surface properties having strong influence on adhesion as well as membrane 

transport. Adhesive force becomes larger for membranes with high roughness compared to 

the smoother ones. 

2( )cu avZ Z
RMS

p





                                            (3.15)

 

 where Zav  is the average of the z values within the given area; Zcu is the current z value; 

and p is the number of points within a given area. The surface roughness parameter was 

calculated from the AFM images using an AFM software program. 

3.4.12 Membrane characterization by XRD 

The diffraction patterns and the orientation of crystalline phases of the synthesized 

membranes were examined by room temperature wide angle X-ray powder diffraction 

studies using X-PERT-MPD (Philips, Holland) diffractometer (XRD) with Cu K radiation 

of wavelength λ = 1.54056°A in the range 3o ≤ 2θ ≤ 136o. The X-ray generator (X-ray 

power 2 kW; detector: Xe-filled counterate) was operated at an excitation voltage of 45 kV 

and a current of 40 mA. 

3.4.13 FESEM analysis of membrane 

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

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

SEM (JSM-6701F) at 5 kV. The membrane samples were first cryogenically fractured 

under liquid N2 to expose their cross-sections. The samples were then freeze-dried 
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overnight and sputtered with a thin layer of platinum using JEOL JFC-1600 auto fine 

coater prior to the analysis. 

3.4.14 TGA and DSC study of membrane 

The thermal decomposition behavior of the prepared membranes were evaluated with a 

TGA 2050 Themogravimetric Analyzer (Perkin Elmer), at a heating rate of 10oC min1at 

the temperature ranging from 40 to 900oC, under nitrogen atmosphere. The weight of the 

samples was around 6 mg. The membrane samples were first cryogenically fractured under 

liquid N2 to expose their cross-sections. The samples were then freeze-dried overnight and 

sputtered with a thin layer of platinum using JEOL JFC-1600 auto fine coater prior to the 

analysis. The glass transition temperature Tg was measured by means of the extrapolated 

onset temperature using an in-built data analysis software.  

3.4.15 Contact angle measurement for membrane 

The hydrophilicity of pristine and fouled composite membranes was analyzed by contact 

angle measurements using the sessile drop method with a Tensiometer. The membranes 

were initially washed twice with pure water and then dried at room temperature. After 

drying, 2 µL of distilled water with a tight syringe was placed on the membrane surface. 

Each equilibrium contact angle was the average of the left and right contact angles, and the 

reported values are the average of three equilibrium contact angles. 

3.4.16 Determination of mechanical properties of the prepared membrane 

The mechanical properties of prepared polymeric membranes can be characterized by its 

stress-strain properties. Tensile strength, elongation at break and modulus of elasticity of 

the membranes used in the present work were measured using Universal Testing Machine 

(UTM) (Simadzu AG 100 KNG, Japan) tested at room temperature. The strips were well 

gripped using thick paper during the measurement of tensile strength. The length of the 

specimens was 250 mm, the thickness of the specimens was around 0.1 mm. and the 

thickness was uniform to within 5% of the thickness between the grips. The width of the 

specimens was 20 mm and edges were parallel to within 5% of the width over the length of 

the specimen between the grips. At least three measurements were performed for a 

membrane sample and the average values are reported.  
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CHAPTER 4 

Theoretical Considerations 

 

Separation mechanisms by the polymeric composite membranes are influenced by both 

membrane characteristics and the properties of the solvents and solutes. The theoretical 

basis for the understanding of polymer solutions was developed independently by Flory 

and Huggins in essentially equivalent treatments. Flory–Huggins solution theory is a 

mathematical model of the thermodynamics of polymer solutions which takes account the 

usual expression for the entropy of mixing. It provides a suitable framework for describing 

the permeation rate in pervaporation process. The result is an equation for the Gibbs free 

energy change for mixing a polymer with a solvent. This mathematical model generates the 

useful results in the form of Flory-Huggins (F-H) interaction parameter for interpreting 

pervaporation sorption experimental results which are carried out for a particular 

polymeric membrane. In the present study this model is applied to commercial PVA-PES 

composite membrane cross-linked with glutaraldehyde for the prediction of the solubilities 

of ethylene glycol-water binary liquid mixtures of different concentrations. To find out the 

Flory-Huggins interaction parameter, the equilibrium sorption experiment of PVA-PES 

membrane in pure solvent (water and EG) and in various known composition of EG-water 

mixtures were performed for around 48 to 72 h at ambient temperature of around 25 ± 2oC. 

 

4.1 Determination of membrane density 

Commercial (PVA-PES) membrane cross-linked with glutaraldehyde was used for density 

measurement. A dry membrane piece of 20 mm × 20 mm were precisely weighted. The 

pycnometer/specific gravity bottle of perfectly defined volume was filled with pure solvent 

(water or ethylene glycol) and the mass of solvent and pycnometzer was noted down using 

digital balance (Metler Toledo). The sample of dry membrane piece was then put into the 

pycnometer and again the total mass was noted down. Using the Archimedes principle the 

mass of the membrane sample was calculated, first in air and then in solvent. The density 

of pure solvents and membrane measured using the specific gravity bottle were reported as 

0.996, 1.112 and 1.206 g/cm3 for water, ethylene glycol and membrane respectively. The 

experiment was repeated for three times with and error of 2%. 
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4.2 Sorption of components in the PVA-PES membrane  

Equilibrium sorption data indicate the affinity of species in the solution towards the 

membrane. Preferential sorption has sometimes been found to dominate pervaporation 

selectivity. The sorption of the pure components (ethylene glycol and water) and binary 

mixture of EG-water of various concentrations in the selected PVA-PES composite 

membrane were determined at ambient temperature. 

4.2.1 Sorption of pure ethylene glycol and water in the membrane 

The sorption level of pure water and ethylene glycol in the prepared PVA-PES membrane 

were determined using gravimetric method. The dry weight of the pristine membrane 

sample was measured first and then it was immersed into pure water and ethylene glycol 

for around 48 h at room temperature (25 ± 2oC) to ensure equilibrium. Subsequently, the 

samples were taken out and removed the residual water on surfaces by wiping with soft 

tissue paper and weighed immediately. The equilibrium solvent uptake ( iM ) was 

calculated in terms grams of solvent per gram of dry membrane film to express the solvent 

solubility in the membrane as follows. 
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where Ww and Wo are the weight of wet and dry membrane, respectively. The iM value can 

be converted to volume fraction ( iφ ) data, as follows (Yang et al., 2013). 
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Where iρ  is the density of component i and mρ  is the density of membrane. 

4.2.2 Sorption of binary solution in the membrane 

The PVA-PES prepared membrane was immersed in various ethylene glycol-water binary 

mixtures for around 48 h at room temperature (25 ± 2oC) to ensure equilibrium. The 

samples were taken out and removed the residual water on surfaces by wiping with soft 

tissue paper and weighed immediately on microbalance. The total weight of sorbed solvent 

was determined by subtracting the dry weight of the membrane from the wet membrane 

weight. The remaining solution weight was the difference between the original solution 

weight and the weight of the sorbed solvents in the membrane. The compositions of the 
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remaining solutions were measured using Karl Fischer titrator method. After knowing the 

individual solvent amount in the membrane, the partial solvents uptake was determined in 

terms grams of individual solvent per gram of dry membrane film. The data are converted 

to volume fraction as follows (Yang et al., 2013). 
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Where iM  and jM  are solvent uptake from binary mixtures and iρ , jρ  and mρ  are the 

densities of component i, component j, and membrane respectively. The pervaporation 

sorption selectivity ( s ) into the commercial PVA-PES composite membrane cross-linked 

with glutaraldehyde is defined as Eq. (4.4) (Lue et al., 2010). 
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4.3 Flory-Huggins Model 

Flory-Huggins equations were used to describe the sorption behaviour of pure ethylene 

glycol and water as well as mixture of various compositions into PVA-PES composite 

membrane. The Flory-Huggins (F-H) interaction parameters were calculated for pure as 

well as binary EG-water mixture. 

4.3.1 Model for pure solvent in PVA-PES membrane using F-H equation 

The Flory-Huggins theory was developed based on lattice model has been broadly used to 

describe the sorption behaviour for the pure solvent-polymer systems. It is a mathematical 

model of the thermodynamics of polymer solutions. The thermodynamic equation for 

the Gibbs free energy change accompanying mixing at constant temperature and 

(external) pressure for a binary mixture (polymer-solvent) can be expressed in Eq. (4.5), 

and the expansion equation is shown in Eq. (4.6) (Flory, 1953; Mulder et al., 1985) 

          mixmixmix SHG Δ-Δ=Δ                                               (4.5) 
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https://en.wikipedia.org/wiki/Thermodynamic_potentials
https://en.wikipedia.org/wiki/Gibbs_energy
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Pressure
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Where mixHΔ  the enthalpy is change of mixing and mixSΔ  is the entropy of mixing. The 

subscripts i and m indicate the liquid component and the membrane, respectively. φ  is the 

volume fraction, R is the gas constant, T is the absolute temperature,  is the number of 

moles of component i, and imX  is the binary F-H interaction parameter or free energy 

parameter between the liquid and the membrane. From chemical potential definition (Eq. 

(4.7), the activity for such a system can be expressed as Eq. (4.8) 

iii aRTμμ ln+= 0                                                           (4.7) 
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where iμ  and ia  are the chemical potential and activity for component i, respectively. The 

superscript 0 indicates standard conditions. For a single liquid and membrane system, the 

activity can be rewritten by combining Eqs. (4.6) and (4.8) 
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where iV  and mV  are the molar volumes of component i and the membrane, respectively. 

The molar volume of the polymer is considerably larger than that of the liquid component. 

Therefore, the value of concentration independent binary interaction parameter ( imX ) can 

be calculated as per Eq. (4.10), when the solvent volume fraction in pure solvent ( ia  = 1) is 

measured (Flory, 1953). 
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4.3.2 Model for binary EG-water sorption using F-H equation 

The Gibbs free energy of mixing for a ternary system of water, ethylene glycol and 

polymeric membrane (one polymer swelled by two liquids) is expressed as Eq. (4.11) 

(Flory, 1953; Mulder et al., 1985) 

mEGEGmmwwmEGwEGwmmEGEGww

mix
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RT
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Δ
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where EGwX - , wmX  and EGmX  are the Flory-Huggins (F-H) interaction parameter between 

water-ethylene glycol, water-membrane and ethylene glycol-membrane respectively. The 

binary interaction parameters can be considered as being concentration independent or 
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dependent. When EGwX -  can be considered as concentration independent, it can be 

expressed in terms of mixture composition and the activity for water ( wa ) and ethylene 

glycol ( EGa ). Hence, the concentration dependent penetrant-penetrant interaction 

parameter was determined by applying the Flory-Huggins thermodynamics as shown in 

Eqs. (4.12) and (4.13) (Flory, 1953; Mulder et al., 1985) 
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where wu  and EGu  are the volume fraction of water and ethylene glycol in the binary liquid 

mixture respectively. Mulder and Smolders (1984) showed that if the data on the excess 

free energy of mixing are available then, the concentration dependent interaction parameter 

( EGwX - ) values can be determined as per Eq. (4.14). This method of calculating the values 

of interaction has also been used by several authors (Yang et al., 2013; Kuila and Ray, 

2013b; Das and Ray, 2013; Lue et al., 2010) 
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Where wx  and EGx  are the mole fraction of water and ethylene glycol in the binary 

solution respectively. 
EGΔ is the excess Gibbs free energy of mixing which can be 

expressed as Eq. (4.15)  

)ln+ln(=Δ EGEGww

E γxγxRTG             (4.15) 

where wγ and EGγ  are the activity coefficients of water & ethylene glycol and can be 

calculated using the UNIQUAC equation Eqs. (4.16) (Narayanan, 2016). 
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Where z is the coordination number and can be taken as 10, ri, qi and qi’ are the pure 

component molecular structure constants which are shown in table 4.1. The molecular size 
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and surface area are given by r and q respectively. τij is the adjustable binary parameters, 

described as Eq. (4.18). 
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                                                      (4.18) 

The segment fraction (ø*) and the area fractions (θ and θ’) were obtained from the Eqs. 

(4.19), (4.20) and (4.21) respectively. For the  water and ethylene glycol, this constants are 

given in table 4.2.
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Table 4.1 UNIQUAC equation parameters for water and EG (Guo et al., 2007a).  

Component r q q' a (K) 

Water 0.92 1.4 1.0 -444.79 

Ethylene glycol 2.4088 2.248 0.4761 -442.13 

 

According to Yilmaz and McHugh, (1986) in the ternary system, interaction parameter 

( EGwX - ) is assumed to only be a function of volume fraction of both the components (water 

and ethylene glycol), and can be represented as Eq. (4.22) (Lue et al., 2010) 
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In using the F-H equation, the activity of water and ethylene glycol can be calculated as 

Eqs. (4.23) and (4.24) 

www γxa =         (4.23) 

 EGEGEG γxa =                                  (4.24) 

Generally, the F-H energy parameters between the pure solvent and the membrane are 

independent of feed concentration and considered to be constant. However, Mulder et al., 

1985 held that it can be written as concentration dependent and could be described as a 

function of volume fraction of water and ethylene glycol ( wu , EGu ) and mφ . So the 
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concentration dependent binary interaction parameters were determined as per Eqs. (4.25) 

and (4.26) (Mulder et al., 1985). 

)]0→(-[++)0→(= EGmmEGEGwmwm uφφbauuXX                (4.25) 

)]0→(-[++)0→(= m wmwwEGmEGm uφφdcuuXX                           (4.26) 

where a, b, c and d are the adjustable parameters and )0→( EGwm uX , )0→( wEGm uX , 

)0→( EGm uφ , )0→(m wuφ  are constants determined from the sorption data of pure water 

and ethylene glycol. 

Once the F-H interaction parameters are known, the derivative of Eq. (4.11) can obtain the 

following model equations in terms of water activity and ethylene glycol activity (Mulder 

et al., 1985). 
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1=++ mEGw φφφ                                                       (4.29) 

In Eqs. (4.27) and (4.28) EGwX -  is assumed to only be a function of EGu . The energy 

parameters wmX , EGmX  and EGwX -  inside the PVA-PES membrane are assumed to be same 

to that in the binary solution of the same volume fraction (Mulder et al., 1985). The 

predicted/theoretical value of the ethylene glycol and water sorption at a given volume 

fraction in the feed was calculated by substituting the interaction parameters (concentration 

independent and concentration dependent) and the ratio of molar volumes into Eqs (4.27), 

(4.28) and (4.29). By using the MATLAB software (version 2017 in a symbolic 

mathematics tool box) these equations can be solved simultaneously to predict the sorption 

volume fraction of water and ethylene glycol at any given activity level and compared with 

the experimental results. 
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CHAPTER 5 

Results and Discussions 

 

Pervaporation separation of binary aqueous solutions of acetic acid (HAc), ethylene glycol 

(EG), and vinegar was investigated using commercial, modified and synthesized polymeric 

composite membranes, for a wide range of operating conditions. Comparative swelling 

study of the as prepared membranes was carried out effectively using gravimetric method 

at different temperatures. Effect of feed concentration, feed temperature and feed flow rate 

on the permeation flux, separation factor, membrane selectivity, permeance and intrinsic 

membrane permeability was critically analyzed with respect to existing theories. Diffusion 

behavior during pervaporation transport through the prepared membranes was determined 

in terms of the diffusion and partition coefficient using Fick’s law. The membranes used in 

the present study were characterized by several charecterization techniques as well as the 

mechanical properties of the membranes were evaluated and compared with pertinent 

literature. 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 compared with the experimental results. The experimental findings are presented 

and discussed in the following subsections.  

 

5.1 Swelling characteristics of the membranes 

Swelling/sorption is a common feature of polymeric membranes used in pervaporation. 

Pervaporation performance is affected by the extent of membrane swelling. A fully 

swollen polymer usually has a larger volume, weight or surface area than a dense, 

unswollen polymer (Wang et al., 2002). The greater the affinity between solvent and 

polymer, the higher is the swelling. As a result, the membrane becomes more open and 

facilitates more liquid to move through, which in turn influences both permeability and 

selectivity in the pervaporative dehydration process. Thus, it is worth analyzing the 

sorption behavior of the PVA membranes to study its chemical characteristics. The 

swelling of pervaporation membranes depends on many factors, such as membrane 
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morphology, affinities of the components towards membrane and their mutual interaction 

(Kim et al., 1993; Kariduragnavar et al., 2005; Jullok et al., 2011). 

5.1.1 Swelling of a PVA-PES membrane cross-linked with formaldehyde 

Sorption behavior of the PVA-PES membrane cross-linked with formaldehyde was carried 

out at a fixed temperature of 25 ± 2oC using various concentration of simulated HAc-water 

binary mixture. It was observed from Fig. 5.1 that the extent of water sorption increased 

almost linearly with increase in feed HAc concentration. Similar results were also obtained 

for polyphenyl sulphone based (PPSU) membranes for acetic acid dehydration (Jullok et 

al., 2012). At 20% feed HAc concentration the percentage sorption of present PVA-PES 

membrane was 41.06% and this increased to 48.23% and 55.28% at 60% and 90% feed 

HAc concentrations respectively. Maximum sorption was recorded to be 56.83% in pure 

acetic acid. As the acetic acid concentration in the feed mixture increases because of a 

strong interaction between acetic acid and membrane, the membranes may become more 

swollen. This further result in more flexibility of polymeric chains and transport may 

become easier. Since the molar mass of HAc (60.05 g/mol) is higher than that of water 

(18.01 g/mol), the total sorption of PVA-PES membrane was higher in HAc compared to 

water (Kuila and Ray, 2011a). Solvent uptake in membranes may further result in more 

flexibility of polymeric chains and transport may become easier. 

 

Fig. 5.1 Equilibrium sorption of water through PVA-PES membrane as a function of feed 

acetic acid concentration 
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In the present study cross linked formaldehyde membrane has significant resistance 

towards swelling. It merits mentioning that the study of sorption based on weight 

measurements is unable to justify differences in sorption on both sides of the membrane. 

Thus under present experimental setup sorption was thought to take place on the top PVA 

layer of membrane only. As a glassy polymer PES does not absorb water. 

5.1.2 Effect of temperature on swelling of the commercial PVA-PES membrane 

Degree of swelling of the PVA-PES composite membrane cross-linked with 

glutaraldehyde used in the present study at three different temperatures viz. 25, 45 and 

65oC for different concentration of acetic acid are presented in Fig. 5.2. In general it was 

observed that percent degree of swelling decreased gradually with increase in water 

concentration of the binary (water-acetic acid) feed mixture irrespective of temperature. 

Moreover, with increase in feed temperature degree of swelling decreased marginally. At 

25oC the maximum degree of swelling was found out to be 46.3%, which reduced to 39.5% 

at 65oC. This was due to an increase in preferential sorption of water which could be 

absorbed by the hydrophilic groups of the membrane resulted in the swelling of the 

membrane and thereby assisting transport through the membrane.  

 

 

Fig. 5.2 Degree of swelling as function of feed water concentration at different feed 

temperature 



Results and Discussions 

 

84 
 

As the acetic acid concentration in the feed mixture increases because of a strong 

interaction between acetic acid and membrane, the membranes may become more swollen. 

This further result in more flexibility of polymeric chains and transport may become easier. 

Since the molar mass of HAc (60.05 g/mol) is higher than that of water (18.01 g/mol), the 

total degree of swelling of PVA-PES membrane was higher in HAc compared to water 

(Kuila and Ray 2011a). Equilibrium mass uptake is a strong function of acetic acid 

concentration and also depends weakly on temperature. It is what causes PVA-PES 

composite membrane to swell among other things. Both temperature and solvent activity 

strongly affect the viscoelastic response of the membrane.  

In general creep increases significantly with increasing temperature. This is because 

bonding strength between polymer chains decreases with increasing temperature. 

However, combined effects of temperature and solvent activity are complicated. Acetic 

acid concentration strongly affects the viscoelastic response of membrane at all 

temperature (Alghezawi et al., 2006). It was shown at room temperature that increased 

acetic acid concentration had increased the creep as well. The efficiency of liquid 

permeation separations through polymer films depends primarily on whether there is an 

interaction, chemical or physical, between the solvent solute and polymer. The extent of 

the liquid- polymer interaction determines whether solvent, solute or neither is 

preferentially sorbed at the membrane-solution interface. As expected, the membrane 

selectivity decreases dramatically with a reduction of the water permeance and an 

increment of the HAc permeance when changing to a 55 wt% HAc concentration feed. The 

swelling from the high acetic acid concentration feed increases the free volume and 

changes the free volume distribution. The HAc-induced plasticization helps itself through 

the membrane much more than water, resulting in the low membrane selectivity.  

5.1.3. Swelling study of PVA-GO membrane 

Fig. 5.3 represents the water sorption behaviour of the PVA-GO membranes used in the 

present work as a function of feed water concentration (by volume %) at a fixed 

temperature of 30oC. A perusal of Fig. 5.3 reveals that the extent of water sorption 

increased almost linearly with increase in water concentration in the feed solution. Water 

molecules absorbed by the hydrophilic groups, such as, – NH2, –COO, or OH in the 

membrane resulted in the swelling of the membrane thereby assisting the transport through 

the prepared membrane. 
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Fig. 5.3 Water sorption behaviour of the PVA-GO membranes used in the present work 

 

(PVA)0 membrane showed a maximum swelling of  45%, whereas the percent swelling of 

(PVA-GO)1 and (PVA-GO)2 were 55% and 57% respectively at a feed water concentration 

of 95%. The results indicate that PVA-GO composites are more prone towards swelling in 

presence of water. This was probably because of the incorporation of hydrophilic GO in 

the polymer matrix. However, there is caveat because excessive absorption of water 

molecules in the membrane could gradually enhance its mechanical fragility and 

morphological instability. PVA membranes prepared commonly in an aqueous inorganic 

salt solution are reported to be highly swollen in water, the swelling ratio of which are 

higher than 2 (Kim et al., 1993). But the membranes used in the present study was cross 

linked with glutaraldehyde and therefore exhibited considerable resistance towards 

swelling, due to reduction of chain mobility and void volumes and which was evidenced 

by the low swelling ratio (Merle et al., 2012).  

5.1.4. Swelling of disodium tetraborate (borax) cross-linked membrane 

Fig. 5.4 represents the degree of swelling of both cross linked and uncrosslinked composite 

membranes used in the present work as a function of feed water concentration (by volume 

%) at a fixed temperature of 30oC. The figure indicates that the degree of swelling 

increased almost linearly with increasing water content in the feed mixture. This 

relationship remains linear for the entire feed water concentration in the solutions starting 
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from 0 vol% to 100 vol%. The swelling study was carried by preparing the solutions of 

different amount of water content for all the membranes. The increasing water 

concentration means that when the water content in the feed solution increases from 0 

vol% (pure ethylene glycol) to 100 vol% (pure water).   

 

Fig. 5.4 Swelling of borax cross-linked and uncrosslinked membranes 

 

Uncrosslinked PVA-PES membrane exhibited as high as 59.4% degree of swelling at 80% 

feed water concentration. But the water uptake propensity substantially reduced in the 

borax crosslinked membranes. At 80% feed water concentration the degree of swelling was 

found out to be 58.2% and 48.7% for PVA-PES -0.2% borax and PVA-PES-0.5% borax 

membranes respectively. During swelling the polymer structure expands as the trapped 

solution occupies the free volume in the matrix and penetrates into the network of the 

polymer chains to swell them. The effect of swelling may give rise to two situations. 

Firstly, expansion of membrane free volume presumably facilitates the larger molecules to 

pass, thereby increasing permeability and reducing selectivity. Additionally compaction of 

membrane pores could also occur the leading to an increase in selectivity and reduction in 

permeability. However, our subsequent studies of flux and permeability with the borax 

cross-linked composite membranes corroborate the former assumption as pervaporation 

membranes are mostly dense in nature. Degree of swelling of 0.2% borax cross linked 
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composite was less than that of 0.5% borax cross linked counterpart. This was probably 

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

volume resulting in restricted segmental motion (Guo et al., 2007a). The maximum water 

sorption capacity of the borax cross-linked membranes at 80 vol% water-EG mixture is 

presented in table 5.1. 

 

Table 5.1 Maximum water sorption capacity of borax cross-linked membranes  

Membranes 

Maximum water 

sorption capacity 

(%) 

Feed mixture for swelling 

study 

(PVA-PES, 0.2% Borax) 58.2% Water-ethylene glycol 

(PVA-PES, 0.5% Borax) 48.7% Water-ethylene glycol 

(PVA-PES, Uncross-linked) 59.4% Water-ethylene glycol 

 

5.1.5 Dynamic swelling study of commercial PVA-PES membrane 

Percentage sorption of PVA-PES membrane with glutaraldehyde cross-linked as a function 

of time with different feed compositions at ambient temperature is presnted in Fig. 5.5.  

 

Fig. 5.5 Percent sorption of PVA-PES composite membrane as a function of time with 

different feed compositions at ambient temperature 
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It was observed from Fig. 5.5 that for a fixed feed concentration of water in solution as 

well as for pure solvents (water and acetic acid) the percentage sorption increases with 

time upto nearly 28 h and thereafter it remains constant. This was probably due to the 

attainment of dynamic sorption equilibrium between water and the PVA membrane. It was 

also observed that for pure water the percent sorption was maximal while for pure HAc it 

was minimal irrespective of time. The preferential sorption of water increases due to the 

molecules absorbed by the hydrophilic groups in the membrane. However, too much water 

molecules absorption in the membrane could result in excessive swelling, mechanical 

fragility and morphological instability of the membrane. As the water concentration in the 

feed mixture increases because of a strong interaction between water and membrane, the 

membranes may become more swollen. These further results in more flexibility of 

polymeric chains and transport may become easier.  

5.2 Effect of feed composition on flux and separation factor  

Pervaporation flux and separation factor are two significant performance indices of the 

membranes. Effect of the feed concentration during the pervaporation performance of 

different prepared membranes is discussed below for the different membranes used for the 

pervaporation dehydration of acetic acid and ethylene glycol. 

5.2.1 PVA-PES membrane cross-linked with formaldehyde 

The relationships between liquid feed mixture composition and pervaporation data in a 

formaldehyde cross-linked PVA-PES membrane were investigated over a composition 

range from 3 to 20 vol% of acetic acid-water binary mixture at a constant temperature of 

35°C and around 3 h of run time. Individual molar fluxes for acetic acid and water and 

separation factor as a function of feed HAc concentration are presented in Fig. 5.6. It is 

evident from Fig. 5.6 that the water flux of the membrane was much higher than that of the 

acetic acid because of the hydrophilic nature of the membrane. Water flux decreased with 

acetic acid content and maximum molar flux of water was recorded to be 0.15 m3 

(STP)/m2h whereas the acetic acid flux was 0.06 m3(STP)/m2h, almost about 2.5 fold lower 

at 3 vol% feed HAc concentration. Although the pervaporation flux decreased with 

increasing acetic acid concentration of the liquid feed mixture, the separation factor 

increased. At 3 vol% acetic acid concentration the separation factor was estimated to be 

1.47, which rose to 3.02 and 4.35 at 12 vol% and 20 vol% HAc concentrations 

respectively. As the water concentration in the feed mixture increased because of a strong 

interaction between water and membrane, the membrane became more swollen resulting in 
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facile pervaporation flux. In the present study the flux was very low; however separation 

factor was considerably high. This underlines the importance of optimization of membrane 

performance in terms of flux and separation factor. 

 

Fig. 5.6 Water and HAc molar flux and separation factor during PV performance of 

formaldehyde cross-linked prepared membrane (Run time 3 h) 

 

5.2.2. Pervaporation separation index (PSI) and enrichment factor 

In general, flux and selectivity are the two commonly used performance indices in 

pervaporation. Flux and selectivity are inversely proportional for almost all feed 

concentration. However in the present study the term pervaporative separation index (PSI) 

as expressed in Eq. (3.6) relates both permeation flux and selectivity of the desired 

component for evaluation of optimum membrane performance. Pervaporation separation 

index and enrichment factor as a function of feed water concentration using commercial 

PVA-PES membrane are presented in Fig. 5.7. PSI was found to decrease with increasing 

feed concentration whereas enrichment factor increased. It was also found that for any feed 

concentration enrichment factor was greater than unity signifying water selectivity of the 

membranes. However, with increasing feed concentration, enrichment factor decreased due 
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to plasticization though the change of enrichment factor was marginal above around 10 

mass% feed water concentration. 

 

Fig. 5.7 Pervaporation separation index (PSI) and enrichment factor as a function of feed 

water concentration 

 

Similar observations were reported by Kuila and Ray (2011a) for the dehydration of acetic 

acid by using a cross linked co-polymeric polyvinyl alcohol-acrylamide membrane. As the 

water concentration in the feed mixture increased because of a strong interaction between 

water and membrane, the membrane became more swollen resulting in facilitated 

volumetric flux. Water molecules trapped between polymer chains could result in the 

widening of the chain–chain distance (d-space) and increase higher free volume of the 

membrane. The swelling also decreases the required energy for components to transport 

through membrane and therefore increases their permeation flux (Wang et al., 2011). This 

phenomenon can further be explained in terms of the plasticizing effect of water on the 

membrane (Durmaz-Hilmioglu et al., 2001). The plasticization action of water enhances 

the acetic acid permeation by decreasing the energy required for diffusive transport of 

acetic acid through the membrane. But the plasticizing effect of acetic acid to enhance 

water permeation is not as remarkable as that of water, resulting in separation factor having 

a minimum value at this feed composition. In a binary mixture of acetic acid water, there 

are possibilities of hydrogen boding between the combinations of water-acetic acid, acetic 
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acid-acetic acid, and water-water. With increase in water content of the feed mixture, the 

network of hydrogen bonds between acetic acid molecules could have ruptured giving rise 

to formation of hydrogen-bonds between acetic acid-water. This in turn, resulted in the 

lower magnitude of separation selectivity (Zhang et al., 2012). 

5.2.3 PVA-GO membrane cross-linked with glutaraldehyde 

Molar flux (m3(STP)/m2h) of acetic acid and water as a function of feed acetic acid 

concentration in vinegar solution are presented in Fig. 5.8 for three different membranes 

synthesized in the present study. The general trend of Fig. 5.8 reveals that for all the 

membranes molar flux of water and acetic acid decrease with increasing acetic acid 

concentration in vinegar solution. But the magnitude of water flux was higher than that of 

acetic acid flux. Amongst the three membranes (PVA-GO)2 was found to exhibit 

maximum water flux of  0.22 m3(STP)/m2h at 2.5 % acetic acid concentration. For (PVA)0 

and (PVA-GO)1 membranes the maximum water fluxes were estimated to be 0.09 and 0.15 

m3(STP)/m2h at the same acetic acid concentration. On the other hand the acetic acid flux 

was in general very low irrespective of the membranes. For (PVA-GO)1 and (PVA-GO)2 

membranes the acetic acid fluxes were just 0.0015 and 0.0005 m3(STP)/m2h at the acetic 

acid concentration of 2.5%. Due to amphiphilic nature of GO in the PVA-GO composite, 

water gets adsorbed at the hydrophilic terminal and then diffuses among the hydrophobic 

carbon core, developing a water channel that improves permeation flux of water (Hegab 

and Zou, 2015; Huang et al., 2014). Nanocapillaries are present between the flakes of GO 

that make up the GO films. These nanocapillaries together with the hydrophilic carboxylic 

and hydroxyl groups present in GO create a tortuous network of confined water channels, 

which allows continuous permeation of water vapor. As the water concentration in the feed 

mixture increases because of a strong interaction between water and membrane, the 

membrane becomes more swollen resulting in facilitated water flux. This phenomenon can 

be explained in terms of the plasticizing effect of water on the membrane (Durmaz-

Hilmioglu et al., 2001). Additionally GO, with its acidic groups can produce negative 

charge on the surface of the PVA-GO composite membrane throughout the entire pH range 

(Dimiev et al., 2013). This leads to a significant repulsion between the negatively charged 

surface and negatively charged acetate ions, thereby reducing the acetic acid flux. On the 

other hand the lower pervaporation flux of (PVA)0 membrane could plausibly reasoned to 

its high degree of crystallinity as observed from XRD analysis (discussed later) and which 

was due to intra and intermolecular hydrogen boding networks. 
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Fig. 5.8 Molar flux (m3(STP)/m2h) of acetic acid and water  as  a function of feed acetic 

acid concentration in vinegar solution 

 

Fig. 5.9 presents the overall pervaporation flux and membrane separation factor as a 

function of acetic acid concentration in the simulated vinegar solution. It reveals that 

overall flux decreased with increase in acetic acid content in the vinegar solution. Amongst 

the three membranes used in the present study, (PVA-GO)2 registered the maximum flux  

of 0.24 m3 (STP)/m2h  at 2.5 vol% of acetic acid concentration. However it reduced to 

0.126 m3 (STP)/m2h when acetic acid concentration rose to 20%.  In contrast, there was a 

sharp increase in membrane separation factor with increasing acetic acid concentration in 

the feed. At 5% acetic acid concentration the separation factor was 8.7 which rose to 22.3 

and 62.2 at 10% and 20% acetic acid concentration respectively in (PVA-GO)2 composite 

membrane. As the water content in the feed mixture decreases, less water molecules can 

accumulate inside the polymer matrix, which results in the reduced segmental movement 

in the polymer. The available fractional free-volume gets reduced, leading to a decrease in 

permeance. This in turn augments the membrane separation factor to a great extent as a 

trade-off phenomenon is typically observed in the pervaporation studies (Patil et al., 2007). 
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Fig. 5.9 Overall pervaporation flux and separation factor as a function of acetic acid 

concentration in the simulated vinegar solution 

 

5.3. Effect of feed temperature on flux and separation factor 

Effect of feed temperature on flux and separation factor for various prepared membrane are 

described below. The Arrhenius type relationship is also used to estimate the activation 

energy of permeating species during pervaporation separation. 

5.3.1 PVA-PES membrane cross-linked with formaldehyde  

The temperature dependence of pervaporation data was investigated over a temperature 

range from 35 to 75°C with a constant feed concentration of 3 vol% of acetic acid. 

Generally, temperature influences both the permeate transport behavior and the ease of 

swelling by the polymer chain in the membrane structure. At higher temperature, 

frequency and amplitude of segmental motion of the polymeric chains increase with 

increased free volume and lower degree of swelling. This increased free volume facilitates 

transport of permeants. Further, vapor pressure of the permeating molecules also increases 

at higher temperature. Combined effect of increased free volume and driving force (vapor 

pressure difference) results in increased flux at higher temperature irrespective of feed 

concentrations. Although the amount sorbed by the polymer decreases with increasing 



Results and Discussions 

 

94 
 

temperature, this is more than offset by the increase in the diffusion coefficient of the 

solute due to increase in temperature (Ray et al., 1998). The latter is brought about by the 

increased thermal motions of the polymer chain at higher temperatures. It is worth 

mentioning that rate of increase of water flux with temperature was found to be higher than 

the rate of increase of acetic acid flux. 

From the Arrhenius plots of ln P (permeability) and ln D (diffusivity) vs 1/T, activation 

energy values of water permeability (EP,W) and diffusivity (ED,W) were calculated as 58.80 

and 21.21 KJ/mol respectively for 3 vol% feed acetic acid concentration. For the same feed 

composition, the activation energy of HAc permeability (EP,HAc) and diffusivity (ED,HAc) 

were calculated as 34.56 and 16.62 KJ/mol respectively. The positive value of activation 

energy indicates, the permeation flux increases with an increase in temperature, which has 

also been reported in most pervaporation experiments in the literature (Teli et al., 2007). 

The present study also corroborates the same observation. The heat of sorption values were 

calculated from the energy of activation data as Eq. (5.1) (Suhas et al., 2013): 

             iDiPS EEH ,,        (5.1) 

Where, ΔHS is the heat of sorption which is the difference of activation energy of 

permeability and diffusivity. The ΔHS values give the information about the nature of 

transport phenomena, which involves the combined effect of Henry’s and Langmuir’s type 

sorption. Henry’s law implies that heat of sorption follows endothermic process for liquid 

transport, thus leading to the dissolution of chemical species into the site within the 

membrane. On the other hand, Langmuir’s sorption requires the pre-existence of a site in 

which sorption occurs only by the hole-filling mechanism, which gives rise to exothermic 

contribution. The ΔHS values were recorded to be 37.59 and 17.94 KJ/mol for water and 

acetic acid respectively. The ΔHS values obtained in the present study are positive 

(endothermic contribution) for PVA-PES membranes, indicating that Henry’s type of 

sorption is predominant. 

5.3.2 Commercial PVA-PES membrane cross-linked with glutaraldehyde 

The temperature dependence of pervaporation data was investigated over a temperature 

range from 50 to 90°C with a constant feed concentration of 50% by volume acetic acid. 

These are presented in Fig. 5.10, which indicates that total molar flux as well as molar 

fluxes of both water and acetic acid increased with increasing temperatures. Generally, 

temperature influences both the permeate transport behavior and the ease of swelling by 
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the polymer chain in the membrane structure. It is worth mentioning that the rate of 

increase of molar flux of water with temperature was found to be substantially higher and 

closer to overall flux than the rate of increase of acetic acid molar flux.  

 

Fig. 5.10 Molar flux and separation factor as a function of feed temperature during 

pervaporative separation of acetic acid-water mixture. 

 

At 70oC the molar flux of water was found out to be 0.3342 m3(STP)/m2h, which is around 

81.45% of total flux whereas the acetic acid flux was 0.0526 m3(STP)/m2h, almost about 

six fold lower. Although the pervaporation flux increased with increasing temperature of   

the liquid feed mixture, the separation factor decreased. At 50oC the separation factor was 

estimated to be 2.3, which decreased to 1.52 and 1.35 at 80oC and 90oC respectively. These 

results can be explained following the free volume theory. The thermal motion of polymer 

chains in the amorphous regions randomly produces free volume. As temperature increase, 

the frequently and amplitude of the chain jumping increase and the resulting free volumes 

become larger. The diffusion rate of isolated permeating molecules and associated 

permeating molecules are high when the temperature is high, so that total permeation rate 

is high and the separation factor is low (Kim et al., 1993). Activation energies for water 

and acetic acid permeation for two different feed concentrations are presented in Fig. 5.11 
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and Fig. 5.12 respectively. It is observed from Fig. 5.11 and Fig. 5.12 that the apparent 

activation energy of water permeation (Epw) (56.82 kJ/mol) was significantly lower than 

those of acetic acid permeation (EpHAc) (79.35 kJ/mol), suggesting a higher separation 

efficiency of the membranes.  

 

Fig. 5.11 Variation of ln Jw with temperature for two different acetic acid concentration 

using PVA-PES membrane 

 

If the activation energy is positive, the permeation flux increases with an increase in 

temperature, which has also been reported in most pervaporation experiments in the 

literature (Teli et al., 2007). The present study also corroborates the same observation. Due 

to its molecular size and shape, the activation energy of diffusion for acetic acid (HAc) 

becomes greater than that for water. With the decrease in water content in the feed the 

polymeric membrane become less swollen and the mobility of chain segments decreases, 

thereby increasing the energy required for the diffusive jump of acetic acid molecules. The 

interaction between the permeants is thought to have an enhancing effect on the 

permeation activation energy because associated molecules require more energy for 

permeation than isolated ones. On the contrary, the plasticization action could diminish the 

activation energy by making the polymeric chain segments even more flexible 

(Kariduragnavar et al., 2005). 
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Fig. 5.12 Variation of ln JA with temperature for two different acetic acid concentration 

using PVA-PES membrane 

 

5.3.3 PVA-GO membrane cross-linked with glutaraldehyde 

Effect of temperature on pervaporation flux was studied at four different temperatures (60, 

70, 80 and 90oC), with a fixed feed concentration of 2.5% acetic acid for all the three 

synthesized membranes. The results, presented in Fig. 5.13, indicate that overall 

volumetric flux of pervaporation increases with increasing feed temperature. The flux 

obtained in (PVA-GO)2 membrane was higher than the other two membranes at all the 

temperatures studied. The over-all volumetric flux at 60oC was 0.22 m3(STP)/m2h which 

rose to 0.38 m3(STP)/m2h at 90oC. At higher temperature, frequency and amplitude of 

segmental motion of the polymeric chains increases with increased free volume and lower 

degree of swelling. This increased free volume facilitates transport of permeants. Further, 

vapor pressure of the permeating molecules also increases at higher temperature. The 

combined effects of increased free volume and driving force (vapor pressure difference) 

result in the increased flux at higher temperature irrespective of concentrations. The 

temperature effect on pervaporation flux can be described by Arrhenius type relationship. 
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Fig. 5.13 Overall volumetric flux as a function of feed temperature in the simulated 

vinegar solution for three different membranes (Feed concentration: 2.5 vol% acetic acid) 

 

The results indicate that the apparent activation energy of water permeation (56.82 kJ/mol) 

through (PVA-GO)2 membrane was significantly lower than those of acetic acid 

permeation (18.98 kJ/mol), suggesting a higher separation efficiency of the membranes. If 

the activation energy is positive, the permeation flux increases with an increase in 

temperature, which has also been reported in most pervaporation experiments in the 

literature (Kariduragnavar et al., 2005; Durmaz-Hilmioglu et al., 2001). The present study 

also corroborates the same observation. 

 

5.4. Effect of feed flow rate on flux and separation factor 

The effect of feed flow rate on PV flux and separation factor was carried out for disodium 

tetraborate (borax) cross-linked and uncrosslinked PVA-PES composite membrane for 80 

vol% EG aqueous solution at constant temperature of 45oC. Fig. 5.14 represents total 

pervaporation flux and separation factor as a function of feed flow rate. For all the 

membranes, cross linked or otherwise, total pervaporation flux was found to increase with 

feed flow rate whereas the separation factor decreased.   
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Fig. 5.14 Total pervaporation flux and separation factor as a function of feed flow rate in 

the pervaporation of EG-water system 

 

At a flow rate of 0.06 m3/h total pervaporation flux was estimated to be 8.81 m3(STP)/m2h 

and 7.21 m3(STP)/m2h  for 0.2 wt% and 0.5 wt% borax cross linked PVA-PES composite 

membranes respectively, while for the uncrosslinked PVA-PES composite the flux was 

7.85 m3(STP)/m2h. The separation factor was found to be 3.50 at a flow rate of 0.02 m3/h 

for 0.2 wt% borax crosslinked membrane, which reduced to 2.45 at 0.06 m3/h flow rate. 

For 0.5 wt% borax cross-linked membrane the highest separation factor was only 1.54 at a 

flow rate of 0.02 m3/h and it dropped to 1.05 when flow rate was increased to 0.06 m3/h. 

Both in terms of flux and the separation factor PVA-PES-0.2 wt% borax composite 

membrane was found superior to PVA-PES-0.5 wt% borax crosslinked and its 

uncrosslinked counterpart. Doping of the excess cross linkers led to the reduction in the 

membrane free volume as discussed in the earlier section. A drop of the separation factor 

with increased borax loading could also be reasoned from the poor interfacial adhesion 

between the borax particles and the polymer matrix. 

Increase of feed flow rate results in the increase in turbulence at the membrane surface 

facilitating augmentation of pevaporation flux. As the turbulence increases, the boundary 
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layer thickness decreases and the likelihood of concentration polarization on the upstream 

side of membrane diminishes as well. This implies that the water concentration near 

membrane surface approaches to that in the bulk phase (Hu et al., 2012) with swellable 

hydrophilic channels of PVA matrix providing available paths leading to facile permeation 

flux as feed water content increases (Baheri et al., 2015). Moreover, Jafari et al. (2013) 

demonstrated by a computational fluid dynamics (CFD) study that increasing feed flow 

rate can enhance feed kinetic energy substantially which in turn increases the extent of 

turbulence. But at the same time a reverse trend was observed in case of separation factor 

plausibly due to the less pronounced coupling effect between EG and water molecules at 

the prevailing feed concentration of the present study. Further this could be due to the 

weaker EG-water hydrogen bonding interactions leading to low mutual drag between water 

and EG molecules and decelerating transport of EG molecules  (Shahverdi et al., 2011; 

Guo et al., 2008). However, literature reports contradictory observations of separation 

factor behavior with changing feed flow rate in the pervaporation. While a host of studies 

observed the decreasing trend of separation factor with increasing feed flow rate (Baheri et 

al., 2015; Hu et al., 2012), a few other reported the reverse trend (Jafari et al., 2013; Guo et 

al., 2008). Therefore, it is imperative to carry out further rigorous experiment in this 

direction to ascertain the effect of flow rate on the flux and separation factor using a wide 

concentration of feed mixture. 

 

5.5 Effect of feed composition on intrinsic membrane permeability and selectivity 

Effects of feed composition on the intrinsic membrane properties for different prepared 

membranes are described in the following sections. 

5.5.1 PVA-PES membrane cross-linked with formaldehyde 

The variation of partial permeabilities of acetic acid and water with feed acetic acid 

concentration at a fixed temperature of 35oC in PVA-PES composite membrane are shown 

in table 5.2. It also shows the intrinsic membrane selectivity as a function feed acetic acid 

concentration. The present membrane exhibited very high partial water permeability (0.28 

barrer) compared to partial acetic acid permeability (0.13 barrer) at high feed water 

concentration (97 vol%). On the other hand, the intrinsic membrane selectivity was found 

to increase with feed acetic acid concentration. The maximum intrinsic membrane 

selectivity was estimated to be 6.67 at 20% feed acetic acid concentration. Permeation of 

water through polymeric membrane is mired in presence of water cluster, the likelihood of 
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which is facilitated by high water content of the feed mixture. The cluster size continues to 

increase with increasing water content (Hodge et al., 1996). 

 

Table 5.2 Water and acetic acid permeability with membrane selectivity at 35oC in PVA-

PES composite membrane   

Feed acetic acid 

concentration 

Vol% 

Water 

permeability 

(Pw, Barrer) 

Acetic acid 

permeability 

(PHAc, Barrer) 

Membrane 

selectivity 

(αmem) 

3 0.28 0.13 1.80 

6 0.22 0.10 2.24 

9 0.17 0.07 3.07 

12 0.11 0.05 3.74 

15 0.08 0.04 4.82 

20 0.05 0.02 6.67 

 

The PVA-PES composite membrane, used in the present study, presumably had small 

inter-chain spaces as to allow permeation of water clusters. As a result intrinsic 

permeability of water was comparatively higher than that of acetic acid for all the feed 

concentrations. At higher feed concentration plasticization of the membrane might have 

reduced water permeability of the membrane. Even incorporation of cross linking agents 

and presence of high concentration of water in the feed result in the loss of crystallinity of 

the PVA membrane. Hence, with increased free volume due to water absorption polymeric 

membranes showed lower water permeability or intrinsic membrane selectivity (Hodge et 

al., 1996). Kuila and Ray (2011a) reported a similar trend of partial permeabilities in acetic 

acid-water system, however with a different membrane. They observed higher water 

permeability as against acetic acid permeability at all feed water concentrations. Moreover, 

the similar trend of water permeability with respect to water flux as a function of feed 

concentration as reported by some other authors (Guoa et al., 2004) was also observed in 

the present study. Both water flux and partial water permeabilities decreased with increase 

in acetic acid content in the feed mixture. 

5.5.2 PVA-GO membrane cross-linked with glutaraldehyde 

The variation of partial permeabilities of acetic acid and water with acetic acid 

concentration in the feed mixture at a fixed temperature of 30oC are shown in Fig. 5.15. It 

indicates that as the acetic acid concentration of the feed mixture increased both the partial 

permeability of acetic acid and water decreased, although the values of acetic acid 
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permeability were significantly lower compared to those of water. Water and acetic acid 

permeability of (PVA-GO)2 at 2.5% acetic acid concentration were found out to be 0.51 

and 0.12 barrer respectively. On the other hand, the highest water and acetic acid 

permeabilities in (PVA-GO)1 were 0.36 and 0.09 barrer respectively. Incorporation of GO 

into the PVA results in the enhanced water affinity of the membrane which becomes more 

hydrophilic enabling more water molecules to permeate through the membrane (Pezeshk et 

al., 2012). When the water concentration in feed solution increases, water molecules can 

occupy more adsorption sites of GO than acetic acid because GO is hydrophilic. As a 

result, the separation performance is improved under higher feed water contents.  

 

Fig. 5.15 The variation of partial permeabilities of acetic acid and water with acetic acid 

concentration in the feed mixture 

 

5.6. Effect of feed temperature on membrane permeability and selectivity 

The membrane permeability and selectivity are greatly affected by feed temperature. 

Temperature effect was carried out for different prepared membrane as explained below. 

5.6.1. Commercial PVA-PES membrane cross-linked with glutaraldehyde 

The effect of feed temperature on the intrinsic membrane properties were carried out for 

PV separation of HAc-water mixture using commercial PVA-PES membrane cross-linked 

with glutaraldehyde. The membrane selectivity and permeability of acetic acid and water 



Results and Discussions 

 

103 
 

as a function of temperature is presented in Fig. 5.16. A perusal of Fig. 5.16 indicates that 

permeabilities of both water and acetic acid increase and membrane selectivity decreases 

with increase in temperature, although the permeability of water was higher than that of 

acetic acid.  At 90oC the selectively was found out to be 44 % of that obtained at 50oC. 

 

   

Fig. 5.16 Water, acetic acid permeability and membrane selectivity as a function of feed 

temperature during pervaporative separation of acetic acid-water mixture 

 

The HAc solubility in the polymer plays an important role in the membrane selectivity 

unlike near-negligible water sorption. The swelled polymer chains due to the high HAc 

concentration feed favour more HAc sorption into the polymer (solubility). This swelling, 

in turn, enables large increase in diffusivity and permeability. In other words, the HAc 

permeability and solubility can increase significantly in high HAc concentration solutions. 

Nevertheless, the membrane selectivity decreases since the water permeability exhibits a 

rather limited increment under the HAc-induced swelling condition. This is believed to 

occur, since the swelling effect benefits the larger penetrant more than the smaller one 

(Zeng et al., 2006). Thus, the PVA-PES membrane used in the present study may be 

suitably used at higher temperature with increased flux, however at the cost of a 

considerable decrease in membrane selectivity. 
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5.6.2. Borax cross-linked and uncross linked PVA-PES membranes 

Intrinsic membrane permeability of ethylene glycol and water as a function of feed 

temperature and with a fixed feed concentration of 80 vol% ethylene glycol for all three 

prepared membrane is presented in Fig 5.17. A perusal of Fig 5.17 indicates that 

permeability of both water and ethylene glycol increase with increase in temperature, 

although the magnitude of permeability of water was higher than that of ethylene glycol. It 

was also observed (data not shown) that the membrane selectivity decreased with increase 

in temperature. The PVA-PES-0.2% borax cross linked membrane shows highest water 

permeability and lowest ethylene glycol permeability than other two membranes at any 

feed temperature.  

 

Fig. 5.17 Water and ethylene glycol permeability as a function of feed temperature 

 

The apparent activation energy of water permeation (EPW) and ethylene glycol permeation 

(EEG) for all three membranes are presented in table 5.3. The results indicate that the 

activation energy of water permeation through PVA-PES-0.2% borax cross linked 

membrane was significantly lower than those of ethylene glycol permeation, suggesting a 

higher separation efficiency of the membranes. If the activation energy is positive, the 

permeation flux increases with an increase in temperature, which has also been reported in 

most pervaporation experiments in the literature (Guo et al., 2007a; Hu et al., 2007b). The 
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present study also corroborates the same observation. Due to its molecular size and shape, 

the activation energy of diffusion for ethylene glycol will be greater than that for water. As 

the water content in the feed decreases the polymeric membrane become less swollen and 

the mobility of chain segments decreases, thus increasing the energy required for the 

diffusive jump of ethylene glycol molecules. The interaction between permeants is thought 

to have an enhancing effect on the permeation activation energy because associated 

molecules require more energy for permeation than isolated molecules. In contrast, the 

plasticization action diminishes the activation energy by making the polymeric chain 

segments more flexible. 

 

Table 5.3 Apparent activation energy of water and ethylene glycol permeation through 

PVA-PES composite membranes cross linked with borax 

Membrane Name 

Water activation 

energy 

(kJ/mol) 

Ethylene glycol 

activation energy 

(kJ/mol) 

(PVA-PES) 15.40 32.38 

(PVA-PES-Borax 0.5%) 21.57 25.80 

(PVA-PES-Borax 0.2%) 16.32 36.69 

 

5.7. Effect of feed flow rate on permeability and membrane selectivity 

Water permeability and selectivity of the membranes used in the present pervaporation 

study as a function of feed flow rate for the borax cross-linked and uncrosslinked 

polymeric composite membranes are presented in table 5.4.  

 

Table 5.4 Water permeability and selectivity of the borax cross-linked and uncross-linked 

PVA-PES membranes used in the present study as a function of feed flow rate. 

Feed 

flow 

rate 

(m3/h) 

(PVA-PES -0.2% Borax) (PVA-PES-0.5% Borax) 
(PVA-PES, 

Uncrosslinked) 

Water 

Permeability 

(Barrer) 

Membrane 

selectivity 

Water 

Permeability 

(Barrer) 

Membrane 

selectivity 

Water 

Permeability 

(Barrer) 

Membrane 

selectivity 

0.02 9.97  3.65  5.36  1.61  8.66  2.15  

0.03 11.73  3.34  7.29  1.42  10.29  1.82  

0.04 13.06  3.06  8.61  1.26  10.91  1.56  

0.05 14.09  2.86  9.32  1.18  11.32  1.45  

0.06 14.56  2.58 10.02 1.10  11.12  1.32  
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Water permeabilities of all the membranes were found to increase with the increasing feed 

flow rate while the membrane selectivities decreased. Highest water permeability of 14.56 

barrer was exhibited by PVA-PES-0.2% borax membrane at a flow rate of 0.6 m3/h, 

whereas at the same flow rate the water permeabilities of PVA-PES-0.5% and PVA-PES 

uncrosslinked membranes were 10.02 and 11.12 barrer respectively. Selectivity of PVA-

PES-0.2% borax composite membrane was found out to be 3.65 at 0.02 m3/h feed flow 

rate.  The reason for the increasing water permeability with increasing flow rate can be 

attributed to the promotion of turbulence at the membrane surface and which was most 

effective in 0.2% borax cross linked membrane compared to 0.5% borax cross-linked and 

the uncrosslinked ones. The increase in turbulence of feed solution resulted in the decrease 

of boundary layer thickness. Therefore, mass transfer resistance of boundary layer on the 

upstream of membrane decreased as well, leading to increased water permeability. 

 

5.8 Mechanical properties of the prepared membranes 

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

polymeric composite membranes used in the present pervaporation study are determined 

using universal testing machine. 

5.8.1 PVA-PES membrane cross-linked with formaldehyde 

Effect of swelling on the mechanical properties of the PVA-PES composite membrane 

crossilinked with formaldehyde used in the present pervaporation study was also studied. 

The results are presented in table 5.5. It shows the tensile strength (TS) (MPa), % 

elongation at break (EAB) and modulus of elasticity  of the unused (pristine) membrane, 

membranes soaked with pure water and pure acetic acid along with the membrane used in 

the pervaporation experiment.  

 

Table 5.5 Mechanical properties of the PVA-PES membrane cross-linked with 

formaldehyde under different experimental conditions 

Membrane condition 

Tensile 

strength 

(MPa) 

Elongation at 

break (%) 

(EAB) 

Modulus of 

Elasticity 

(MPa) 

Unused membrane (Pristine) 31.74 16.66 165.4 

One week immersion in pure water 27.94 21.46 156.6 

One week immersion in pure acetic acid 29.78 18.87 159.7 

Used membrane after pervaporation 27.23 16.18 155.2 
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The results indicate that TS and EAB of the membranes are marginally reduced after 

immersion in water and acetic acid for one week. PVA membranes can be swollen by both 

acetic acid and water molecules because of hydrogen bonding interactions. However, water 

can cause more significant swelling as it can easily penetrate into the polymer chains due 

to its small kinetic diameter. Since the PVA membrane is hydrophilic, the water swollen 

membrane showed somewhat lower TS than acid swollen membrane. But both of these 

membranes show higher elongation at break as compared to the dry (not immersed in 

solvent) membranes (Kuila and Ray, 2011a). Further there is a chance of the reduction of 

mechanical properties of the PVA part of the composite membrane only as it is masked by 

support PES layer which is not expected to change mechanical properties. The tensile 

strength of the pristine membrane was estimated to be 31.74 MPa, which reduced to 27.23 

MPa after being used the pervaporation for consecutive two batches. On the whole the 

PVA-PES membrane used in the present study was stable enough for long time operation. 

5.8.2 PVA-GO membranes cross-linked with glutaraldehyde 

Being a semi-crystalline polymer, the degree of crystallinity affects the mechanical 

properties of the pristine PVA as well as PVA-GO composites. A summary of the tensile 

stress, modulus of elasticity and percentage elongation at break of the pristine (PVA)0, and 

GO incorporated membranes [(PVA-GO)1 and (PVA-GO)2] used in the  PV study are 

presented in table 5.6.  

 

Table 5.6 Mechanical properties of the (PVA)0, (PVA-GO)1 and (PVA-GO)2 membranes 

cross-linked with glutaraldehyde used in the present study.  

Membrane samples 

Tensile 

strength 

(MPa) 

Elongation at 

break (%) 

(EAB) 

Modulus of 

Elasticity 

(MPa) 

(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 

 

The pristine PVA membrane without any cross linking has a tensile stress of 22±1 MPa 

(Yang et al., 2010), however (PVA)0 membrane in our study showed a marginally higher 

tensile stress. This was mainly due to the crosslinking of the PVA with glutaraldehyde as a 

result of which mobility of the polymer chain became restricted. But the percentage 

elongation at break decreased in PVA-GO composites as compared to (PVA)0. As 
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expected, (PVA-GO)1 and (PVA-GO)2 exhibited higher tensile stress than (PVA)0. Large 

aspect ratio of GO sheets, homogeneous dispersion and alignment of GO in the PVA 

matrix and strong interfacial interaction between both components as a result of interfacial 

hydrogen bonding are some of the reasons for improved mechanical properties of the 

composites. The interaction between GO and the polymer matrix restricts the free 

movement of the polymer chain (Kuilla et al., 2010). Compton et al. (2012) extensively 

elucidated the role of intercalated water molecules in tuning the mechanical properties of 

GO incorporated PVA nanocomposites by molecular dynamic simulations. Intra and 

intermolecular hydrogen bonding networks between waterwater, waterPVA-GO, and 

PVA-GO-PVA-GO are responsible for imparting increased mechanical strength of PVA-

GO composite membranes. In a study, a solution-mixed PVA-graphene oxide 

nanocomposite with 0.7 wt% loading of GO showed  nearly 76%  and 62 % increase in 

tensile strength and Young’s modulus respectively (Liang et al., 2009). Effective load 

transfer to the graphene oxide filler were accomplished via interfacial hydrogen bonding 

network. In the present work, the tensile stress and modulus of elasticity of (PVA-GO)1 

were marginally higher than those of (PVA-GO)2, as the hydrogen bonding interaction in 

case of water soluble polymers is stronger than that of other solvents like DMF or DMSO 

(Putz et al., 2010). 

5.8.3 Borax cross-linked and uncross linked membranes 

The mechanical properties of the PVA-PES composite membranes cross linked with borax 

are presented in table 5.7. The values indicate that the tensile stress and the percent 

elongation of the membrane increased significantly after cross linking with borax. The 

tensile properties of film at yield and break in the Ethylene 1-Octene Copolymer is 

increased with an addition of Metallocene in the blend of Metallocene and Ziegler–Natta 

catalysts (Rana et al., 1999; Rana et al., 2000b).  

 

Table 5.7 Mechanical Property of PVA-PES membranes cross linked with borax 

 

Membrane Name 

Max Tensile 

strength 

(MPa) 

Max Strain 

(%) 

% Elongation 

at Max 

Modulus of 

Elasticity 

(MPa) 

(PVA-PES) 2.15 9.46 8.84 17.56 

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

(PVA-PES-Borax 0.2%) 2.54 12.43 12.43 20.43 
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Maximum tensile strength of the uncrosslinked PVA-PES composite membrane was 2.15 

MPa which rose to 2.29 and 2.54 MPa for PVA-PES, composite membranes with 0.5% and 

0.2% Borax cross-linked respectively. Modulus of elasticity of the borax cross-linked 

composite membranes was marginally higher than their uncross-linked counterpart. The 

elongation at break increases linearly to about 50 wt% of metallocene polyethylene content 

in the blend of high-density polyethylene (HDPE)-metallocene polyethylene (MCPE) and 

polypropylene (PP)–metallocene polyethylene (MCPE) and then after abruptly increases 

with metallocene polyethylene content (Rana et al., 1998). There is a small decrease in the 

tensile strength of 0.5% borax cross-linked composite membrane as compared to 0.2% 

borax cross-linked one. This was plausibly due to sub-microscopic cracks developed from 

internal stresses as a result of shrinkage or thermal changes after cross-linking (Anseth et 

al., 1996). However, further investigations need to be carried out to ascertain the 

observation. Cross-linking results in the increase of strength and reduced mobility of the 

molecular segments. Theoretically it is expected that tensile strength increases with cross-

linking density as weak van der Waals' bonds being replaced by strong covalent bonds. It 

is noteworthy to mention that a little cross-linking may increase the tensile strength, but 

high degrees of cross-linking could drastically decrease tensile strength and make the 

polymer very brittle. Therefore, an optimum dose of the cross linker should be carefully 

chosen to obtain a suitable composite membrane for pervaporation. 

 

5.9 Effect of feed composition on diffusion and partition coefficient 

Mass transfer of a binary liquid mixture through a non-porous polymeric membrane during 

pervaporation is generally governed by the solution diffusion mechanism. The separation 

factor and solute permeation depend closely on the solubility and diffusivity of each 

component of the feed mixture to be used for pervaporation separation. The diffusion and 

partition coefficients were determined using Eq. 3.10 to 3.13 as discussed in chapter 3 

(section 3.4.8). This is assumed to take place in three steps, namely sorption, diffusion and 

evaporation (Chen et al., 2013; Lee et al., 1989). The membrane selectivity and solute 

permeation rates depend closely on the solubility and diffusivity of each component of the 

feed mixture to be separated. Thus, it is important to estimate the diffusion coefficient, of 

penetrating (or pervaporating) molecules through the prepared membrane to understand 

pervaporation transport mechanism. 
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5.9.1 Commercial PVA-PES membrane cross-linked with glutaraldehyde 

Diffusion coefficient of water and acetic acid and the sorption and swelling coefficient are 

presented in table 5.8. It was observed that with the increase in water content of the feed 

mixture the diffusion coefficients of both acetic acid and water increased, but the increase 

was more substantial in case of acetic acid. In the process, because of establishing the fast 

equilibrium distribution between the bulk feed and the upstream surface of a membrane, 

diffusion step controls the migration of penetrants. Although, it is not equally functional 

throughout all the feed concentrations. It appears that for permeation of acetic acid, the 

diffusion contributes more and thereby sorption becomes less significant. But in case of 

water permeation, the occurrence of strong interaction between the water molecules leads 

to decreased plasticization effect, which suppresses the sorption. The effect is more 

pronounced at higher water concentration. 

 

Table 5.8 Sorption, Diffusion, and swelling coefficient of the commercial PVA-PES 

membrane used in the present study 

Feed water 

concentration 

(vol %) 

Sorption 

Coefficient (S) 

HAc Diffusion 

Coefficient  

(DHAc × 1012) 

(m2/s) 

Water Diffusion 

Coefficient  

(Dw × 1012) 

(m2/s) 

Swelling 

Coefficient (SC) 

10 1.30 1.90 11.84 0.31 

20 1.42 2.48 13.41 0.41 

40 1.43 2.71 15.91 0.42 

60 1.48 5.66 18.65 0.47 

80 1.51 6.00 24.67 0.48 

90 1.55 6.87 40.97 0.49 

100 1.59 7.91 57.35 0.52 

 

In case of acetic acid, diffusion coefficients increased continuously with increasing water 

composition in the feed. This was plausibly due to a deterioration of membrane selectivity 

towards water with increasing water composition in the feed (Kariduragnavar et al., 2005; 

Wang et al., 2002). Swelling coefficients of the membrane used in the present study were 

found to increase with increasing water concentration in the feed and this has already been 

discussed in section 5.1. 

5.9.2 PVA-PES membrane cross-linked with formaldehyde 

Fig. 5.18 presents diffusion and partition coefficient of acetic acid and water through PVA-

PES membrane cross-linked with formaldehyde. A perusal of Fig. 5.18 indicates that with 
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the increase in acetic acid content of the feed mixture the both the diffusion and partition 

coefficient of water and acetic acid decreased gradually. This may be due to deterioration 

of membrane selectivity towards water as discussed in section 5.9.1. Another possibility of 

mutual association of water and acetic acid molecules and coupling interaction between 

membrane and solvent (i.e water or acetic acid) cannot also be ruled out. The variation in 

magnitudes of activity coefficients with feed concentration (data not shown) was plausibly 

due to such interaction between membrane and solvent (i.e. water or acetic acid) or 

solvent-solvent coupling. However, further experiments need to be conducted to obtain 

more insight on the diffusion and sorption phenomena during pervaporation of water and 

acetic acid mixture. 

 

Fig. 5.18 Diffusion and partition coefficient of water and acetic acid for different 

concentrations of acetic acid in the acetic acid-water binary feed mixture 

 

5.9.3 PVA-GO membrane cross-linked with glutaraldehyde 

Table 5.9 presents diffusivity data of acetic acid and water during the pervaporation study 

of simulated vinegar-water mixture using GO incorporated PVA composite membrane 

cross-linked with glutaraldehyde. It is found that with the increase in acetic acid content of 

the feed the diffusivity of water and acetic acid decreased gradually.  
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Table 5.9 Water and acetic acid diffusivity of the PVA-GO membranes used in the present 

PV study 

Acetic acid 

concentration 

(vol%) 

Water diffusivity 

(DH2O) × 1012 m2/s 

Acetic acid diffusivity 

(DHAc ) × 1012 m2/s 

(PVA-GO)2 (PVA-GO)1 (PVA)0 
(PVA-

GO)2 
(PVA-GO)1 (PVA)0 

2.5 2.52  1.76  1.06) 0.68  2.05  0.81  

5 2.22 1.45  0.73  0.25  0.71  0.15  

10 1.96  1.25  0.58  0.08  0.21  0.04  

20 1.77  1.17  0.44  0.03  0.03  0.008  

 

(PVA-GO)2 exhibited higher water diffusivity than other two membranes [(PVA-GO)1 and 

(PVA)0 ] used in the present study. At 2.5% acetic acid concentration water diffusion 

coefficient of (PVA-GO)2 membrane was 2.52 × 1012 m2/s which reduced to 1.77 × 1012 

m2/s at 20% acetic acid concentration. This corresponds to nearly 29.6% reduction in 

diffusion coefficient with increasing acetic acid concentration. On the other hand for 

(PVA-GO)1 and (PVA)0 membranes the water diffusion coefficients were  found out to be 

1.76 × 1012 m2/s  and 1.06 × 1012 m2/s respectively. Acetic acid diffusivity was lower 

than water diffusivity for all the membranes for all the feed concentrations. It appears that 

for permeation of acetic acid, the diffusion contributes more and thereby sorption becomes 

less significant. But in case of water permeation, the occurrence of strong interaction 

between the water molecules leads to decreased plasticization effect, which suppresses the 

sorption. The effect is more prominent at upper water composition. Also the mutual 

coupling interaction between membrane and solvent (i.e water or acetic acid) cannot also 

be ruled out. In essence, the good separation performance of the PVA-GO composites can 

be attributed to the preferential water sorption ability and fast water diffusivity through the 

GO layers. 

5.10 Effect of feed temperature on diffusion and partition coefficient 

The effect of the feed temperature on diffusion and partition coefficient was carried out for 

HAc-water mixture using commercial PVA-PES composite membrane. Eqs. (3.12) and 

(3.13) were used to estimate the diffusion and partition coefficient. It was noted from Fig. 

5.19 that the diffusion coefficient of water and acetic acid increases with increase in feed 

temperature at fixed feed HAc concentration of 50 vol%. However, the increase in 
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diffusion coefficient of water was observed to be much higher than that of acetic acid at all 

the temperatures. 

 

Fig. 5.19 Variation diffusion and partition coefficient of water and acetic acid with feed 

temperature during pervaporation 

 

At around 80oC the diffusion coefficient of water is 28.21 × 10-12 m2/s and that of acetic 

acid is 18.46 × 10-12 m2/s, which is 1.5 fold lower than water. On the other hand, partition 

coefficients of acetic acid and water increased marginally with temperature. In the process, 

because of establishing the fast equilibrium distribution between the bulk feed and the 

upstream surface of a membrane, diffusion step controls the migration of penetrants and 

deterioration of membrane selectivity towards water with increasing water composition in 

the feed as discussed in section 5.9.1. 

 

5.11 Effect of feed flow rate on diffusion coefficient 

Effect of feed flow rate on the pervaporation of EG dehydration was studied for disodium 

tetraborate cross-linked PVA-PES composite membrane at 45oC with 80 vol% EG 

concentration. As shown in the Fig. 5.20 that both the ethylene glycol and water diffusion 

coefficients increased with increasing feed flow rate. However the magnitude of water 

diffusion coefficients was higher than ethylene glycol diffusion coefficients under all 

experimental conditions. At a feed flow rate of 0.06 m3/h diffusion coefficients of water 
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were estimated to be 1.51 × 10−10 m2/s and 1.19 × 10−10 m2/s in the PVA-PES-0.2% and 

PVA-PES-0.5% composite membranes respectively. But diffusion coefficients of EG  at 

the same flow rate were 0.61 × 10−10  m2/s and 1.12 × 10−10 m2/s  for PVA-PES-0.2% and 

PVA-PES-0.5% membranes respectively. 

 

Fig. 5.20 Water and ethylene glycol diffusion coefficient as a function of feed flow rate in 

the pervaporation of EG-water mixture 

 

The higher diffusion coefficient of water compared to EG may be ascribed to the smaller 

size (kinetic diameter) of water molecules than EG (Kuila and Ray 2011b). It was also 

observed that the diffusion coefficients of water decreased as borax content in the PVA-

PES composite increased from 0.2 to 0.5%. This was probably due to the reduction of 

membrane free volume resulting in restricted segmental motion of the diffusing water 

molecules through the composite membrane network (Qu et al., 2010). In addition the 

mutual interaction between EG-water molecules presumably reduced plasticization effect, 

which in turn suppressed the sorption as well as diffusion. 

 

5.12 Surface chemistry of prepared membranes by FTIR analysis 

The systematic interpretation of the FTIR spectrum can be of great help in determining the 

presence of functional groups in the prepared membranes. 
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5.12.1 PVA-PES membrane cross-linked with formaldehyde 

Fig. 5.21 (a) and (b) shows the FTIR spectra of pristine (unused) PVA membrane cross-

linked with formaldehyde and the one used after pervaporation experiment respectively.  
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Fig. 5.21 FTIR spectra of (a) pristine and (b) used PVA-PES membranes cross-linked with 

formaldehyde 
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A characteristic strong and broad band appeared at around 3434 cm1 (in pristine PVA 

membrane) and 3426 cm1 (in the used membrane) correspond to O-H stretching vibrations 

of the hydroxyl groups. Further a distinct band at 1021 cm1 is assigned to CO stretching 

vibration. The FA cross-linked PVA sample reveals two important bands at ν = 2924 cm1 

and 2855 cm1 of CH stretching corresponded to aldehydes, a duplet absorption with 

peaks attributed to the alkyl chain. The bands at 871 and 794 cm1 exhibit the 

characteristics of skeletal vibrations of syndiotactic and isotactic PVA stereosequences, 

respectively. The presence of – OH groups in the PVA chain allows the reaction with 

CHO groups in formaldehyde and formation of ether bonds (COC). The band at 1244 

cm1 was attributed to the ether bonds. The set of peaks at 2924 and 2855 cm1 are 

attributed to the characteristics of aldehyde. The spectra of used PVE-PES membrane for 

acetic acid and water mixture separation are presented in Fig. 5.21 (b). It can be seen that 

there were few additional absorption peaks detected at wave numbers of 434,503, 725, 

794, 871, 1664, 1725 and 2245 cm1. Absorption bands appeared at 2107 and 2245 cm1 

were due to the absorption of – O  H stretching and hydrogen bonds of water and acetic 

acid in the swollen membrane. The C = O stretching in carboxylic acids appears at band 

ca.1725 cm1. The absorption band from 1725 to 1664 cm1 is the characteristic absorption 

of the carboxyl group of aliphatic acids: C = O stretch representing the carbonyl group of 

acetic acid molecule. Generally a lower wave number of OH vibration indicates a stronger 

hydrogen bond with the carboxylate groups of polymer. This probably explains that water 

interaction is better at low water content in the membrane (Ping et al., 2001). An increase 

in the absorbance of the peaks between 1021 and 1385 cm1 was noticed which probably 

the spectral change was arising out of the formation of an acetal ring and ether linkage as a 

result of the reaction between the hydroxyl groups and the formaldehyde, used as 

crosslinker.  However, the increase in the aldehyde peak is unexpected as there was little 

possibility of any residual FA in the membranes because it was removed from the 

membrane through washing and drying under vacuum. A few absorptions detected near 

3771, 3781 cm−1 were probably due to water molecules as a result of inadequate drying of 

the test sample. These absorptions might have obscured some of the expected bands 

leading to erroneous assignments of a few bands. 
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5.12.2 PVA-GO membrane cross-linked with glutaraldehyde 

A closer insight of the surface functional groups was obtained by comparing FTIR spectra 

of pristine membrane (PVA)0 with (PVA-GO)1 and (PVA-GO)2 nanocomposites as 

presented in Fig. 5.22.  

 

 

Fig. 5.22 FTIR spectra of (PVA)0, (PVA-GO)1 and (PVA-GO)2 membranes cross-linked 

with glutaraldehyde 

 

FTIR spectra of (PVA)0 showed a very broad and intense band at 3426 cm1 as a result of 

stretching vibration of hydroxyl groups. This strong absorption is typical of the polymeric 

association of hydroxyl groups. But these bands are shifted to 3450 and 3434 cm1 in the 

(PVA-GO)1 and (PVA-GO)2 respectively due to hydrogen bonding interactions. In fact 

both the OH stretching and the COH stretching bands are sensitive to the hydrogen 

bonding (Yang et al., 2010). Presence of several hydroxyl groups on PVA chains facilitates 

the formation of both intramolecular and intermolecular hydrogen bonding easily. The 

crystalline, thermal and mechanical properties of PVA are affected by the intensity of the 

hydrogen bonding. But the magnitude of band shifting is higher in case of (PVA-GO)1 

compared to (PVA-GO)2 as the hydrogen bonding network is stronger the former. Two 
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different solvents, water and DMSO, were used in the synthesis of (PVA-GO)1 and (PVA-

GO)2. While water is both a hydrogen-bond acceptor and donor, DMSO is hydrogen bond 

acceptor only (Putz et al., 2010). The peaks at 2924, 2927, and 2926 cm1 are due to 

symmetric and asymmetric CH stretching vibrations. If a compound contains a carbonyl 

group, the absorption caused by C=O stretching is generally among the strongest present.  

The absorption peaks at 1626 and 1632 cm1 were attributed to the C = O stretching 

vibrations of carbonyl and carboxylic groups present in GO (Dyer, 2012). – OH groups 

present in the PVA chain allows the reaction with CHO groups in glutaraldehyde and 

formation of ether bonds (COC). The characteristic absorption band at 1122 cm1 in 

(PVA)0 membrane is indicative of COC bonds produced by cross linking with 

glutaraldehyde. A few absorptions detected near 3755, 3761 and 3868 cm−1 were probably 

due to water molecules as a result of inadequate drying of the test sample. These 

absorptions might have obscured some of the expected bands leading to erroneous 

assignments of a few bands. Degree of interaction and stability of complex formation 

between GO and hydroxyl group of PVA is evident from the shifting in C O stretching 

and OH deformation vibration noticed in FT-IR spectra. It provides evidence of the 

presence of various types of oxygen functionalities in the PVA-GO composites. In 

summary, the partial weakening, disappearing, and shifting of the characteristic absorption 

bands may result from the interaction of PVA and GO molecules. These results suggest 

that GO incorporated PVA composite bears the characteristic signatures of both cross-

linked PVA and GO. Moreover, the spectral analysis reasonably proves an effective 

functionalization of the GO by PVA. But additional experiments in this direction need to 

be carried out to obtain further interpretation of infrared spectra.  

5.12.3 Disodium tetraborate cross-linked and uncross-linked PVA-PES membrane 

FTIR spectra of the cross linked composite membranes with two different concentration of 

borax over wave numbers of 4000–400 cm1 are presented in Fig. 5.23. In the indicated 

wave number range, both the PES support-layer and PVA skin layers of the composite 

membranes could be sampled due to the relatively deep penetration depth (> 300 nm).  

Principal band assignments of FTIR spectra are presented in table 5.10. Formation of 

PVA-PES composite membranes is modulated by the addition of a cross-linking agent, 

borax in the present study, which leads to the formation of esters with hydroxy groups on 

the polymer network (Koysuren et al., 2012). A close inspection of the FTIR spectra as 
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presented in Fig. 5.23 indicates the presence of a number of sharp, medium and broad 

peaks in the entire range of 400-4000 cm−1.  

 

 

Fig. 5.23 FTIR spectra of PVA-PES composite membrane specimens cross linked with 

0.2% and 0.5% borax as cross-linking agent used in the present study 

 

The sharp peaks at 3438.52 and 3452.92 cm−1 were observed due to O─H stretching 

vibration – an indicative of the presence of unreacted OH group, but this was partly 

broadened as a result of H-bonding interaction. The characteristic bands between 2925 and 

2934 cm−1 are due to symmetric and asymmetric C─H stretching vibrations. There was no 

major visible influence on peak intensity of C–H stretching bands in any of the composites. 

The spectra of the 0.2% and 0.5% borax cross-linked PVA-PES composites show a 

number of additional bands between 400 − 1400 cm−1. Two types of complexes can be 

formed between PVA and borate; trigonal and tetrahedral (Kobayashi and Kitaoka, 1997). 

The band near 1409.19 cm−1 is presumably due to the asymmetric stretching relaxation of 

B─O─C linkage in trigonal BO3 group, whereas that near 1324-1364 cm−1 is due to 

asymmetric stretching relaxation of B─O─C in tetrahedral BO4 group. A rough 

comparison of peak of the two B─ O─C stretching indicates that that trigonal complex 

have sharper and larger peaks and are more prominent within the membrane than their 
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tetrahedral counterparts. The free hydroxyl groups on trigonal complexes for potential 

hydrogen bonding with PVA-PES composite leading to a dominant interaction system 

within the hydrogels. The bands in the vicinity of 1073-1103 cm−1 are due to asymmetric 

stretching vibration of B4─O bonds. 

 

Table 5.10 Principal band assignments of FTIR spectra over wave number 4000-400 cm1 

for 0.2 wt% and 0.5 wt% borax cross-linked PVA-PES membranes 

Wave numbers (cm−1) 

Band Assignments Crosslinked with 

0.2% borax 

Crosslinked with 

0.5% borax 

3438 3452 O  H stretching vibration 

2925 2968 C-H Stretching vibration 

1738 1776 H─O─H bending (lattice, interstitial water) 

1409.19 1409.06 
Asymmetric stretching relaxation of B─O─C 

(Trigonal BO3 group) 

1364.24 1324 
Asymmetric stretching relaxation of B─O─C 

(Tetrahedral BO4 group) 

1103.86, 1013.01 1106.07, 1073.52 Asymmetric stretching vibration of B4─O 

873.47 873.96 Symmetric stretching of B3─O 

854 853 Symmetric stretching of B4─O 

832 834 B─O stretching from residual B(OH)4 

688.61 691.18 
Bending of B─O─B linkages within borate 

network 

834.33 877.92 
In-phase out-of-plane hydrogen deformation of 

para-substituted phenyl groups 

735 716 Out of plane bending of B─O─H 

688 691 
Symmetric pulse vibration of triborate and 

hexaborate anion. 

558 565 Bending of B3 ─O and B4─O 

 

The bands near 873.47 – 873.96 cm−1 and 854-853 cm−1 are due to symmetric stretching of 

B3─O and B4─O bonds respectively (Ramadevudu et al., 2012). This band correlates to 

hydroxyl groups that have complexed (formed crosslinks) with borate ions and those 

involved in intermolecular hydrogen bonding. The peak at 2924 cm−1 was attributed to CH 

stretching of the CH2 group (Koysuren et al., 2012).  A perusal of the spectra indicates the 

presence of certain principal bands in the cross-linked membranes, although some of them 

were diluted significantly or shifted to relatively to lower wave numbers as a result of cross 

linking complexation reaction. Although borax crosslinked PVA-PES composite 
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membrane with two different proportion of borax exhibited peaks in the range of 1324 – 

1409 cm−1, confirming crosslink formation, a considerable amount of the borate within 

these hydrogels appeared to preferentially form networks amongst themselves. 

 

5.13. Surface topology of prepared membranes by AFM analysis 

Atomic force microscopy provides considerable experimental insight into the surface 

topology of polymeric membranes. The morphology and texture of the membrane sample 

surfaces were analyzed using atomic force microscopy (AFM) technique. Roughness is one 

of the most important surface properties having strong influence on adhesion as well as 

membrane transport. Adhesive force becomes larger for membranes with high roughness 

compared to the smoother ones. AFM involves measurement of surface atomic forces to 

image three-dimensional topographical maps of the surface with high resolution. 

5.13.1 PVA-PES membrane cross-linked with formaldehyde 

Representative orthographic plots of tapping mode AFM images of pristine PVA-PES 

membrane and PVA-PES membrane after pervaporation experiments are presented in Fig. 

5.24 (a) and (b) respectively. The image clearly demonstrates nodule aggregates on the top 

surface visble as bright high peaks, whereas the pores are seen as dark depressions. 

Comparison of AFM micrographs of the top surface of the pristine membrane with that of 

the used one reveals a relatively rougher surface of the former consisting of  a number of  

irregularities with new protuberances and unevenly distributed features, whereas the 

nodules on the surface of the used membrane were partially removed after four batches of 

pervaporation. Root mean square (rms) roughness of the pristine membrane was found out 

to be 101 nm whereas that of the used membrane was 94 nm. As the AFM images survey 

very small sections of the membrane surface, readings were taken from three different 

locations of the AFM image and were averaged in order to get a representative reading for 

the whole membrane surface. Further, a close observation of the AFM image of the used 

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

membrane. Probably the ridges are smoothed out to some extent due to swelling for 

prolonged contact with different concentrations of acetic acid water mixture. Partial 

peeling of the top surface might have taken place after prolonged contact with the feed 

solutions at high temperature. High surface roughness is a way to improve the hydrophilic 

properties. Ideally a decrease in the surface roughness is responsible for imparting the anti-

fouling ability as the foulants from water are less prone to adsorb on the smoother surfaces. 
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(a) 

 

(b) 

Fig. 5.24 AFM microgram of the (a) pristine and (b) used PVA-PES membranes cross-

linked with formaldehyde 
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5.13.2 PVA-GO membrane cross-linked with glutaraldehyde 

The contact angles and the surface roughness parameters of the membranes obtained from 

AFM images using SPM DME software are given in table 5.11. The contact angle is a 

measure of the wettability of the membrane surface. The lower the contact angle the higher 

should be the tendency for water to wet the membrane and the higher will be the 

hydrophilicity. The roughness parameters are expressed in terms of the mean roughness 

(S1), and the root mean square (RMS) roughness of the Z data (S2). It is observed from 

Table 5.11 that there was a marginal reduction of surface roughness of PVA-GO 

composites in comparison to (PVA)0 membrane.  

 

Table 5.11 Surface roughness parameters and contact angles of the (PVA)0, (PVA-GO)1 

and (PVA-GO)2 membranes used in the present study 

 

Membrane samples 
Mean Roughness (S1) 

(nm) 

RMS Roughness 

(nm) 

Contact angle 

(o) 

(PVA)0 30.5 35.7 44.5 

(PVA-GO)1 26.7 31.5 35.5 

(PVA-GO)2 25.4 31.8 36.0 

 

Representative orthographic plots of tapping mode AFM images of (PVA)0, (PVA-GO)1 

and (PVA-GO)2  nanocomposites are presented in Fig. 5.25. A close inspection of AFM 

micrographs from Fig. 5.25 indicates that the surfaces of all the membranes have a “ridge-

and-valley” morphology. PVA is intrinsically hydrophilic in nature but its hydrophilicity is 

reduced to some extent due to induced tight network as a result of cross linking. 

Incorporation of grapheme oxide into pristine PVA might have resulted in the substitution 

of larger peaks by many small ones, leading to a smoother membrane surface. Similar 

behavior was reported by Zinadini et al. (2014) in a mixed matrix PES membrane with 

embedded graphene oxide nanoplates. 

5.13.3 Disodium tetraborate cross-linked and uncross-linked PVA-PES membrane 

AFM images of the uncrosslinked and cross linked PVA-PES membranes are presented in 

Fig. 5.26. A close inspection of the images recorded for PVA/PES composite membranes 

confirm that borax cross linking has imparted rougher surfaces. The virgin PVA/PES 

membrane has smoother structure than the modified membranes with borax. 
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(a) 

 
(b) 

 
(c) 

Fig. 5.25 Surface AFM images of the membranes used in the study (a) (PVA)0 (b) (PVA-

GO)1  (c) (PVA-GO)2 
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Fig. 5.26 AFM images of the uncrosslinked and cross linked PVA-PES membranes  

(a: PVA-PES uncrosslinked; b: PVA-PES-0.2 wt% borax; c: PVA-PES-0.5 wt% borax) 

a 

b 

c 
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Root-mean-square (RMS) height is a key physical parameter obtained from the AFM 

analysis, and defines as the mean of the root for the deviation from the standard surface to 

the indicated surface. The high RMS means high surface roughness. RMS roughness, 

average roughness and the contact angles of the membrane specimensfrom the present 

study are presented in table 5.12. It indicates that RMS roughness of the uncrosslinked 

PVA-PES composite was 44.63 nm which increased to 52.24 and 53.17 nm in the 

specimens cross linked with 0.2% and 0.5% borax respectively. Table 5.12 data also 

reflects higher standard deviation for borax crosslinked membrane. Higher standard 

deviation represents higher surface roughness; and the standard deviation is named as the 

surface roughness index to quantify the surface roughness of composite membranes (Chen 

et al., 2015b). Similar results were found for the cellulose membrane where the addition of 

3 wt% additives of charged surface modifying macromolecule synthesized by reactive 

diisocyanate and tailor made hydrophilic dihydroxy naphthalene disulfonate, which was 

manufactured by incorporating poly(ethylene glycol), decreases the surface contact angle 

and increase the roughness of membrane (Rana et al., 2012).  

 

Table 5.12 Roughness parameters and contact angles of the membrane specimens in AFM 

image analysis of borax cross-linked and uncross-linked PVA-PES composite membrane 

(Sampling area 5 µm × 5 µm) 

 

Membrane specimens 

 

RMS roughness 

(nm) 

Average 

roughness 

(nm) 

 

Contact angle 

(o) 

PVA-PES 44.63 41.69 52.5 

PVA-PES-Borax 0.2% 52.24 38.25 49.4 

PVA-PES-Borax 0.5% 53.17 43.16 45.6 

 

Contact angle, which is an indication of hydrophilicity of the membrane, was also high for 

the un-crosslinked PVA-PES composite membranes. Hydroxyl-terminated polybutadiene 

(HTPB) blended poly (ether sulfone) (PES) membranes shows the similar kind of results 

for contact angle which is decreased by adding the two solvent named as N-methyl-2-

pyrrolidinone (NMP) and N,N-dimethylacetamide (DMAc) (Rana et al., 2006). On the 

other hand, the increase in RMS and average roughness parameters was accompanied by 

the decrease in contact angles. This implies that unmodified PES-PES composites had less 

hydrophilicity compared to their crosslinked counterparts.  
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5.14. Surface morphology of prepared membranes by SEM analysis 

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) at 

different magnification.   

5.14.1 PVA-PES membrane cross-linked with formaldehyde 

The cross section and surface morphology of the pristine and used PVA-PES composite 

membrane from the present experiment were examined by FE-SEM at different 

magnification. SEM micrographs of surface and cross section at different magnifications 

are presented in Fig. 5.27 for both pristine and used conditions.  

 

  

  

 

Fig. 5.27 FE-SEM micrographs of the surface and cross section of the pristine and used 

PVA membranes (a) surface (pristine) (b) surface (used) (c) cross section 

(pristine) (d) cross section (used) 

b a 

d c 
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As evident from the micrographs, the membrane exhibited a dense top layer without 

having any significant pore structures. Surface of the membrane appeared to be crack free. 

It is obvious that the membrane had an asymmetrical structure consisting of a dense skin 

layer and a porous sub layer that was occupied by cellular morphologies enclosed in 

polymer matrix. The skin layer is responsible for the permeation or rejection of solutes, 

whereas the porous bulk acts only as a mechanical support. The top layer of the pristine 

membrane, as found from the microgram consisted of a closely packed layer of nodules 

with occasional small debris and relatively large patch-like structure. It was found that the 

surface morphology of the PVA-PES composite polymer sample showed many different 

sizes of globular aggregates or chunks that were randomly distributed on the top surface. 

The dimension of these PVA chunks was about1–30 m. As a whole, the compatibility of 

the PVA-PES composite membrane, which was crosslinked with formaldehyde, was not 

entirely uniform and homogenous. As we know, the higher the content of cross linking 

agent in the PVA network matrix may help reduce the swelling of the polymer membranes. 

However, it will become another important issue how to obtain a uniform PVA-PES 

composite membrane even with cross linking agents. 

5.14.2 PVA-GO membrane cross-linked with glutaraldehyde 

Representative FE-SEM micrographs of the top surface and cross sections of all the 

membrane samples at different magnifications are presented in Fig. 5.28. Perusal of Fig. 

5.28 indicates that SEM micrograph of (PVA)0 exhibits a compact and almost smooth 

surface without the presence of any nodules, clusters or protrusion. Just like SEM of a pure 

polymeric film (PVA)0 gives a dense feature (Kuilla et al., 2010). In contrast (PVA-GO) 1 

and (PVA-GO)2 appear to have coarser topography  with bumpy surfaces possibly due to 

inter-penetration of GO in to the polymer matrix. The presence of intermittent bright spots 

is ascribed to high conductivity of graphene oxide deposits. Moreover, no cracks or 

crevices were identified on the surface. This implies that the PVA-GO composites 

exhibited good stability and did not become brittle by the incorporation of GO. SEM 

micrograph of the cross section of the composite membranes presents a lamellar structure 

consisting of top layer and sub-layer with some nanoscale ripples. The structure of the 

porous sublayer is featured by interconnected cavities or macrovoids along the cross-

section which appears to be stratified by exhibiting a compact layer-by-layer stacking. The 

average thickness of the as-prepared membranes was 76.9, 121.6, and 133.8 µm for 

(PVA)0, (PVA)1 and  (PVA-GO)2 respectively (SEM). 
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Fig. 5.28 SEM micrographs of the top surface and cross sections of all the membranes at 

different magnifications (a) (PVA)0 (b) (PVA-GO)1 (c) (PVA-GO)2 

a 

b 

c 
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5.14.3 Disodium tetraborate cross-linked and uncross-linked PVA-PES membrane 

Scanning electron micrographs of the top surface as well as cross sections of the 

uncrosslinked PVA-PES composite, and PVA-PES composite membrane specimens doped 

with 0.2 wt% and 0.5 wt% of borax crosslinker respectively are presented in Fig. 5.29. 

  

  

  

Fig. 5.29 Scanning electron micrographs of the top surface and cross sections of the uncrosslinked PVA-PES 

composite, and PVA-PES composite membrane specimens doped with 0.2 wt% and 0.5 wt% of borax cross-

linked  (a: uncrosslinked PVA–PES top surface, magnification: 3500; b: uncrosslinked PVA-PES cross 

section, magnification: 250; c: PVA-PES-0.2 wt% borax top surface, magnification: 2500; d:PVA-PES-0.2 

wt% borax cross section, magnification 250; e: PVA-PES-0.5 wt% borax top surface, magnification: 2500; f: 

PVA-PES-0.5 wt% borax cross section, magnification: 350) 

a b 

e 

c d 

f 
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A perusal of the SEM micrographs reveals that the surface topography of the un-

crosslinked PVA-PES membrane appears smooth and dense having continuous matrix 

without much visibility of pores or fissures and with good structural integrity. SEM images 

of the high and low molecular weights poly(vinylidene fluoride) blend membranes 

revealed asymmetric structures with finger- like macro-voids and sponge-like layer (Chen 

et al., 2014). The granules shape of PVA indicates some crystalline behaviour occurring in 

the uncrosslined PVA-PES composite polymer (Fig. 5.29-a). On the other hand the surface 

morphology of the cross linked composite polymer sample shows many different sizes of 

aggregates or chunks that are randomly distributed on the top surface.  

The cross-section of the SEM image shows some more void space in the borax cross-liked 

membrane. The presence of this void space may have contributed to the high flux of the 

membrane (Rana et al., 2006). With increasing the amount of crosslinker, the surface of the 

PVA-PES composite membranes tends to become less gritty compared to their 

uncrosslinked counterparts (Fig. 5.29-b). Apparently, the crosslinker gradually densifies 

the membrane surface. Nevertheless, small defects were visible in the structures of the 

cross linked membranes. The cross sections of the composite membranes showed a 

compaction and densification with increasing amount of crosslinker. From the SEM 

micrographs the total thickness of the PVA-PES membranes was estimated to be 

approximately 105 ± 10 m and that of the active layer thickness was 34.60 m.  Both the 

membranes exhibited a porous cross-section at higher magnification. The support materials 

successfully help the coating layer maintain the pore channel Structure (Yang et al., 2016). 

By increasing the amount of cross-linker up to 0.5 wt%, the structure became denser and 

uniform (Fig.5. 29-c). This confirms the result obtained for the surface analysis of the 

membrane. It is flat and compact with very sparsely distributed small particles without any 

phase separation. 

 

5.15 Thermogravimetric analysis (TGA) of the prepared membrane 

Thermogravimetric analysis (TGA) signifies the heat resistance and thermal stability of the 

polymer as a function of increasing temperature (with constant heating rate). These 

characterizations were carried out for all the prepared PVA composite membranes. 

5.15.1 PVA-PES membrane cross-linked with formaldehyde 

TGA characterizations of the pristine and used PVA-PES composite pervaporation 

membranes are shown in Fig. 5.30 (a) and (b) respectively. The results show that the 
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weight loss for both the pristine and used PVA membrane begins at about 100oC, while 

there are two consecutive stages of weight loss.  

 

 

(a) 

 

(b) 

Fig. 5.30 TGA thermograms of the (a) pristine and (b) used PVA membrane used in the 

present study 
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The first weight loss starting at about 100oC is mainly due to the adsorbed moisture; the 

second stage of weight loss from 280oC to 300oC is probably contributed by the 

degradation of the sulfonic groups or the thermal desulfonation. The first stage of weight 

loss was very small about 2.07% but the weight loss at second stage was significant (about 

71.75%). A further small percent of weight loss (2.61%) took place at the third stage at 

about 500oC. This was corresponding to the degradation of the polymeric backbone (Wang 

et al., 2012a). The primary decomposition temperatures of PVA membrane is 275oC for 

control PVA sample but it shifted to nearly 300oC for cross-linked PVA sample, which 

suggests the thermal stability of PVA membrane was significantly enhanced due to the 

formation of homogeneous cross linked layer. Clearly, cross linked PVA membrane used 

in the study imparted sufficient thermal stability. Additionally, we notice that the 

difference in weight loss of the used PVA membrane after a repeated cycle of operation 

was not much different from the original membrane. 

5.15.2 PVA-GO membrane cross-linked with glutaraldehyde 

TGA characterizations of the (PVA)0, (PVA-GO)1 and (PVA-GO)2 are presented in Fig. 

5.31 indicating a two-stage weight loss. The weight loss for the (PVA)0 membrane begins 

at about 100oC, while for both the PVA-GO composites the weight loss starts at a higher 

temperature (~150oC).  

 

Fig. 5.31 TGA thermographs of the (PVA)0, (PVA-GO)1 and (PVA-GO)2 membranes used 

in the present study 
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The initial weight loss is attributed to the loss of absorbed water molecules most of which 

in the membranes are supposed to exist in a bound state, rather than as free molecules. The 

water molecules seem to have been bound directly to the polymer chains via hydrogen 

bonds (Honma et al., 2002). The further weight loss is noticed at about 400oC for (PVA)0 

whereas in case of (PVA-GO)1 and (PVA-GO)2  it was little above 400oC. The second 

stage of weight loss was due to the degradation of polymeric backbone via decomposition 

of labile oxygen functional groups present in the GO (Paredes et al., 2008). The first stage 

of weight loss was very small about 6-7% but the weight loss at second stage for the PVA-

GO composites was significant (57-65%), but it occurs at a higher temperature. On the 

whole, the thermal degradation of the PVA-GO composite membranes were less 

pronounced and move towards higher temperatures compared to (PVA)0. The onset 

temperature of degradation in case of the PVA-GO nanocomposites was about 4-5oC 

higher than that of (PVA)0. This indicates the improved thermal stability of PVA-GO 

composites. The trend of thermogravimetric analysis is almost similar with that reported by 

Liang et al. (2009), however with different proportion of GO loadings. Additionally, we 

notice that the difference in weight loss of the used PVA membrane after a repeated cycle 

of operation was not much different from the original membrane (data not shown). It is 

worth mentioning that GO film could be partially reduced to graphene at about 200oC and, 

therefore, it may not be prudent to test PVA-GO membrane films at high temperature 

conditions beyond second stage of weight loss. 

5.15.3 Disodium tetraborate cross-linked and uncross-linked PVA-PES membrane 

TGA characterizations of the cross-linked composite membranes having 0.2% and 0.5% 

borax cross linking are shown in Fig. 5.32. A perusal of TGA thermograms show that the 

weight loss for both the composite membranes started at about 380oC. There were two 

consecutive stages of weight loss. The first weight loss starting at about 380oC was mainly 

due to desorption of the adsorbed water molecules while the second stage of weight loss 

from 400oC to 450oC was plausibly contributed by the elimination of the side groups or the 

thermal desulfonation. The first stage of weight loss was very small about 1.07% but the 

weight loss at second stage was significant (about 42.15%). A further weight loss of about 

33.97% took place at the third stage in the vicinity of 500oC. This was corresponding to the 

degradation of the polymeric backbone (Das et al., 2011; Rachipudi et al., 2011). At this 

temperature range, the degradation of PVA occurs, leading to the formation of water, 

acetaldehyde, acetone, ethanol, etc. In general the primary structural decomposition of 
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PVA membranes occurs in the vicinity of 275oC temperature but it shifted to nearly 380oC 

for cross-linked PVA sample, suggesting considerable stability enhancement due to the 

formation of homogeneous cross linked layer. Clearly, cross linked PVA membrane used 

in the study imparted sufficient thermal stability. This was due the restriction of the 

amount of water inside the membrane network as a result of cross linking. Additionally, we 

notice that the difference in weight loss of the used PVA membrane after a repeated cycle 

of operation was not much different from the original membrane. Taken together, these 

findings implicate that that both the membranes possess considerable thermal stability over 

a wide temperature range. 

 

 

Fig. 5.32 TGA thermograms of PVA-PES composite membrane specimens cross linked 

with 0.2% and 0.5% borax as cross-linking agent used in the present study 

 

Differential scanning calorimetry (DSC) was used to investigate the response of polymers 

to heating. The analogue differential scanning calorimetry study can be used to predict the 

miscibility behaviour for the blending of polymer by measuring their heat of mixing (Rana 

et al., 1996a; Rana et al., 2000a). In the present study it was applied to determine the 

melting temperature, glass transition temperature and latent heat of melting of the prepared 

composite membranes. In semi-crystalline polymer of any type the glass transition is the 

best indicator of material properties. As the glass transition changes due to either different 
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degrees of polymerization or modification by additives, the physical properties of the 

material change. DSC thermograms of the prepared composite membranes are presented in 

Fig. 5.33. There were two exothermic up-peaks and one down-peak found in the 

thermogram of uncrosslinked membrane specimen, while in the borax cross-linked 

membranes one endothermic up and two down peaks were observed. The endothermic 

peaks indicate that the heat of mixing of polymer is positive (Rana et al., 1996b). 

 

Fig. 5.33 Differential Scanning Calorimetry thermograms of PVA-PES composite 

membranes cross linked with 0.2% and 0.5% borax  

 

The first, second and third peaks were the indications of Tg (glass transition temperature), 

Tc (crystalline temperature) and Tm (melting temperature) respectively. The glass transition 

temperature of the uncrosslinked PVA-PES membrane was found out to be 87.86oC, while 

the same for 0.2% and 0.5% borax cross-linked membranes were 100oC and 110oC 

respectively. Increasing the Tg value confirms the borax cross-linking with polyvinyl 

alcohol (PVA) as one cannot blend the polymers below their glass transition temperature 

values (Rana et al., 1993). Crosslinking the membrane with borax restricts the segmental 

motion of its chain resulting in enhancement of glass transition temperature (Kuila et al., 

2011b). It was also observed from the thermogram that after around 480oC, the behavior of 

the peaks became random. The crystallinity temperature of the three membranes were 

found out to be 251.1 (uncrosslinked), 248.49 (0.2% borax crosslinked) and 261.89oC 

(0.5% borax cross-linked) respectively. On the other hand the melting temperatures of the 
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same were 315, 435.29, and 477.99oC respectively. The melting temperature (Tm) in a 

DSC indicates not only the onset of melting but also the peak temperature, which 

corresponds to complete melting in organics and the energy that the melting transition 

needs in order to occur. This is the enthalpy of the transitions, and it is associated with the 

crystallinity of materials. 

 

5.16. XRD analysis of the prepared membrane 

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

composite polymer membrane. The sharp diffraction maxima in the X-ray diffractogram 

indicate the presence of crystalline region of the polymer while the broad maxima are the 

representative of semi-crystalline to amorphous phases.  

5.16.1 PVA-GO membrane cross-linked with glutaraldehyde 

Fig. 5.34 represents the wide angle X ray diffraction pattern of the (PVA)0 , (PVA-GO)1 

and (PVA-GO)2 nanocomposite membranes used in the present study. The X ray 

diffractograms show the presence of a distinct peak at 2 = 19.8o (corresponding to d-

spacing of 3.94 Ao) in the (PVA) 0, which however became less intense in (PVA-GO)1 and 

(PVA-GO)2.   

 

Fig. 5.34 Wide angle X ray diffraction pattern of the (PVA)0 , (PVA-GO)1 and (PVA-GO)2 

membranes 
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The pristine PVA membrane shows diffraction peak at 2θ =20odue to the mixture of {1 0 

1} and {2 0 0} crystalline plane Bragg reflections, typical for an orthorhombic lattice 

(Nishino and John Manley, 1998). But as the (PVA)o membrane in the present study was 

cross-linked with glutaraldehyde, the diffraction peak was not exactly recorded at 20o 

(Table 5.13). 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. 

 

Table 5.13 Percent relative crystallinity of the (PVA)0, (PVA-GO)1 and (PVA-GO)2 

membranes used in the present study 

Membrane samples 

2 (o) 

Peak 1 position 
Intensity 

(AU) 

Relative crystallinity 

(%) 

(PVA)0 19.88 565 84.5 

(PVA-GO)1 19.45 174 48.4 

(PVA-GO)2 19.41 165 46.6 

 

For (PVA)0 membrane, the crystallinity was high due to the presence of  hydroxyl groups 

in its side-chain. However, for the (PVA-GO)1 and (PVA-GO)2 membranes, the hydroxyl 

groups of the PVA molecules had probably reacted with the graphene oxide and the 

number of hydroxyl groups, therefore, decreased, resulting in a reduction in crystallinity.  

The intensity of the hydrogen bonding was also reduced in the composites to a great extent. 

It is worthwhile to note that no separate peak was observed for GO in the (PVA-GO)1 and 

(PVA-GO)2 membranes. Plausibly it indicates that GO was fully exfoliated and uniformly 

distributed in the composite. An overall decrease in relative crystallinity was observed in 

PVA-GO composites in comparison with (PVA)0 as evidenced from their percent relative 

crystallinity values presented in table 5.13. The relative crystallinity of (PVA-GO)1 and 

(PVA-GO)2 was 48.4 and 46.6% respectively based on the peak positions. The observed 

decrease in degree of crystallinity of PVA polymer with incorporation of graphene oxide is 

in coherence with various studies reported in membrane literature (Yang et al., 2010; 

Salavagione et al., 2009). 

5.16.2 Disodium tetraborate cross-linked and uncross-linked PVA-PES membrane 

Fig. 5.35 represents the wide angle X ray diffraction pattern of the borax cross-linked 

PVA-PES composites membranes used in the present study with two different borax 
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concentrations viz 0.2% and 0.5%. The X-ray diffractogram reveals the presence of a sharp 

peak at 2 = 15o   and a minor peak at 2 = 25o corresponding to the borate ions, originated 

from the borax in aqueous solution. Na2B4O7 hydrolyzes in solution to produce B(OH)4
 − . 

This reacts with the –OH groups on PVA to generate a cross linked structure. XRD pattern 

of uncross-linked PVA membrane is also given in Fig. 5.35 for comparison.  

 

 

Fig. 5.35 Wide angle X ray diffraction pattern of the borax cross-linked PVA-PES 

composites membranes with two different borax concentrations viz 0.2% and 0.5% 

 

The un-crosslinked pristine PVA membrane shows diffraction peak at 2θ =20o due to the 

mixture of {1 0 1} and {2 0 0} crystalline plane Bragg reflections, typical for an 

orthorhombic lattice (Nishino and John Manley, 1998). For pure PVA, the crystallinity was 

high due to the hydroxyl groups in its side-chain. When borax content was lower (0.2%) 

the steric effect and hydrogen bonding between PVA and borax in the cross-linking 

network interfered the ordered packing of PVA polymer chains, which resulted in a 

compression of amorphous region and thereby prevented from the formation of crystalline 

region. Crystallinity of polymeric membranes is closely linked with the solute transport 

properties. The permeability in a semi crystalline polymer membrane is substantially lower 

than that in an amorphous due to reduction of spaces available for diffusion and the 
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tortuous path around the crystallites (Kulkarni et al., 2004). Thus, an overall decrease in the 

relative crystallinity was observed in PVA-PES composite membrane crosslinked with 

0.2% borax as compared to that crosslinked with 0.5% borax. 

5.17 Modelling of the sorption into PVA-PES membrane  

The sorption modeling of water, ethylene glycol and its binary mixture of different 

concentration was studied into PVA-PES composite membrane using Flory-Huggins 

model equations. 

5.17.1 Effect of membrane and solvent density on sorption 

The calculated density data for solvent (water and ethylene glycol) and PVA-PES 

composite membrane were used to convert the equilibrium solvent uptake (as determined 

using Eq.4.1) into volume fraction using Eq. (4.2) and Eq. (4.3) for pure solvent and 

mixture respectively. In the present sorption study the possible effect of membrane and 

solvent density are not studied. However, the Eq. (4.3) shows that the membrane density is 

directly proportional to the sorption of solvent and hence the membrane with lower density 

may reduce the sorption of solvent. 

5.17.2 Sorption in the PVA-PES membrane 

The equilibrium sorption activity of pure water, ethylene glycol and EG-water binary 

mixture into commercial PVA-PES membrane cross-linked with glutaraldehyde was 

carried out at a fixed temperature of 25 ± 2oC. The characteristic sorption of pure water 

and ethylene glycol were found to be 0.8793 and 0.4759 g/g of dry membrane respectively. 

It was observed that the ethylene glycol sorption in the membrane was almost half of the 

water sorption. The experimental result shows the hydrophilic nature of the PVA-PES 

composite membrane. Water sorption is well-matched with the present membrane than 

ethylene glycol. The pure water and EG sorption data were utilized to estimate the F-H 

energy interaction parameters ( wmX  and EGmX ) using Eq. (4.10). The individual water and 

ethylene glycol equilibrium sorption for a wide range of water-ethylene glycol binary 

solutions in the PVA-PES membrane is shown in the Fig. 5.36. Fig. 5.36 reveals that the 

degree of water sorption increased almost linearly with increase in water concentration in 

the feed. However, the ethylene glycol sorption tends to decrease with increase in feed 

water concentration. The EG sorption level was lowered compare to water sorption at any 

feed concentration which shows the hydrophilic property of the given membrane. The 

sorption selectivity for the binary EG-water mixtures in the PVA-PES membrane was also 
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measured and presented in Fig. 5.36. It was noted that the sorption selectivity was also 

increased from 2.38 to 4.21 when the water concentration increased from 20 to 80 vol% 

due to the membrane hydrophilicity. 

 

Fig. 5.36 Equilibrium sorption of water, ethylene glycol and sorption selectivity as a 

function of feed water volume (%) concentration in the PVA-PES membrane 

 

5.17.3 Determination of F-H parameters between water and ethylene glycol ( EGwX - ) 

The Flory-Huggins (F-H) interaction parameters can be considered as concentration 

independent or dependent (Yang and Lue, 2013). In this section the interaction parameter 

between water and ethylene glycol was determined by considering them first as 

concentration independent and followed by concentration dependent. The thermodynamic 

properties of the water and ethylene glycol were presented in table 5.14. 

 

Table 5.14 Thermodynamic properties for water and ethylene glycol at 25oC 

Component 

Density 

 

(g/cm3) 

Molecular weight 

(g/gmole) 

Molar volume 

 

(cm3/mol) 

Water 1.0 18.0 18.0 

Ethylene glycol 1.112 60.06 55.82 
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Using the UNIQUAC thermodynamic equation and mole fraction data for the binary 

solution of ethylene glycol (EG)-water at 25oC, the activity coefficient data for water and 

ethylene glycol were determined as discussed in Eq. (4.16). The calculated activity 

coefficients data were converted to the activity of EG and water using Eqs. (4.23) and 

(4.24). The excess Gibbs free energy of mixing was also calculated using Eq. (4.15). The 

calculated activities of water and EG at various feed water concentration are presented in 

Fig. 5.37. Fig. 5.37 reveals that with increase in feed water content, the activity of water 

tends to increase while the ethylene glycol activity decreases.  

 

Fig. 5.37 Activity of water and ethylene glycol as a function of feed water volume (%) 

concentration in the PVA-PES membrane 

 

The concentration independent F-H energy parameter between water-EG ( EGwX - ) was 

determined using curve fittings method with the help of Eqs. (4.12) and (4.13) (Flory, 

1953; Mulder et al., 1985). The average value of interaction parameter was found to be -

0.3808. Similarly, the concentration dependent EGwX -  energy parameter was determined 

with the help of Eq. (4.14) (Mulder and Smolder, 1984) and the calculated water & EG 

activity coefficient along with the excess Gibbs free energy of mixing values. A 

polynomial expression was used with least square regression to determine the adjustable 

parameters. The polynomial expression is represented in Fig. 5.38. The fitting result is 
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expressed by the Eq. (5.2). The estimated concentration dependent F-H interaction 

parameter ( EGwX - ) was used to calculate the parameter 
EG

EGw

u

X

∂

∂ -
 in Eqs. (4.27) and (4.28) 

(Mulder et al., 1985), which is then further used to predict sorption level into PVA-PES 

composite membrane. 

827.0-664.1+88.11-28.10=
23

- EGEGEGEGW uuuχ              (5.2) 

 

Fig. 5.38 Polynomial fitted EGwX -  F-H interaction parameter for the water and ethylene 

glycol mixtures as a function of ethylene glycol volume 

 

5.17.4 Determination of F-H parameters for solvent and membrane ( wmX , EGmX ) 

The concentration independent interaction parameters between the pure solvent (water and 

EG) and PVA-PES membrane were estimated from the pure water and EG sorption 

experimental data. The value for wmX  and EGmX  in the PVA-PES membrane were found 

to be 0.7834 and 0.9249 respectively. The another approach of considering wmX  and EGmX  

as concentration dependent in the PVA-PES membrane was also consider to get better 

sorption prediction. Mulder et al. (1985) has also expressed the same for ethanol and water. 

Based on the assumptions of Eqs. (4.25) and (4.26), the partial differential terms for wmX  
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and EGmX  can be considered to be constant (Mulder et al., 1985; Yang and Lue, 2013). The 

coefficients of wmX  and EGmX  were determined from the experimental sorption data of the 

water-ethylene glycol mixtures through regression analysis by using MATLAB 

programming as given in appendices. The linear equations for the wmX  and EGmX  can be 

expressed as Eq. (5.3) and (5.4). 

( )0.635-042.5+427.1-834.0= mEGwm φuχ          (5.3) 

( )511.0-508.10+510.1+009.1= mwEGm φuχ                            (5.4) 

However, Yang and Lue (2013) explained for ethanol-water binary solution that these 

kinds of approach was not advantageous as the interaction parameters expressions are 

actually related to three components which is not a purely binary interaction parameter. It 

should be taken into account only when the other approaches do not give the satisfactorily 

prediction. 

5.17.5 Modelling of sorption behaviour using F-H parameters 

To predict the sorption behaviour of water-ethylene glycol binary mixture in the PVA-PES 

membrane, the first approach is considered as constant interaction parameters in F-H 

model. The predicted sorption level can be obtained as shown in Fig. 5.39.  

 

Fig. 5.39 Predicted and experimental sorption for water and ethylene glycol mixtures in 

PVA-PES composite membrane using the Flory-Huggins model by considering constant 

interaction parameters at 25oC ( wmX  = 0.7834, EGmX  = 0.9249 and EGwX -  = -0.3808) 
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The parameter wmX  and EGmX  values at 25oC were 0.7834 and 0.9249 for pure water and 

EG respectively. The constant EGwX -  parameter value was estimated using Eq. (4.12) or 

(4.13) and is observed in the range of -0.4407 to 1.2024. For the model evaluation purpose, 

an average value of -0.3808 was considered. By substituting all three constant interaction 

parameter values into the F-H model of Eqs. (4.27), (4.28) and (4.29) and solving the three 

nonlinear equations simultaneously with MATLAB programming as mention in 

appendices. It can be seen from the Fig. 5.39 that, only the solubility data of pure water 

and ethylene glycol were partially matched with experimental data. The predicted sorption 

activities were considerably different than the experimental sorption data and did not 

produce any reasonable prediction of sorption performance. 

A modification was first attempted for the EGwX -  by considering it as EG-water 

concentration dependent. Eq. (5.2) was used into the F-H model with constant values of 

ethylene glycol and water obtained from pure solvent sorption data. The data were 

represented in Fig. 5.40.  

 

Fig. 5.40 Predicted and experimental sorption for water and ethylene glycol mixtures in 

PVA-PES composite membrane using the Flory-Huggins model by considering constant 

wmX , EGmX  interaction parameters and concentration dependent EGwX -  parameter at 25oC  

( wmX  = 0.7834, EGmX  = 0.9249 and EGwX -  = as per Eq. (5.2)) 
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It can be observed from Fig. 5.40 that the predicted sorption plot comes slightly closer to 

the experimental data. The outcome of the results implies that considering EGwX -  as feed 

mixture composition dependent, provides little improvement in the modelling results. 

However, the adjustment in the EGwX -  parameter did not much improve the model 

prediction sufficiently. To improve the prediction results of sorption another approach was 

considered with concentration dependent wmX  and EGmX  parameters while keeping the 

EGwX -  interaction parameter value as constant. The linear (Eqs. (5.3) and (5.4)) expressions 

with constant interaction parameter ( EGwX - ) value of -0.3808 were used to expect the 

sorption activities in the PVA-PES membrane. The results were presented in Fig. 5.41.  

 

 Fig. 5.41 Predicted and experimental sorption for water and ethylene glycol 

mixtures in PVA-PES composite membrane using the Flory-Huggins model by considering 

constant EGwX -  interaction parameters and concentration dependent wmX , EGmX  parameter 

at 25oC ( wmX  = as per Eq. (5.3), EGmX  = as per Eq. (5.4) and EGwX -  = -0.3808) 

 

From the Fig. 5.41 it was observed that the predicted results with linear relationship were 

goes near to experimental data of sorption. Hence, the modelling result data with constant 

EGwX -  partially fit the experimental data. However, it was noted that still there was an 
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extensive error between experimental and modelling result data. To overcome this error, 

the fourth approach of considering all three interaction parameters as concentration 

dependent was applied in order to understand the sorption behaviour. The predicted and 

experimental results of sorption were presented in Fig. 5.42, which shows that expected 

sorption curve goes closer to the experimental curve which indicates that the error was 

reduced and predicted data nearly fit to the experimental sorption of water-EG binary 

mixture into the PVA-PES membrane. In case of concentration dependent parameters, it 

was noted that with increase in water concentration, the value of wmX  was increased while 

value of EGwX -  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 EGwX -  

decreased (Chuang et al., 2000). The approximate error between experimental and 

predicted data was around 15%. The MATLAB programmes are given in appendices. 

 

Fig. 5.42 Predicted and experimental sorption for water and ethylene glycol mixtures in 

PVA-PES composite membrane using the Flory-Huggins model by considering 

concentration dependent wmX , EGmX  and EGwX -  parameter at 25oC 

( wmX  = as per Eq. (5.3), EGmX  = as per Eq. (5.4) and EGwX -  = as per Eq. (5.2)) 
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5.18 Reusability of membrane 

A major obstacle in the widespread application of pervaporation for separation of organic 

compounds is the rapid decline of the flux with time as a result of swelling, compaction 

and membrane fouling. Several membrane cleaning methods include backwashing with de-

ionized (DI) water, sonication, chemical cleaning, and a combination of the various 

cleaning methods. Periodic sonication of the membrane can effectively remove the cake 

from the membrane surface and thus significantly recover the permeation flux. A 

combination of clean water backwashing, sonication and chemical cleaning with alkali and 

acid could achieve almost complete flux recovery. Although PVA-PES composite 

membrane used in the present study was effective in recovering water from the binary 

mixture of water and acetic acid with good selectivity and high flux rate. The membrane 

became fouled and/or compacted, as evidenced by the declining flux with time. Since 

constantly replacing fouled PVA membranes is cost-prohibitive and time consuming, a 

need exists for a simple method of cleaning or regenerating the membrane such that a 

single membrane may be cleaned or regenerated and reused several times. In the present 

study the regeneration was not initiated until the flux and/or the selectivity of the PVA 

membrane was reduced to at least about 50% of its original value. The membrane was 

maintained by water flushing and chemical flushing once in a week and acid-alkaline-acid 

flushing once in a week. Chemical flushing was carried out by 1 wt% sodium meta bi-

sulphite solution in distilled water for about 15 min. Prior to restarting the system, once 

again water flushing was done until the bisulphate was washed off. This can be identified 

by smelling the concentrate water, which should not have any smell of bisulphate. In acid-

alkaline flushing 0.5% solution of hydrochloric acid and 0.1N caustic soda were flushed 

one after another for a period of 15 min each. This was again followed by water flushing. 

The life of PVA membrane can be anywhere between 1 to 2 years depending on the 

aggressiveness of the feed. In the present work since dilute solution of acetic acid was 

used, it would be not of much detrimental to the membrane as the flux decline was not 

severe. Another possibility of mutual association of water and acetic acid molecules and 

coupling interaction between membrane and solvent (i.e water or acetic acid) cannot also 

be ruled out. The variation in magnitudes of activity coefficients with feed concentration 

(data not shown) was plausibly due to such interaction between membrane and solvent (i.e 

water or acetic acid) or solvent-solvent coupling. However, further experiments need to be 
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conducted to obtain more insight on the diffusion and sorption phenomena during 

pervaporation of water and acetic acid mixture. 

 

5.19 Economic evaluation of the pervaporation process 

Economic assessment by cost estimation of the pervaporation for the separation of 

aqueous-organic feed mixture is imperative in view of the techno-economic feasibility of 

the process. A few studies comparing different processes for the dehydration of 

isopropanol/water (van Hoof et al, 2004), ethanol-water (Kaewkannetra et al 2012), 

acenonitrile-water (Fontalvo et al 2005) and so on are reported in literature. Van Hoof et al 

(2004) found that the hybrid system distillation–pervaporation with ceramic membranes 

was the most interesting process from economic point of view and could lead to a saving in 

total costs of 49% compared to azeotropic distillation. In another study it was observed that 

pervapopration performances using sweet sorghum fermentation broth, under all operating 

parameters, were significantly lower compared to separating ethanol from binary mixtures 

(Kaewkannetra et al 2012). 

A larger membrane area (which results in a lower retentate water concentration) leads to 

lower total operating costs because the energy costs will decrease when more water is 

removed by pervaporation instead of distillation. This decrease in energy consumption is 

due to the fact that in pervaporation, contrary to distillation, only the amount of heat of 

evaporation for the permeate, which is almost pure water, has to be supplied. Generally, 

membrane having higher flux requires less pervaporation membrane area and hence lowers 

production costs whilst membrane having higher separation factor gives higher 

concentration in permeates and requires less energy for further enrichment in the 

concentration and hence less production cost. Another important aspect of the selection of 

pervaporation is the choice between a stand –alone system vis-à-vis pervaporation coupled 

with distillation or some other separation process. Hybrid processes show a total cost 

reduction between 25% and 60% in comparison with conventional processes. Capital costs 

of hybrid processes are higher than for conventional processes, but the energy consumption 

and the operating costs are lower. Capital costs for hybrid pervaporation processes are 

lower than for conventional processes when pervaporation is used as the final dewatering 

step (Fontalvo et al 2005). Hybrid processes using a pervaporation unit as a polishing step 

show the lowest total cost. 



Results and Discussions 

 

150 
 

In essence, pervaporation can be integrated with either distillation or a chemical production 

step to provide intensification and energy integration. Pervaporation-distillation hybrid 

system leads to a clean technology and offer potential savings in energy because of 

reduced thermal and pressure requirements. When integrated with reactions such as 

esterification process, it offers the opportunity to shift the chemical equilibrium by 

removing the product of the reaction. Reactor pervaporation hybrid method overcomes the 

inhibition of the chemical equilibrium of the process and therefore leads to an increased 

productivity. This process also allows one to use heat of the chemical reaction to increase 

the efficiency of the pervaporation process and leads consequently to potential savings in 

energy costs. Because pervaporation depends on vapor pressure, and thus, concentration, 

its driving force decreases as the concentration of key components in the residual stream is 

reduced. As water purity specifications become more stringent, membrane surface area 

requirements can increase substantially. For some applications, this can make 

pervaporation impractical to use as a stand-alone treatment.  

The economic evaluation of the present pervaporation experimental study was carried out 

for the feed capacity of 1 liter of 20 vol% acetic acid-water binary feed mixture for around 

8 hours of run time per day. The total cost includes the cost of flat sheet asymmetric PVA-

PES composite membrane, chemicals (e.g acetic acid, distilled water), utilities (cooling 

water) used and the electric power consumed during operation. The electric power cost for 

the basic experimental pervaporation pilot plant includes the four major equipment, e.g. 

heating mantle for feed mixture, peristaltic pump, chiller for permeate vapour condensation 

and the vacuum pump. The typical electric power consumption (P) of the above four 

equipment are determined using the Eq. (5.5) for the single phase electric power supply. 

Cosø××= IVP                                                    (5.5) 

Where P is the Power consumed, V is the voltage, I is the current and Cosø is the power 

factor. The electrical specification of major pervaporation equipments as provided by the 

supplier (Permionic Membrane Pvt. Ltd., Vadodara, Gujarat) are presented in table 5.15. 

 

Table 5.15 Electrical specification of basic pervaporation equipments 

 
Equipment Heating mantle Peristaltic pump Chiller Vacuum pump 

Specification P - 0.3kW 
V – 230 V, I - 20 

mA, P – 0.003 kW 

V – 230 V, I – 1.4 

mA, P – 0.21 kW 

Horse power 

(HP) – 0.25 kW  
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The power factor (Cosø) value of 0.65 is measured using the power factor meter for single 

phage power supply. The energy charges as per the Madhya Gujarat Vij Company Limited 

(MGVCL), Gujarat are considered to be Rs. 9.0 for 1KWh. The total Energy cost (E) was 

determined as per Eq. (5.6) for the all four major pervaporation equipments. Table 5.16 

presents the approximate operational cost required to run 8 h of pervaporation process for 

the separation of acetic acid-water mixture. 

E = (Power in kWh) × (Time in hour) × (Charges per unit in rupees)                 (5.6) 

            E = (Heating mantle) + (Peristaltic pump) + (Chiller) + (Vacuum Pump) 

E = (0.3 × 8 × 9) + (0.003 × 0.024 × 9) + (0.21 × 1.68 × 9) + (0.19 × 1.5 × 9) 

E = 27.34 Rs. (Considering 8 hours of run per day) 

 

Table 5.16 Approximate operational cost of 8 h of pervaporation process 

      

Sr. 

No 
Items/processes 

Approximate cost 

(Rs.) 

1. Membrane and module 1200.0/- 

2. 
Electricity cost  

(for 8 hr operation per day) 
27.34/- 

3. 
Chemicals and utilities  

(Acetic acid and water, 1000 mL) 
850.0/- 

 Total  2077.34/- 

 

So to carry out the pervaporation separation of 1 lit of aqueous solution containing 20 

vol% acetic acid the approximate operational cost required is Rs. 2077.34 per day 

(considering 8 h run time). The quantity of permeate collected considering 8 h run time per 

day is around 50 mL.   
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CHAPTER 6 

Conclusions and Future Scope 

 

6.1 Conclusions 

Pervaporation of some model and actual wastewater consisting of acetic acid, ethylene 

glycol 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 and 

intrinsic membrane permeability was critically analyzed with respect to existing theories.  

Fundamental chemical and thermal properties, mass transport behaviour, dehydration 

performance and long-term stability of the membranes were systematically studied. 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. It also provides 

additional insight into fundamental and applied aspects of membrane which could be 

useful as guidelines for scale up and design of pervaporation system. 

The salient findings and significant conclusions of the present study are outlined below. 

 The degree of swelling increased almost linearly with increasing water content in 

the feed mixture ultimately resulting in an increase in the total flux. In PVA-GO 

composite membranes percentage degree of swelling was higher than (PVA)0 

membrane. 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. Degree of 

swelling decreased marginally with increase in temperature. At 25oC the maximum 

degree of swelling was found out to be 46.3%, which reduced to 39.5% at 65oC for 

commercial PVA-PES membrane cross-linked with glutaraldehyde. 

 There was disproportionality between the flux and separation factor for all feed 

compositions and operating temperatures. (PVA-GO)2 membrane was found to 

exhibit maximum water flux of 0.22 m3(STP)/m2h at 2.5% acetic acid 
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concentration. Molar fluxes of acetic acid and water decreased with increase in 

acetic acid content in the feed mixture but the separation factor increased. (PVA-

GO)2 composite membrane recorded a maximum separation factor of 62.2 at 20% 

acetic acid concentration. 0.2 wt% borax cross linked PVA-PES composite 

membrane exhibited a separation factor of 3.50 with a pervaporation flux of 8.81 

m3 (STP)/m2h for 80 vol% EG in the feed at 70oC. In case of commercial 

membrane, pervaporative separation index (PSI) was found to decrease and 

enrichment factor was decreased with increasing feed acetic acid concentration.  

 The rate of increase of molar flux of water with temperature was found to be 

substantially higher than the rate of increase of acetic acid molar flux for 

commercial PVA-PES membrane. At 70oC the molar flux of water was found out 

to be 0.3342 m3(STP)/m2h, whereas the acetic acid flux was 0.0526 m3(STP)/m2h, 

almost about seven fold lower. However the separation factor decreased with 

increasing temperature. At 50oC the separation factor was estimated to be 2.3, 

which decreased to 1.52 and 1.35 at 80oC and 90oC respectively. 

 The apparent activation energy of water permeation (Epw) was lower than that of 

acetic acid permeation (EpHAc). The activation energy of water permeation through 

PVA-PES-0.2 wt% borax cross linked membrane was also significantly lower 

(16.32 kJ/mol) than those of ethylene glycol (36.69 kJ/mol) permeation, suggesting 

a higher separation efficiency of the borax cross linked composite membranes. 

 The intrinsic membrane properties like partial permeability and selectivity were 

evaluated. In general it was found that with increase in feed water concentration or 

feed temperature or feed flow rate, the partial permeability of water increases while 

the membrane selectivity decreases for all the membranes. Incorporation of GO 

into the PVA matrix and the cross-linking of borax with PVA membrane resulted in 

the enhanced water permeability. (PVA-GO)2 shows the higher water permeability 

of around 0.51 barrer than (PVA-GO)1 and (PVA)0. It was also noted that the 

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

PVA-PES-0.2 wt% membrane exhibited highest water permeability and membrane 

selectivity of 14.56 barrer and 3.65 respectively compare to PVA-PES-0.5 wt% and 

PVA-PES uncrosslinked membranes. 
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 Diffusion and partition coefficient for water and acid were also evaluated and found 

to increase with temperature and decreases with feed acetic acid concentration, 

however the diffusion coefficient of water was substantially higher than that of 

acetic acid at a constant feed concentration. In GO incorporated PVA membrane, 

(PVA-GO)2 exhibited higher water diffusivity of around 2.52 × 1012 m2/s at 2.5 

vol% HAc concentration which reduces 29.6% and reaches to around 1.77 × 1012 

m2/s at 20 vol% HAc concentration. During the pervaporation dehydration of 

ethylene glycol through borax cross-linked PVA membrane, it was noted that the 

diffusion coefficients of EG and water increased with increasing feed flow rate, 

however the magnitude of water diffusion coefficients was higher than EG under 

all experimental conditions. 

 The thermogravimetric analysis indicates that the temperature of degradation in 

case of the PVA-GO nanocomposites was about 4-5oC higher than that of (PVA)0 , 

indicating notable enhancement of the thermal stability of PVA-GO composites 

compared to pristine (PVA)0 membrane after GO incorporation. The TGA analysis 

of borax cross-linked PVA membrane also indicates considerable stability 

enhancement due to the formation of homogeneous cross linked layer over a wide 

temperature range.  

 The FTIR spectra analysis of GO incorporated PVA membranes confirms the 

characteristic signatures of both cross-linked PVA and GO. Moreover, the spectral 

analysis reasonably proves an effective functionalization of the GO by PVA. Borax 

crosslinked PVA-PES composite membrane with two different proportions of 

borax exhibited peaks in the range of 1324 – 1409 cm−1, confirming crosslink 

formation, a considerable amount of the borate within these hydrogels appeared to 

preferentially form networks amongst themselves. 

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

membranes, as observed from the XRD results, was close to 42% in comparison to 

(PVA)0. Crosslinking could reduce crystallinity and hydrophilicity of membrane 

thereby affecting swelling and permeation behaviour. Thus, an overall decrease in 

the relative crystallinity was observed in PVA-PES composite membrane cross-

linked with 0.2% borax as compared to that crosslinked with 0.5% borax. 
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 FE-SEM analysis indicates that the PVA-GO composites exhibited good stability 

and did not become brittle by the incorporation of GO. The cross sections of the 

composite membranes showed a compaction and densification with increasing 

amount of crosslinker. Both the membranes exhibited a porous cross-section at 

higher magnification. AFM analysis shows that incorporation of graphene oxide 

into pristine PVA might have resulted in the substitution of larger peaks by many 

small ones, leading to a smoother membrane surface. The increase in RMS value 

and average roughness parameters for borax cross-linked PVA composite 

membrane was accompanied by the decrease in contact angles. This implies that 

unmodified PES-PES composites had less hydrophilicity compared to their 

crosslinked counterparts. 

 Modeling results using Flory-Huggins equations provided satisfactory prediction of 

experimental sorption of ethylene glycol-water binary mixture. The sorption data 

for commercial PVA-PES membrane indicates 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 found to be decreased. F-H interaction parameter 

calculated from the pure water and ethylene glycol sorptions were 0.7834 and 

0.9249 respectively which shows that the present membrane has more affinity 

towards water rather than ethylene glycol as the membrane is hydrophilic. A 

polynomial expression was used to determine the adjustable parameters. 

Considering all F-H interaction parameter to be concentration dependent could 

produce the satisfactory prediction of sorption of EG and water.  

 

6.2 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. 
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This dissertation offers an innovative analytical and methodological approach for synthesis 

of cross-linked polymeric composite membranes by using three different cross-linking 

agents (formaldehyde, glutaraldehyde and disodium tetraborate) and two different support 

matrix (polyether sulfone and graphene oxide) for pervaporation dehydration of acetic 

acid, vinegar and ethylene glycol aqueous binary mixture with a wide range of process 

parameters such as feed concentration, temperature and flow rate. The applicability of the 

Flory-Huggins model for PVA-PES composite membrane in ethylene glycol-water system 

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

The study also presents and corroborates some fundamental and applied aspects of 

pervaporation process, which could be useful for large scale operation.  

 

6.3 Future scope of study 

Results of this study demonstrate that a suitable choice of membrane and operating 

conditions is an essential prerequisite for efficient pervaporation separation process. 

However, based on these satisfactory findings obtained herein, there are some subsequent 

works recommended for future investigation. As concluded, a number of synthesized 

polymeric composite membranes studied in this work have potential in the recovery of 

solvents like acetic acid and ethylene glycol from spent solution. The potential could be 

investigated in more details by preparing more selective membranes. A suitable membrane 

might not be the highly selective one if it is accompanied with low pervaporation flux, but 

rather a membrane with a high flux with acceptable selectivity. In the near future, more 

efforts should be targeted to evaluating the performance and feasibility of processes based 

on the use of pervaporation.  

Pervaporation applies the most selective membranes. An efficient membrane need to the 

suitable membrane materials which can prominent efficiency of performance in the PV 

performance. Development of new membrane materials, probably more inorganic than 

organic one, may in the future even allow for real organic-organic separation. Suitable 

membrane materials remains a challenge for pervaporation process from both economical 

and industrial application sides due to the most of the available membranes are 

experimented in the laboratory scale and not at industrial level. The combination of 

organic-inorganic membrane material can also improve the performance of PV process.  

Thus, in future there is a need to survey more membrane materials possibilities to 

overcome the drawbacks in current membranes. 
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Pervapoaration separation by using fouled membrane has been studied by a few research 

groups with an overview of the process. Due to the fouling, deterioration of the membrane 

over repeated operation was unavoidable. Therefore, the possibilities for the reuse of 

membrane, further membrane treatment, membrane life, rate of permeate from the treated 

membrane and its selectivity can be considered as an important area of further research, 

since this area has by and large remained unexploited. Developing new membranes that are 

more productive and resistant to fouling would drive down the operating and capital costs 

of the pervaporation process to the point that the technique is commercially viable for even 

highly polluted water sources. 

Complete replacement of distillation as the most typical separation process with 

pervaporation units might be difficult, but more research, development and collaborative 

efforts should be targeted to consideration of distillation-pervaporation hybrid processes. 

Pervaporation can be integrated with either distillation or a chemical production step to 

provide intensification and energy integration. Moving forward, the membrane process 

should be scaled-up and tested. While research in this body of work can serve as an 

excellent representation of a lab scale membrane performance it does not capture the 

challenges of a large scale pervaporation process. Active laboratory-scale pervaporation 

research should be complemented with more efforts in scaling up the process from 

laboratory to industry. In the near future, this technique is expected to develop further and 

could be implemented on a larger scale. 
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Appendices 

 

MATLAB programmes for the modeling of sorption behavior of Ethylene glycol-water binary mixture 

into commercial PVA-PES composite membrane cross-linked with glutaraldehyde 

 

CASE 1: Modeling for considering constant wmX , EGmX  and EGwX -  F-H binary interaction 

parameters 

 

clc 

clear all 

format short 

syms phi1 phi2 phim  

% Concentration(W) aw aEG vW vEG uW uEG XW-EG XWM XEGM 

  

a=[0    0   1   0   55.82   0   1   0   0   0.9249 

20  0.6145  0.1154  18  55.82   0.6957  0.3042  -0.3808 0.7834  0.9249 

40  0.8066  0.0508  18  55.82   0.8137  0.1862  -0.3808 0.7834  0.9249 

60  0.886   0.0288  18  55.82   0.8599  0.14    -0.3808 0.7834  0.9249 

80  0.9422  0.0143  18  55.82   0.9113  0.0886  -0.3808 0.7834  0.9249 

100 1   0   18  0   1   0   0   0.7834  0]; 

  

W=zeros(4,3); 

for i=2:5 

    f=log(phi1)+(1-a(i,4)/a(i,5))*phi2+phim+(a(i,8)*phi2+a(i,9)*phim)*(1-

phi1)-a(i,10)*a(i,4)/a(i,5)*phi2*phim-log(a(i,2)); 

    g=log(phi2)+(1-

a(i,5)/a(i,4))*phi1+phim+(a(i,8)*a(i,5)/a(i,4)*phi1+a(i,10)*phim)*(1-

phi2)-a(i,9)*a(i,5)/a(i,4)*phi1*phim-log(a(i,3)); 

    h=phi1+phi2+phim-1; 

    [p1,p2,p3]=solve(f,g,h) 

    W(i-1,:)=[eval(p1),eval(p2),eval(p3)]; 

end 

W 

W = 

    0.2068    0.1496    0.6436 

    0.5630    0.2565    0.1805 

    0.9016    0.3376   -0.2392 

    1.0026    0.2413   -0.2439 
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CASE 2: Modelling for considering constant wmX , EGmX  and concentration dependent EGwX -  F-H 

binary interaction parameters 

 

clc 

clear all 

format short 

syms phi1 phi2 phim 

a1=0; b1=0; c1=0; d1=0;  

% Concentration(W) aw aEG vW vEG uW uEG XW-EG XWM XEGM  

a=[0    0   1   0   55.82   0   1   0   0   0.9249 

20  0.6145  0.1154  18  55.82   0.6957  0.3042  -1.9395 0.7834  0.9249 

40  0.8066  0.0508  18  55.82   0.8137  0.1862  -1.5575 0.7834  0.9249 

60  0.886   0.0288  18  55.82   0.8599  0.14    -1.1765 0.7834  0.9249 

80  0.9422  0.0143  18  55.82   0.9113  0.0886  -0.8665 0.7834  0.9249 

100 1   0   18  0   1   0   0   0.7834  0]; 

W=zeros(4,3); 

for i=2:5 

    delki1mdelu2=a1; 

    delki1mdelphim=b1; 

    delki2mdelu1=c1; 

    delki2mdelphim=d1; 

%     g1=a(i,12)*log(a(i,12)/(a(i,7)*(1-phim)))*(-1/a(i,7)^2); 

%     g2=-a(i,12)/a(i,7)^2; 

    delki12delu2=(3*10.28*a(i,7)^2)-(2*11.88*a(i,7)^2)+1.644; 

    f1=log(phi1)+(1-

a(i,4)/a(i,5))*phi2+phim+(a(i,8)*phi2+a(i,9)*phim)*(1-phi1)-

a(i,10)*a(i,4)/a(i,5)*phi2*phim-a(i,6)*a(i,7)*phi2*delki12delu2-

a(i,6)*a(i,7)*phim*delki1mdelu2; 

    f2=-

phi1*phim^2*delki1mdelphim+a(i,4)/a(i,5)*a(i,7)^2*phim*delki2mdelu1-

a(i,4)/a(i,5)*phi2*phim^2*delki2mdelphim-log(a(i,2)); 

    f=f1+f2; 

    g11=log(phi2)+(1-

a(i,5)/a(i,4))*phi1+phim+(a(i,8)*a(i,5)/a(i,4)*phi1+a(i,10)*phim)*(1-

phi2)-

a(i,9)*a(i,5)/a(i,4)*phi1*phim+a(i,5)/a(i,4)*a(i,6)^2*phi2*delki12delu2; 

    g21=a(i,5)/a(i,4)*a(i,6)^2*phim*delki1mdelu2-

a(i,5)/a(i,4)*phi1*phim^2*delki1mdelphim-a(i,6)*a(i,7)*phim*delki2mdelu1-

phi2*phim^2*delki2mdelphim-log(a(i,3)); 

    g=g11+g21; 
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    h=phi1+phi2+phim-1; 

    [p1,p2,p3]=solve(f,g,h) 

    W(i-1,:)=[eval(p1),eval(p2),eval(p3)]; 

end 

W 

W = 

    0.3999    0.2871    0.3131 

    1.0081    0.4857   -0.4937 

    1.0462    0.3816   -0.4278 

    1.0763    0.2641   -0.3404 

 

Determination of adjustable parameters a and b 

 

clc 

close all 

clear all 

u2=[1 0.304211419 0.186291403 0.140023124 0.088628299 0]; 

phim=[0.635211001 0.617534987 0.617930297 0.582939062 0.523229402 

0.511719906]-0.511719906; 

x1m=[0 1.095350917 1.009119763 0.933680803 0.838218023 0.783427456]; 

n=6; 

sumu2=sum(u2); 

sumphim=sum(phim); 

sumx1m=sum(x1m); 

sumu2square=sum(u2.*u2); 

sumu2phim=sum(u2.*phim); 

sumphimsquare=sum(phim.*phim); 

sumu2x1m=sum(u2.*x1m); 

sumphimx1m=sum(phim.*x1m); 

a=[n sumu2 sumphim ; sumu2 sumu2square sumu2phim; sumphim sumu2phim 

sumphimsquare]; 

b=[sumx1m sumu2x1m sumphimx1m]'; 

a\b 

ans = 

    0.8340 

   -1.4270 

    5.0426 
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Determination of adjustable parameters c and d 

 

clc 

close all 

clear all 

u1=[0 0.695788581 0.813708597 0.859976876 0.911371701 1]; 

phim=[0.635211001 0.617534987 0.617930297 0.582939062 0.523229402 

0.511719906]-0.635211001; 

x2m=[0.924985469 1.623259153 1.986489997 2.141708588 2.40525447 0]; 

n=6; 

sumu1=sum(u1); 

sumphim=sum(phim); 

sumx2m=sum(x2m); 

sumu1square=sum(u1.*u1); 

sumu1phim=sum(u1.*phim); 

sumphimsquare=sum(phim.*phim); 

sumu1x2m=sum(u1.*x2m); 

sumphimx2m=sum(phim.*x2m); 

c=[n sumu1 sumphim ; sumu1 sumu1square sumu1phim; sumphim sumu1phim 

sumphimsquare]; 

d=[sumx2m sumu1x2m sumphimx2m]'; 

c\d 

ans = 

    1.0009 

    1.5107 

   10.5084 

 

 

CASE 3: Modelling for considering concentration dependent wmX  and EGmX  and constant EGwX -   

F-H binary interaction parameters 

 

clc 

clear all 

format short 

syms phi1 phi2 phim 

a1=-1.427; b1=5.0426; c1=1.5107; d1=10.5084;  

 

% Concentration(W) aw aEG vW vEG uW uEG XW-EG XWM XEGM  

a=[0    0   1   0   55.82   0   1   0   0   0.924985469 0   1 



Appendices 

 

183 
 

20  0.6145  0.1154  18  55.82   0.6957  0.3042  -0.3808 0.310773539 

3.16345927  0.675332674 0.324667326 

40  0.8066  0.0508  18  55.82   0.8137  0.1862  -0.3808 0.481152926 

3.345874515 0.821892861 0.178107139 

60  0.886   0.0288  18  55.82   0.8599  0.14    -0.3808 0.370633524 

3.048092929 0.89031125  0.10968875 

80  0.9422  0.0143  18  55.82   0.9113  0.0886  -0.3808 0.142889395 

2.498504878 0.942924892 0.057075108 

100 1   0   18  0   1   0   0   0.783427456 0   1   0];   

 

W=zeros(4,3); 

for i=2:5 

    delki1mdelu2=a1; 

    delki1mdelphim=b1; 

    delki2mdelu1=c1; 

    delki2mdelphim=d1; 

    g1=0; 

    g2=0; 

    delki12delu2=1/(a(i,11)*(1-phim))*(g1+g2); 

    f1=log(phi1)+(1-

a(i,4)/a(i,5))*phi2+phim+(a(i,8)*phi2+a(i,9)*phim)*(1-phi1)-

a(i,10)*a(i,4)/a(i,5)*phi2*phim-a(i,6)*a(i,7)*phi2*delki12delu2-

a(i,6)*a(i,7)*phim*delki1mdelu2; 

    f2=-

phi1*phim^2*delki1mdelphim+a(i,4)/a(i,5)*a(i,7)^2*phim*delki2mdelu1-

a(i,4)/a(i,5)*phi2*phim^2*delki2mdelphim-log(a(i,2)); 

    f=f1+f2; 

    g11=log(phi2)+(1-

a(i,5)/a(i,4))*phi1+phim+(a(i,8)*a(i,5)/a(i,4)*phi1+a(i,10)*phim)*(1-

phi2)-

a(i,9)*a(i,5)/a(i,4)*phi1*phim+a(i,5)/a(i,4)*a(i,6)^2*phi2*delki12delu2; 

    g21=a(i,5)/a(i,4)*a(i,6)^2*phim*delki1mdelu2-

a(i,5)/a(i,4)*phi1*phim^2*delki1mdelphim-a(i,6)*a(i,7)*phim*delki2mdelu1-

phi2*phim^2*delki2mdelphim-log(a(i,3)); 

    g=g11+g21; 

    h=phi1+phi2+phim-1; 

    [p1,p2,p3]=solve(f,g,h) 

    W(i-1,:)=[eval(p1),eval(p2),eval(p3)]; 

end 

W 
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W = 

    0.4672    0.4546    0.0781 

    0.6020    0.2978    0.1002 

    0.5731    0.1751    0.2519 

    0.5808    0.0952    0.3240 

 

 

CASE 4: Modelling for considering concentration dependent wmX , EGmX  and EGwX -  F-H binary 

interaction parameters 

 

clc 

clear all 

format short 

syms phi1 phi2 phim 

a1=-1.427; b1=5.0426; c1=1.5107; d1=10.5084;  

% Concentration(W) aw aEG vW vEG uW uEG XW-EG XWM XEGM 

  

a=[0    0   1   0   55.82   0   1   0   0   0.924985469 0   1 

20  0.6145  0.1154  18  55.82   0.6957  0.3042  -1.9395 0.310773539 

3.16345927  0.675332674 0.324667326 

40  0.8066  0.0508  18  55.82   0.8137  0.1862  -1.5575 0.481152926 

3.345874515 0.821892861 0.178107139 

60  0.886   0.0288  18  55.82   0.8599  0.14    -1.1765 0.370633524 

3.048092929 0.89031125  0.10968875 

80  0.9422  0.0143  18  55.82   0.9113  0.0886  -0.8665 0.142889395 

2.498504878 0.942924892 0.057075108 

100 1   0   18  0   1   0   0   0.783427456 0   1   0];  

 

W=zeros(4,3); 

for i=2:5 

    delki1mdelu2=a1; 

    delki1mdelphim=b1; 

    delki2mdelu1=c1; 

    delki2mdelphim=d1; 

%     g1=a(i,12)*log(a(i,12)/(a(i,7)*(1-phim)))*(-1/a(i,7)^2); 

%     g2=-a(i,12)/a(i,7)^2; 

   delki12delu2=(3*10.28*a(i,7)^2)-(2*11.88*a(i,7)^2)+1.644; 

    f1=log(phi1)+(1-

a(i,4)/a(i,5))*phi2+phim+(a(i,8)*phi2+a(i,9)*phim)*(1-phi1)-
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a(i,10)*a(i,4)/a(i,5)*phi2*phim-a(i,6)*a(i,7)*phi2*delki12delu2-

a(i,6)*a(i,7)*phim*delki1mdelu2; 

    f2=-

phi1*phim^2*delki1mdelphim+a(i,4)/a(i,5)*a(i,7)^2*phim*delki2mdelu1-

a(i,4)/a(i,5)*phi2*phim^2*delki2mdelphim-log(a(i,2)); 

    f=f1+f2; 

    g11=log(phi2)+(1-

a(i,5)/a(i,4))*phi1+phim+(a(i,8)*a(i,5)/a(i,4)*phi1+a(i,10)*phim)*(1-

phi2)-

a(i,9)*a(i,5)/a(i,4)*phi1*phim+a(i,5)/a(i,4)*a(i,6)^2*phi2*delki12delu2; 

    g21=a(i,5)/a(i,4)*a(i,6)^2*phim*delki1mdelu2-

a(i,5)/a(i,4)*phi1*phim^2*delki1mdelphim-a(i,6)*a(i,7)*phim*delki2mdelu1-

phi2*phim^2*delki2mdelphim-log(a(i,3)); 

    g=g11+g21; 

    h=phi1+phi2+phim-1; 

    [p1,p2,p3]=solve(f,g,h) 

    W(i-1,:)=[eval(p1),eval(p2),eval(p3)]; 

end 

W 

W = 

    0.3331    0.2309    0.4361 

    0.2918    0.1302    0.5780 

    0.2968    0.0803    0.6229 

    0.5113    0.0644    0.4243 
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