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Abstract
Pervaporation (PV), a non-porous membrane separation process, is gaining considerable attention
for solvent separation in a variety of industries ranging from chemical to water, food,
pharmaceutical, and petrochemicals. Dehydration of organic liquids is one of its most successful
applications. Most recently, pervaporation is used as an alternative technique for water
desalination. For both applications, hydrophilic membranes are used. Hence, in both processes, the
membrane will be in direct contact with water; the high affinity of the hydrophilic membrane
towards water affects the membrane swelling and mechanical properties and, therefore, the
separation performance. To control swelling and improve the mechanical properties, often,
hydrophilic membranes are modified by cross-linking, physical blending with other polymers, or
combining with inorganic particles in the same membrane. These membranes are often called
hybrid membranes or mixed matrix membranes. Poly (vinyl alcohol) (PVA) is one of the most
used polymers for both applications due to its high hydrophilicity, easy of fabrication, organic
pollution resistance, and chemical and thermal stability. However, the high crystallinity of the
PVA polymer results in instability and low mechanical strength of the membranes in water
because of the swelling phenomena. As a result, the water selectivity of the membrane is
decreasing and, accordingly, the pervaporation performance.
My thesis focuses on the effect of various membrane modifications such as crosslinking (with
Glutaraldehyde), interpenetration (with a second PVA network), nanocomposite (with silver
nanoparticles), and mixed matrix membranes (with Laponite XLG clay). In the course of the
modification, hydrophilic polymeric membranes are considered in addition to their properties
change due to the modification like crystallinity, hydrophilicity, surface roughness, mechanical
properties, and chemical structure and their pervaporation performance for both alcohol-water
mixtures and water desalination. Before applying the different membranes for the PV dehydration
of alcohols or desalination pervaporation, physicochemical characterizations are carried out using
Fourier

Transform

Infrared

Spectroscopy

(ATR-FTIR),

X-Ray

Diffraction

(XRD), Thermogravimetric analysis (TGA), Scanning Electron Microscopy (SEM), tensile
testing, contact angle and swelling experiments.
For the synthesis of polymeric dense interpenetrating network membrane, the thermal cross-linked
double network Poly (vinyl alcohol) (PVA) is prepared by applying the sequential method.
The prepared double-network membrane showed that the interpenetrating of the second
network decrease the hydrophilicity of the membrane while improving the thermal behavior and
stability
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under high temperature. The effect of the second network incorporation on the chemical structure
and swelling behavior of the membranes is investigated. The total permeation flux, individual
fluxes, and pervaporation separation index are evaluated for the dehydration of ethanol solution
with a different feed composition of ethanol /water solution at 40-60 °C. Additionally, the
pervaporation performance of the DN-PVAs membrane is appraised according to the change in the
feed concentration and operating temperature. Furthermore, the effect of feed temperature on the
permeation flux is expressed by the Arrhenius relationship. The effect of changing the temperature
on the diffusion coefficient of the feed component, activation energies of permeation, diffusion,
and heat of sorption (∆Hs) are evaluated, and the results are discussed.
For the sake of testing nanocomposite membranes, the effect of generating silver nanoparticles in
an aqueous solution of poly (vinyl alcohol) via the in-situ generation technique in the absence
of any reducing agent on the chemical, physical properties, and stability of PVA membrane
is evaluated. Successful generation of the nano-size silver is measured by the UV–vis
spectrum showing a single peak at 419 nm due to the plasmonic effect of silver nanoparticles.
Additionally, swelling behavior and stability of the silver nanoparticles–poly (vinyl alcohol)
(AgNPs-PVA) membranes in different organic solutions were studied. The prepared
membranes show higher stability and water uptake compared to the commercial PVA
membrane. Moreover, the nanocomposite membranes exhibit that membranes based on silver
nanoparticles and polyvinyl alcohol are promising for separation processes. The pervaporation
tests of our new AgNPs-PVA membranes using different silver content in the membrane and
different feed concentrations show good results since at a higher temperature and higher
ethanol concentration in the feed, the prepared membranes are highly permeable for the water
having stable selectivity values. Therefore our membranes show better performance compared to
that of the other PVA-based nanocomposite membranes. Moreover, the effect of silver
content on diffusion and several pervaporation properties is reported. Activation energies
of permeation, diffusion, and heat of sorption are evaluated, and the results are discussed.
The last section of this dissertation is motivated by combining PVA with inorganic particles such
as nanoclay. The new MMMs of Laponite XLG clay / PVA are prepared via exfoliation of the
nanoclay in the polymer solution with and without Glutaraldehyde (GA) as crosslinker
agent followed by casting procedure. The effect of Laponite incorporation on the chemical
structure, surface morphology, hydrophilicity, and mechanical properties of the MMMs was
also studied. The fabricated membranes are applied for two different applications of the
Pervaporation technology: (1) water desalination, (2) alcohol dehydration. The crosslinked
employed
membranesto were
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investigate the membranes' desalination performance as well as the thermodynamic and kinetic
behavior of water and salt permeation in the membranes. The pervaporation desalination
performance of Laponite/PVA membranes is studied at varying concentrations of NaCl in aqueous
solutions concerning permeate flux and also salt rejection. The transport properties of NaCl and
water through the membranes such as partition, diffusion, and permeability coefficients are
discerned and evaluated for recognizing the mechanism of the salt transport and separation of the
PV desalination process. The uncross-linked Laponite XLG/PVA membranes are used for
evaluating the dehydration performance of C1-C3 alcoholic solutions at 15 wt. % water content via
with different clay concentration in the casting solution and a range of temperature from 40°C to 70
°C.
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1. Introduction
1.1.

Overview and motivation

In recent years, clean and green energy have received extensive attention. Bio-fuel is considered
one of the promising sources of renewable energy. Bio-ethanol is considered to have enormous
potential as a green renewable energy source owing to its environmental benefits and its high
efficiency. Ethanol is originally dehydrated by distillation separation process at a concentration
lower than the azeotrope (95.4 wt. % ethanol). However, high costs, low productivity, and extensive
energy consumption resulted in that distillation became unsuitable for commercial and practical
production of highly concentrated bioethanol especially for biofuel, ethanol has to be more
concentrated than the azeotrope [1, 2]. Therefore, sustainable, efficient, and economical production
of bioethanol is turned out to be the challenge. Membrane separation is used as a convenient,
economical, practical, and green alternative of the bioethanol purification field. Among membrane
separation processes, pervaporation technology (PV) has received much attention, especially in the
case of azeotropic mixtures [1-3]. Pervaporation is an essential alternative separation process due to
the advantages attributed to its simple operating condition, low energy consumption, low cost, ecofriendly, and higher separation efficiency. Compared to the conventional distillation, 50% of energy
can be saved using pervaporation with relatively higher separation efficiency [4-6].
On the other hand, freshwater scarcity has materialized a severe threat to human livings and social
developments. Due to the spectacular increase in the population and water pollution, it is necessary
to find engineering solutions to provide fresh water in many water-limited areas [7, 8]. One of the
most effective methods to produce freshwater from saltwater, such as brackish water and seawater,
is desalination technology [9]. Nowadays, membrane technology is considered as an attractive
desalination way, counting on their high efficiency, potential energy savings, high operational
stability, low chemical costs, ease of integration and scale-up compared with traditional distillation
techniques [10, 11].
In recent years, membrane distillation (MD) and pervaporation (PV) have emerged as an appealing
alternative for dealing with high-saline water and having the ability to resist certain types of fouling.
Although MD shows a promising way for high-salinity and brine desalination, membrane fouling
and wetting are recognized as challenging problems leading to crucial disadvantage and result in
increasing the costs of the process mainly for operating over long-term [12]. Alternatively, PV is
another membrane process that has reported as a prospective process for treating high salinity water
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and brine treatment due to its potential in energy efficiency and feasibility in handling high salinity
water[13-15].
Poly-vinyl alcohol (PVA) has been widely used for both processes the dehydration of alcohol
solutions and water desalination because of its different advantages, including; high hydrophilicity,
film-forming ability, resistance to organic pollution, and chemical/thermal stability. However, PVA
membranes are unstable and have low mechanical strength in aqueous solution due to their swelling
phenomena and high crystallinity, which eventually leads to decreasing water selectivity and
dehydration performance [16-18].
Several modification methods are devoted to improving the separation performance of PVA. But in
this work, two major modifications are considered
 Crosslinking
o Physical crosslinking (Heat treatment )
o Chemical crosslinking (Glutaraldehyde)
 Hybridization (combine with inorganic particles)
o Chemical generation of the inorganic nanoparticles in the PVA matrix
(Nanocomposite membranes )
o Physical blending of synthesized nanofiller ( Mixed Matrix Membranes)

1.2.

Research objectives

The objectives of this work can be classified into nine points
 Develop a double-network PVA membrane using the sequential method and study the
effect of interpenetrating a second network of the same polymer by thermal crosslinking
on the chemical structure, crystallinity, thermal stability, and hydrophilicity of the
polymeric membrane.
 Investigate the effect of the second network on the pervaporation performance of
dehydrating aqueous ethanol solution. In addition to studying the effect of different feed
concentrations and feed temperatures on the pervaporation performance of the doublenetwork membrane
 In-situ generation of silver nanoparticles in the PVA matrix using thermal reduction
without any additional reducing agent and study the effect of silver nanoparticles on the
thermal, chemical, and physical stability of the PVA membrane.
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 Study the Performance of Pervaporation dehydration of ethanol/water mixture with
silver nanoparticles-PVA nanocomposite membrane on an experimental basis, at
different silver content, ethanol concentration in the feed.
 Determine the influence of temperature dehydration process on the permeation
parameter and diffusion coefficient of feed component and calculate the estimated
Arrhenius activation energy and the heat of sorption ∆Hs values to indicate the sorption
process mode for both membranes double network-PVA and silver nanoparticles –PVA
nanocomposite membrane.
 Development of a novel pervaporation membrane for water desalination consisting of
Laponite XLG/PVA and demonstrate the effect of the nanoclay dispersion on PVA
chemical, thermal, mechanical, and hydrophilicity.
− Demonstrate the pervaporation desalination performance when desalinating highsalinity water (0, 3, 5, 7, 10 wt% NaCl) with different clay content (2, 5, 7, 10 wt %) at
temperatures from 40°C to 70 °C and detection of the salt transport properties
(permeability, diffusivity, solubility) in the membrane.
 Investigate dehydration performance of C1-C3 alcohols solution via pervaporation using
uncross-linked Laponite XLG/PVA mixed matrix membrane with different clay
concentration in the casting solution (0, 1, 2.5, 3.5, 5 mg/ml) and a range of temperature
from 40°C to 70 °C.

1.3.

Approach

The work in this thesis is significantly based on laboratory experiments that have carried out at the
Laboratory of Chemical and Environmental process engineering Department at Budapest
University of Technology and Economics. The experimental set up is CM-Celfa Membrantechnik
AG P-28 for ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and pervaporation
(PV). All different membranes are synthesized and developed in the MD laboratory. The
characterizations of the produced membranes have carried in the following laboratories.
1- Digital refractometer analysis in the Department of Physical Chemistry and Materials
Science, FI building
2- ATR-IR analysis in the Department of organic chemistry, FII building.
3- TGA, DSC, and mechanical analysis at Laboratory of Plastics and Rubber Technology, H
building.
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4- SEM in the Department of inorganic and analytical chemistry, CH and Department of
Electronics Technology
5- XRD in the Department of inorganic and analytical chemistry, CH building
6- PALs analysis at Laboratory of Nuclear Chemistry, EötvösLoránd University/HAS
Chemical Research Center
At all phases of the experiments, Microsoft Excel spreadsheets and Origin Graph sheets are
created in order to have a better evaluation of the results.

1.4.

Scope and outline of this dissertation

To develop the objectives mentioned above, this dissertation is distributed into six chapters as
follows:
Chapter 1 is an introduction that gives an overview of the thesis, including the motivation and aims
of the work, which comprises the thesis importance too.
Chapter 2 gives a brief introduction to biofuel importance, freshwater shortage, pervaporation
process, and its history, the factors affecting pervaporation, the membrane materials, and their
potential modifications to improve the separation performance. The chapter represents (1) aspects
of the PV processes, (2) membrane materials and types, and physicochemical properties, in
addition to (3) membrane modification techniques and (4) factors affecting pervaporation.
Chapter 3 reports the synthesis of double-network membranes from the same polymer and their
ethanol dehydration efficiency. Firstly, it represents a study of the effect of interpenetrating a second
network of the same polymer by thermal crosslinking on the chemical structure, crystallinity,
thermal stability, and hydrophilicity of the PVA polymeric membrane. Secondly, the effect of the
second network on the pervaporation performance of dehydrating aqueous ethanol solution is
investigated. Moreover, the chapter is studying the effect of different feed concentrations and
temperatures on the pervaporation performance of the double-network membrane.
Finally, the effect of dehydration process temperature on the permeation parameter and diffusion
coefficient of feed component was determined, and the estimated Arrhenius activation energy and
the heat of sorption ∆Hs values are calculated to indicate the sorption process mode for double
network-PVA membrane.
Chapter 4 reports the preparation and characterization of silver nanoparticles-PVA nanocomposite
membranes and their pervaporation performance. In the beginning, the in-situ generation of silver
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nanoparticles in the PVA matrix using thermal reduction without any additional reducing agent and
the effect of silver nanoparticles on the thermal, chemical, and physical stability of the PVA
membrane is presented. The chapter also presents a study of the performance of pervaporation
dehydration of ethanol/water mixture with silver nanoparticles-PVA nanocomposite membrane on
an experimental basis, at different silver content, ethanol concentration in the feed. Lastly, an
investigation of the influence of operating temperature on the permeation parameter and diffusion
coefficient of feed component and calculation of the estimated Arrhenius activation energy and the
heat of sorption ∆Hs values to indicate the sorption process mode for all silver nanoparticles –PVA
nanocomposite membrane is stated.
Chapter 5 reports the production of novel Laponite XLG nanoclay in crosslinked PVA matrix
pervaporation membranes. In this chapter, the effect of the Laponite XLG nanoclay on PVA
chemical, thermal, mechanical, and hydrophilicity is observed. Moreover, evaluation of the
pervaporation desalination performance when desalinating high-salinity water solutions as a
function of clay content at a range of temperatures is investigated. Additionally, the detection of
salt transport properties (permeability, diffusivity, solubility) through the membrane is presented.
Chapter 6 investigates the pervaporation dehydration performance of C1-C3 with different Laponite
clay content incorporation in uncross-linked PVA membrane at a range of temperatures and the
detection of the membrane intrinsic properties (permeability, selectivity).
Chapter 7 present a general conclusion in which concludes all the results obtained from this thesis
and summarizes the significant scientific results of this dissertation.
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2. Literature review and background
2.1.

Biofuel importance

Recently, the production of renewable biofuels derived from biomass has been receiving increased
attention. Among the variety of transportation fuels, ethanol accounts for the vast majority of liquid
biofuel (referred to as bioethanol) [19]. There has been an increasing interest in bio-resource derived
ethanol due to many advantages as a liquid transportation fuel. Bio-ethanol, blended with gasoline,
extends crude oil utilization, reduces reliance on oil imports, and helps to mitigate increasing oil
prices. The higher oxygen content of ethanol results in relatively cleaner combustion and has long
been used as an additive in gasoline to reduce urban smog and other environmental pollution
problems [20]. A variety of biomass materials is available for production of liquid biofuels,
intentionally grown materials for this purpose and a side product or waste material from another
process which includes agricultural residues, fruit and vegetable processing wastes, plant trimmings,
pulp and paper sludge, wood chips, cheese whey, and waste paper [21].
Bio-ethanol is considered to have huge potential as a green renewable energy source owing to its
environmental benefits and its high efficiency. A distillation separation process originally
dehydrates ethanol. However, high costs, low productivity, and extensive energy consumption
resulted in that distillation became unsuitable for commercial and practical production of highly
concentrated bioethanol [2]. Therefore, sustainable, efficient, and economical production of
bioethanol has turned out to be the challenge. Thus, technologies such as gas stripping [22], sorption
[23], liquid-liquid extraction[24], vacuum stripping[25] have been developed. Membrane separation
is used as a convenient, economical, practical, and green alternative of the bio-ethanol purification
field, such as membrane distillation [26] vacuum membrane distillation (VMD) [27], and
pervaporation [28-31]. The overall purpose is to explore a large variety of potential separation
approaches and technologies, which might help to reduce the overall bio-ethanol production cost
and improve the overall techno-economic feasibility of the biorefinery.

2.2.

Freshwater shortage threat

Freshwater scarcity has materialized a serious threat to human livings and social developments. Due
to the spectacular increase in the population and water pollution, it is necessary to find engineering
solutions to provide fresh water in many water-limited areas [7, 8]. One of the most effective
methods to produce freshwater from saltwater as brackish water and seawater is desalination
technology [9]. Nowadays, membrane technology is considered as an attractive desalination way,
22

counting on of their high efficiency, potential energy savings, high operational stability, low
chemical costs, ease of integration and scale-up compared with traditional distillation techniques
[10, 11].
In recent years, membrane distillation (MD) and pervaporation (PV) have become an
appealing alternative for dealing with high-saline water and having the ability to resist certain
types of fouling. Although MD shows a promising way for high-salinity water desalination,
membrane fouling and wetting are recognized as challenging problems leading to crucial
disadvantage and result in increasing the costs of the process principally for operating over longterm [12]. Alternatively, PV is another membrane process reported as a prospective process for
desalination due to its potential in energy efficiency and feasibility in handling high salinity water
[13-15].

2.3.

Membrane technology and application

A membrane is defined as a semi-permeable (active or passive) barrier which, under a specific
driving force, allows preferential passage of one or more species (molecules, particles or gas) of a
gaseous and/or liquid mixture or solution [32] The stream passing through the membrane is called
permeate while the stream rejected by the membrane is called retentate. The critical parameters in
the membrane processes are the flux, associated with mass transfer across the membrane, and the
selectivity, which refers to the ability to separate one or more species of a mixture. As a general
rule, membranes with high flux usually show low selectivity and the opposite. The separation
driving force can be classified as follows pressure gradient (ΔP), partial pressure gradient (Δp),
concentration gradient (ΔC), temperature gradient (ΔT), electric- potential gradient (ΔE), etc.
Membrane processes can be classified based on the driving force and the physical dimension of the
separated species, as reverse osmosis (RO), ultrafiltration (UF), nanofiltration (NF), microfiltration
(MF), electro-dialysis (ED), gas separation, pervaporation (PV), and vapor permeation (VP). A
non-exhaustive list of the essential membrane techniques is presented in Table 1. Since the 1970s,
the membrane market is dominated by polymeric membranes where the application ranges from
desalination of sea and brackish water, separation of azeotropic and close-boiling point mixtures,
gas separation, food and beverage processing, and hemodialysis.
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Table 1:Membrane separation process

Process

Driving Force

Separated size

Application

Microfiltration

∆P

0.1-10 µm

Suspended salts and colloids

(MF)

(10-500

nanofiltration

kPa) ∆P

5-10 nm

Separation of salts and

(NF)

(0.1-1 MPa)

Ultrafiltration

∆P

(UF)

(0.1-1 MPa)

Reverse osmosis

∆P

(RO)

(2-10 MPa)

Dialysis

∆C

microsolutes from solutions
1-5 nm

Separation of macromolecular
solutions

< 5 nm

Separation of salts from seawater

< 5 nm

Separation of salts and
microsolutes from solutions

Electro-dialysis

∆E

< 5 nm

Desalinization of ionic solutions

Partial

< 1 nm

Separation of inorganic/ organic

(ED)
Gas Separation

gases

Pressure
Pervaporation

difference

(PV)

Partial

Vapor Permeation

Pressure

(VP)

difference

< 1 nm

Separation of mixture of liquids

< 1 nm

Separation of azeotropic
mixtures

Partial
Pressure
difference
The mass transfer mechanism
in a membrane indicates how a set of molecules and ions of one
or several species are transported along with the pores of a membrane layer. The mass
transfer across a membrane depends on the pressure and temperature, as well as on the pore size
of the membrane and on the properties of the permeating molecules. Figure 1 summarizes
mechanisms that can take place in a polymeric membrane.
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Figure 1: Schematic representation of mass transfer in a membrane [33]

2.4.

Pervaporation

2.4.1. Historical background
In 1906, Kahlenberg studied for the first time the separation of alcohol mixture through a rubber
membrane. Pervaporation term is introduced by Kober in 1907, during a study on the water
permeation through a cellulose nitrate film from an aqueous solution of albumin and toluene [4, 34,
35]. Separation of the water-ethanol mixture through a cellulose membrane reported for the first
time in 1956 by Heisler. In 1965, the American oil company and Néel and his co-workers in France
studied for the first time the principles and potential of the pervaporation process[36]. In 1980, the
pervaporation membranes were developed on industrial- large scale by GFT Gesellschaft fur
Trenntechnik GmBH, since 1997 Sulzer Chemtech) has developed a thin film composite membrane
using the high permeation asymmetric (Leob and Sourirajan) membrane as a support for the
polymeric selective layer.
PVA/PAN was the first commercial composite pervaporation membrane. In 2000, the inorganic
membranes were developed and used on the industrial scale. The pervaporation process gets part of
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this new technology by using the zeolite membranes for the ethanol dehydration on the commercial
field; the type of zeolite used at that time was NaA [37].
However, the pervaporation plants were basically for the dewatering of the organic solvents using
a hydrophilic membrane. On the other hand, in the USA the organophilic membrane was
developed. The spiral –wound PDMS (polydimethylsiloxane) membrane was established in 1993
by the Membrane Technology and Research (MTR, USA) for the underground water treatment by
removing trichloroethylene [4, 35]. PDMS membranes also developed on the industrial scale, give
the means of removing most of the organic solvents from the aqueous solutions. [38-40]
By the end of the 20th century, a new third type of pervaporation membrane has developed. The
new membrane is more selective for one organic solvent than the others, i.e., oragnoselective
membrane. The importance of the last membrane has demonstrated in Europe, as it is for the richness
of the ETBE (ethyl tert-butyl ether), which is used to promote the octane fuel rather than lead and
its derivatives.

The first commercial organoselective membrane was established by Sulzer

Chemtech (PERVAP® 2256) for the removal of methanol or ethanol from purely organic mixtures.
[34, 35, 41]
2.4.2. Definition
Pervaporation is a membrane separation process for liquid mixtures driven by partial vaporization
(a gradient in partial vapor Pressure) through a non-porous membrane. High selectivity and
energy-saving are the two most important advantages of the pervaporation process, which make it
the best option for separating mixtures having close boiling points or are azeotropic. In
particular, in the pervaporation process, when the feed mixture is in direct contact with the
membrane surface, one component of the liquid mixture selectively permeates through the
dense membrane by the influence of the driven force, i.e., the chemical potential difference.
The driving force across the membrane sides is produced by applying sweep gas or a
vacuum pump. The permeate (the preferential liquid component) leaves the membrane as
vapor. Unlike other membrane separation processes, there is a phase change of the liquid
permeates on the feed side to the gaseous permeates on the other side of the membrane.
Usually, the permeate solution is collected employing condensation either by dry-ice or by
liquid nitrogen. [3, 42-44]
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Figure 2: Schematic representation of a pervaporation process [42]

2.4.3. Mass transport mechanism
The common solution –diffusion mechanism for the dense membrane is applied to pervaporation.
According to [Mulder and Smolders, 1986; Kataoka et al.., 1991], the transport occurs through
the membrane by diffusion in 4 steps: (1) Moving of the liquid to the membrane interface, (2)
sorption of the preferential species onto the membrane interface,(3) diffusion of the species
through the membrane and (4) desorption of the species from the membrane and evaporation at the
permeate side. [36, 45]

Figure 3: schematically presents the solution-diffusion mechanism, copied with modification from [14].

2.4.4. Pervaporation application
As it is briefly mentioned in the historical background, there are three types of pervaporation
application : (1) Dehydration of precious organic solvent using hydrophilic membranes, (2)
concentration of organic solvent from an aqueous solution using a hydrophobic membranes (3)
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Organic-organic mixture separation using organoselective membrane [46]. Nowadays,
pervaporation is also used for fourth application (4) Water desalination
2.4.4.1.

Dehydration of aqueous organic solutions

The dehydration of organic solutions is considered the most studied application from pervaporation.
It is mainly studied for the dehydration of azeotropic aqueous solutions such as dehydration by
pervaporation are ethanol/water and IPA/water, where the azeotrope at approximately 4% and 12 %
wt. water respectively. In addition to the alcoholic azeotrope mixture, some work has been done on
the dehydration on the important organic solvent such as acetic acid aqueous solution due to the
importance of it, as acetic acid is known to rank among the top 20 organic intermediates in the
chemical industry [47].
2.4.4.2.

Removal of organic solvent traces from an aqueous solution

Selective removal of organics from aqueous mixtures includes process wastewater treatment
[27,28], the removal of organic solvent from process side streams; the separation of organics from
fermentation broths [29], aroma compound removal; and dealcoholizing wine or beer [48-50].
Crosslinked polydimethylsiloxane (PDMS) membranes have found extensive use in this application,
since they show high affinity and low transport resistance for organics, and are very stable. Other
rubbery materials are also attempted for the application. Industrial applications of organophilic
pervaporation are limited. However, promising results are obtained in the removal of organic traces
from ground and drinking water [51-53]
2.4.4.3.

Organic-Organic mixture separation

Owing to their vast industrial importance, the separation of organic mixtures attained a lot of
research interest in order to develop an efficient separation method. It is well known that
components of these mixtures have similar physicochemical properties, and hence it is challenging
to separate them effectively[54]. However, research studies indicate that pervaporation has excellent
potential for painful organic-organic separations in the pharmaceutical and petrochemical industry.
Attempts are made already, but it is difficult to find a suitable and tailor-made membrane for the
specific process. The processes are commonly classified to (1) separation of organic azeotropes (e.
g. methanol - methyl acetate); (2) isomer separation (e. g. xylenes); (3) polar/nonpolar separation
(methanol - methyl tert-butyl ether), (4) aromatic/aliphatic separation (n-hexane – benzene), and (5)
shifting reaction equilibrium by the removal of solvents (e. g. methanol - butyl acetate, ethanol methyl acetate at transesterification reactions).
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2.4.4.4.

Water Desalination

Pervaporation (PV) becomes an appealing alternative for dealing with high-saline water and having
the ability to resist certain types of fouling. Although MD shows a promising way for high-salinity
water desalination, membrane fouling and wetting are recognized as challenging problems leading
to crucial disadvantage and result in increasing the costs of the process essentially for operating over
long-term [12]. Alternatively, PV is another membrane process reported as a prospective process
for desalination due to its potential in energy efficiency and feasibility in handling high salinity
water [13-15]. According to the solution-diffusion model for PV desalination, the adsorbed water
molecules on the surface of the hydrophilic membrane are posteriorly diffuse through the membrane
and eventually converted to vapor on the permeate side. Therefore, owing to the non-volatility of
salt in the feed, using a pervaporation membrane can achieve high salt rejection as well as the
rejection of volatile organics granting highly pure water production[55].
2.4.5. Separation performance
The evaluation of pervaporation efficiency requires common performance indicators applied in the
membrane industry, such as flux, permeance, selectivity, and separation factor. The pervaporation
flux is defined as the amount of material permeating through a unit of membrane area in a unit of
time. Thus, the permeate flux can be weight, mole, or volume-based. The partial flux of a component
is proportional to its partial vapor pressure difference between the feed and permeate sides of the
membrane, i.e., the driving force. To evaluate the pervaporation performance, total flux (J) and
separation factor (𝛽) were employed. The flux, J (g/m2.h) depended on the permeate weight, W (g),
effective area of the membrane, A (m2) and experiment duration, t (h) and obtained using the
following equation:

𝑱=

𝑾
𝑨×𝒕

2.1

The separation factor (𝛽) is calculated using the following equation:

𝜷𝒊,𝒋 =

𝒀𝒊
⁄𝒀
𝒋
𝑿𝒊
⁄𝑿
𝒋

2.2

Where 𝑌𝑖 and 𝑋𝑖 are permeate and feed mass fractions of component i, and j. The overall
performance of the pervaporation dehydration process of nanocomposite membranes can be
evaluated by the pervaporation separation index (PSI) and Enrichment factor and are expressed by
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2.3

𝑷𝑺𝑰 = 𝑱(𝜷 − 𝟏)

And the Enrichment factor is expressed by

𝑬𝒏𝒓𝒊𝒄𝒉𝒎𝒆𝒏𝒕 𝒇𝒂𝒄𝒕𝒐𝒓 =

𝒀𝒘
⁄𝑿
𝒘

2.4

According to Baker et al. [56], permeance and selectivity are more suitable to understand the real
membrane intrinsic properties since the latter two are highly dependent on operating conditions
(e.g., temperature). For evaluating the intrinsic properties of the membrane, both water and alcohol
permeability are calculated using the following equation:
𝑱𝒊 𝜹
𝒔𝒂𝒕
(𝒙𝒊 𝜸𝒊 𝑷𝒊 −𝒚𝒊 𝑷𝒑 )

𝑷𝒊 =

2.5

where 𝑃𝑖 (g/m.h.kPa) represent component i permeability, 𝛿 (m) is the thickness of the membrane,
𝐽𝑖 (g/m2.h)is the individual flux, 𝛾𝑖 is the activity coefficient, 𝑃𝑖𝑠𝑎𝑡 (kPa) is the saturated vapor
pressure, 𝑥𝑖 and 𝑦𝑖 are the mole fraction in the feed and permeate side, respectively. 𝑃𝑝 (kPa)
represents the downstream pressure. The activity coefficients are calculated using Wilson equation
while the 𝑃𝑖𝑠𝑎𝑡 is calculated from Antoine equation using ChemCAD software. The selectivity (𝛼𝑖𝑗 )
is calculated from the ratio between i and j permeability.

𝜶𝒊𝒋 =

𝑷𝒊
𝑷𝒋

2.6

2.4.6. Factors affect pervaporation performance
Specific characteristics of the feed components, the membrane, and process operating parameters
influence overall PV performance. Separation performance in pervaporation depends not only on
the operating conditions, e.g., concentration, temperature, flow rate, but also on the properties of the
membrane materials, e.g., crystallinity, degree of crosslinking, hydrophobicity, etc.
2.4.6.1.

Feed concentration

Feed concentration is one of the most effective factors that influence the performance of
the pervaporation process. In theory, PV can be used to separate any liquid mixture in
all concentration ranges. Generally, the high concentration of preferential components across
the membrane promotes swelling.This increases void volume in the polymer network [42,
57]. Therefore, it facilitates both components, low and high affinity to the membrane, penetrate
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through the membrane, which leads to the higher total permeate flux. Additionally, Huang et al.
reported that the permeation flux of the binary mixture through the membrane is due to the
plasticization action of the two liquids [58].
2.4.6.2.

Feed temperature

Although the membrane material and its characterization are the most crucial factor in the
pervaporation process. Nevertheless, the operating temperature is also considered as a predominant
feature [59]. Hence, changing the temperature could directly effects on the driving force, the
permeation flux and water permeability and diffusivity through the membrane. Additionally,
changing the temperature has a considerable impact on solvent and water vapor pressures, also
affects the thermodynamic properties of the feed [60]. The influence of the temperature on the
pervaporation performance is generally expressed by Arrhenius equations [61]:

𝑱 = 𝑱𝒐 𝒆𝒙𝒑 (−

𝑬𝑱
𝑹𝑻

)

2.7

Where, 𝐽 is the flux of the membranes, 𝐽𝑜

is the pre-exponential factor, 𝐸𝐽

is the apparent

activation energy (kJ/mol), R is the gas constant (kJ/ mol.K), and T is the temperature (K). The
same equation is also applied for diffusivity of the feed component through the membrane using
the diffusion coefficients instead of the permeation fluxes, where the diffusion coefficient is
estimated using the individual flux of component i through the membrane expressed by Fick’s law
as:

𝒅𝑪𝒊

𝑱𝒊 = −𝑫𝒊 (

𝒅𝒙

)

2.8

Where, Ji, Di, and Ci are the permeation flux (kg/m2s), the diffusion coefficient (m2/s) and the
concentration (kg/m3) of component i in the membranes. For the sake of simplicity, it is assumed
that the concentration profile along the diffusion length is linear, and therefore, the concentrationaveraged diffusion coefficient Di can be calculated with the following modified equation where δ
is membrane thickness. This assumption was reported in the literature [20, 21].

𝑫𝒊 =

𝑱𝒊 ∗𝜹
𝑪𝒊

2.9
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2.4.6.3.

Membrane materials

In pervaporation, mainly, the membrane material is based on the application. Therefore, a variety
of membrane materials are developed to cater to the two main applications of liquid separations:
organic-water and organic-organic separations. The organic –water separation is either alcohol
dehydration and removal of water from esterification reactions (hydrophilic membranes) or removal
of organic traces from water (hydrophobic membranes). Generally, the polymeric materials are
divided into three categories: glassy polymers, rubbery or elastomeric polymers, and ionic polymers.
Usually, the glassy and ionic polymers are more suited for making water-selective membranes for
dehydration, while the elastomeric polymers are used for the removal of organic compounds from
aqueous streams. For the hydrophilic membranes, the most common polymers are poly(vinyl
alcohol) (PVA), chitosan, alginate, polysulfone, polyimide, polyamide, polyaniline, perfluoro
polymers, polybenzimidazole (PBI) [38], ceramic, zeolite and mixed-matrix membranes [62]. For
the organic solvent separation, the commonly used membranes are poly (dimethylsiloxane) or
PDMS and poly (octyl methyl siloxane) or POMS in addition to polyurethane, poly (ether-blockamide), nitrile-butadiene rubber, styrene-butadiene rubber.
2.4.6.4.

Membrane swelling

The membrane degree of swelling assumes an essential part of the pervaporation process. The
degree of crystallinity, the diffusion coefficient of the solvent, and the rate of diffusion are the most
critical factors that cause swelling of any polymer [63]. The hydrophilic membranes swell in
aqueous solution, the polymer chain becomes more flexible hence producing a higher permeation
rate through the membrane, and therefore the degree of swelling is essential factors for the
dehydration of the alcoholic solutions. The degree of crystallinity, the diffusion coefficient of the
solvent, and the rate of diffusion are the most critical factors causing the swelling of any polymer
[63]. In pervaporation, the excessive affinity of a permeating species for the selective polymeric
membrane can result in swelling of the membrane matrix. The swelling will change both flux and
selectivity[64], and the degree of membrane swelling must be suppressed or controlled, because
swelling decreases membrane selectivity, and causes loss of membrane integrity [4]. A trade-off
between sorption and swelling is needed. For preferential permeation to occur, there must be a high
degree of chemical affinity between one component and the membrane. However, if the affinity is
too high, the membrane will swell and lose integrity[65].
2.4.6.5.

Free volume
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The free volume of a polymer is the sum of the many small spaces between the polymer chains in
the amorphous, non-crystalline materials. Because the polymer chains do not pack correctly due to
their side groups, some unoccupied space free volume exists between the polymer chains. The free
volume of a polymer can be determined by measuring the polymer’s specific volume, then
calculating the occupied volume of the groups that form the polymer. Free-volumes in the
amorphous polymeric membranes is tiny spaces between polymer chains caused by the thermal
motion of the polymer molecules [32]. These volume elements appear and disappear on about the
same timescale as the motions of the permeants traversing the membrane. The larger the individual
free volume elements (pores), the more likely they are to be present long enough to produce poreflow characteristics in the membrane.

2.5.

Poly (vinyl alcohol) (PVA) based membranes

Many membrane materials are studied for dehydration of organic solvents, e.g., water from ethanol
by pervaporation. Membrane materials having higher selectivity and permeability are required for
the selective removal of water from the aqueous solutions. The main reported polymer for PV
dehydration technology is the well-studied hydrophilic PVA, followed by other polymeric materials
such as chitosan and alginate [66]. Poly (vinyl alcohol) is widely used for alcohol dehydration due
to its super hydrophilicity, film-forming ability, and thermal stability. However, PVA's inferior
instability in the aqueous solution affects the membrane swelling and, therefore, the separation
performance. In an attempt to inhibit the PVA membranes swelling in the ethanol dehydration
process, various solutions were proposed [67-69]. Crosslinking, grafting, and blending are
frequently used. Among those solutions, the most efficient is cross-linking using various
crosslinking agents such as glutaraldehyde[70], maleic acid [71], and citric acid[72]. The
crosslinked reaction consumes some hydroxyl groups in the PVA chain leading to lower
hydrophilicity of the membrane that results in higher selectivity towards water molecules and the
decrease of the permeation flux.
On the other hand, physical crosslinking alternatives such as freezing, heat treatment, and irradiation
have been less studied in the pervaporation application[16, 67, 73]. However, as reported, PVA can
be efficiently crosslinked by heat treatment above the glass transition for a minimum duration of 30
min. Furthermore, heat treatment induced a significant increase in the crystallinity degree of the
polymer chain and achieved an increase in density. As a result, water is eliminated from the polymer
chain leading to decreasing the affinity of PVA towards water resulting in low water content in the
swollen material. Therefore, the swelling degree of the PVA membranes and accordingly the
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separation performance could be controlled by heat treatment [63, 69, 74-76]. In the last decade
aspiring to overcome this problem, several methods have been proposed, such as new crosslinking
agents, blending with other polymers [77], and hybrid nanocomposite membranes [31, 78] as well
as mixing with inorganic fillers [79, 80].
2.5.1. Dense membrane
Homogeneous (dense) membranes are single-phase structure free of discrete, well-defined pores or
voids. The whole dense structure acts as the selective layer through which component molecules are
transported due to pressure, concentration, or electrical potential gradient. The membrane's
effectiveness depends on the polymer properties and the species to be separated and their interaction
with the membrane. Dense homogeneous membranes are not suitable for industrial applications
because of their low permeation rate.
2.5.2. Mixed matrix membranes (nanocomposite membranes)
Hybridization modification produced a third class of membrane rather than polymeric and ceramic,
which combine both the polymer and inorganic (nano) particles in the same membrane, these
membranes are often called hybrid membrane or nanocomposite membrane or mixed matrix
membrane. Mixed matrix membranes have attracted many researchers due to having the advantages
of the polymeric and inorganic membrane, which leads to improving the stability and the separation
performance [17]. Recently, several researchers have developed a hybrid membrane using different
inorganic fillers. In general, the preparation of the organic-inorganic hybrid membrane has two
classifications: (1) class I in which the inorganic particles are attached to the organic component
with week bonding such as van der Waals contacts, hydrogen bond, or electrostatic forces such as
dispersion the nanoparticles in the polymer solution. (2) class II in which the organic and inorganic
components are linked together with strong bonding, which merely is resulting from their reaction. [81].The

sol-gel process is the conventional method for preparing these hybrid membranes, in which the
starting precursor for the inorganic material is in the polymeric solution, and at low temperature, the
inorganic fillers are prepared. [82]Incorporation of the inorganic particles such as zeolites, carbon
nanotubes, TiO2, graphene oxides, clay or SiO2 [83] is classified under class I organic-inorganic
membranes while the incorporation of TEOS, APTEOS, GPTMS, FeSO4·7H2O, and FeCl3·6H2O
are classified in class II as these fillers are usually generated in-situ using sol-gel process. No doubt
that class II demonstrated surprising results in an enhancement in the separation performance, but
most of them failed to break trade-off phenomena. Therefore, nowadays, class I membranes
considered the new generation of the hybrid membranes for all the separation technology due to
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their significant enhancement to the separation processes in both selectivity and flux permeation
[81, 83].

2.6.
Thesis materials, pervaporation experiments conditions
and membranes characterization
This section states the pervaporation experiment conditions and all the membrane characterization
and analysis methods used for all the prepared membranes.
2.6.1. Materials
Poly(vinyl alcohol) (C2H4O)x with MW of 85000-124000 g/mol and 99%+ hydrolyzed is
purchased from SIGMA-ALDRICH Chemie GmbH. (Schnelldorf, Germany ) ; Silver nitrate
Powder 99% (MW 196.88) is obtained from Molar chemicals KFT ( Budapest, Hungary); Sodium
chloride (NaCl) is obtained from Reanal Chemicals Ltd. (Budapest, Hungary). Laponite XLG (ρ=
2.53 g/cm3, CEC =0.55 meq/g, d= 25–30 nm, h = 0.92 nm) is supplied by Laboratory of Plastics
and Rubber Technology, Department of Physical Chemistry and Materials Science, Budapest
University of Technology and Economics, and is purchased from Byk Additives and Instruments.
Ethanol (EtOH), Acetone, n-Butanol, and Isopropanol (IPA) absolute alcohols are provided by
VWR Chemicals (Budapest, Hungary). Methanol (MeOH) obtained from Merck KGaA (Darmstadt,
Germany). PMMA Petri dishes of a diameter of 10 cm are purchased from VWR Chemicals
(Budapest, Hungary). All chemicals are used as such without further purification.
2.6.2. Pervaporation Experiments
Pervaporation dehydration experiments are carried out using a P-28 membrane unit from CM-Celfa
Membranetechnik AG, as illustrated in (Fig.4) [84]. The flat sheet membrane is placed on the
sintered disc separating the feed and the permeate sides. The feed chamber capacity is approximately
0.5 liter, and the effective area of the membrane is 28 cm2. The cross-flow circulation velocity is
maintained at a constant value of approximately 182 l/h. The permeate side (downstream side) is
connected to a VACUUMBRAND PC2003 VARIO vacuum pump, and the pressure is kept at 4
torrs or 2 torrs (0.54 or 0.27 kPa). The equal temperature is confirmed by a thermostat and controlled
by thermometers at the inlet and outlet of the unit.
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Figure 4: Schematic diagram of CM-Celfa P-28 pervaporation unit.

Previously, the membrane is immersed in a known volume of the feed mixture for a particular time
to reach an equilibrium state with the feed component. Hereafter, the feed mixture is circulated until
reaching a steady state at the required temperature process. The permeate is collected in two cold
traps connected in series and cooled with liquid nitrogen to avoid the loss of permeate components
and then weighted. The concentration of the feed and permeate is measured by the RA-620
(accuracy ±0.00002, KEM Kyoto Electronics, Japan) refractometer or using an electrical
conductivity meter (Mettler Toledo FiveEasy) in case of water desalination. The separation
performances of the membranes are calculated using Equations (2.1 - 2.9).
2.6.3. Membrane Characterization
2.6.3.1.

Fourier Transform Infrared (FTIR) Spectroscopy

The interaction between the two polymer matrices and the change in the chemical structure formed
from the incorporation of the second network and the heat treatment are studied using ATR-FTIR
spectroscopy (ATR mode of FTIR, BRUKER Tensor-37, USA). The spectra are in the range of 5004000 Cm-1. The average of 16 scans is accomplished.
2.6.3.2.

Contact Angle Measurements

To examine the hydrophilicity of the obtained membranes, that is, the water contact angle is
evaluated by the sessile droplet method using a drop shape analyzer (KRÜSS, DSA 30, Germany)
at room temperature.
2.6.3.3.

UV-Visible Absorbance Spectroscopy
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To prove the formation of silver nanoparticles in the PVA matrix and characterize them. Ultravioletvisible spectroscopy absorption spectra of crosslinked PVA and nanocomposite membrane samples
are recorded. The membrane samples absorbance is obtained in the range of 300-900 nm using
Hewlett - Packard HP 8452A.
2.6.3.4.

X-Ray diffraction

The X-ray diffraction of Pristine PVA and AgNPs-PVA nanocomposites membranes are recorded
using PANanalytical X’Pert Pro MPD X-ray diffractometer using Cu Kα radiation
(λ = 0.15418 nm) at room temperature in the range of 5-65° and step time 5.080 sec and 0.0083556°
step size.
2.6.3.5.

Scanning Electron Microscope (SEM)

The surface and cross-section morphology of the pristine PVA and thermally crosslinked double
network PVA membrane are obtained using a scanning electron microscope (JEOL JSM-5500LV).
All the samples are coated with sputtered gold-palladium alloy as a conductive layer 3 minutes
before the analysis.
2.6.3.6.

Mechanical properties

A universal testing apparatus (INSTRON-5566) is used to evaluate the mechanical properties of the
shaped membrane with a dimension of 60 mm × 10 mm and at 10 mm/min of speed. Each membrane
is evaluated five times, and the average value is taken.
2.6.3.7.

Thermogravimetric analysis (TGA)

Perkin Elmer TGA-6 was used to analyze the thermal properties and degradation temperatures of
the nanoclay and all of the mixed matrix membranes. The temperature ranging is set between 35°C
and 700°C with a heating rate of 10°C/ min−1. The weight of all the samples is varied from 10–13
mg. The thermal degradation process is done under a nitrogen atmosphere. Recording is done of
temperature, sample weight, and differential weight. Differential weight is useful in the derivative
thermogravimetric analysis (DTG).
2.6.3.8.

Density

The densities of pristine crosslinked and uncross-linked membranes, as well as mixed matrix
membranes with different nanoclay loading, were estimated by a weight measurement method using
an analytical balance and Pycnometer. The membrane density was measured at least three times for
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each type of sample, and average values obtained. Subsequently, the membrane density is calculated
by the following equation [85]:

𝝆𝒎 =

(𝑴𝒔 𝑴𝒎 )

2.10

𝑽(𝑴𝒑 +𝑴𝒔 +𝑴𝒎 −𝑴𝒕 )

In this method, a pycnometer with well-known volume V (ml) and weight of

𝑀𝑝 (g) was used,

then the pycnometer was filled with solvent and weight of solvent named as

𝑀𝑠

pycnometer was emptied, cleaned and dried sample with a weight of

𝑀𝑚

(g). After the

was places in it then

filled with the solvent and the total weight Pycnometer, solvent and membrane of

𝑀𝑡

(g) was

measured.
2.6.3.9.

Positron annihilation lifetime spectroscopy (PALS)

Positron annihilation lifetime of all the membranes was determined using a fast-fast coincidence
system based on BaF2/XP2020Q detectors and Ortec electronics. The positron source was
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Na,

carrier-free, and the sample is kept between two Kapton foils of the thickness of 2 mg/cm2. The
activity of the source was around 5*105 Bq. Each spectrum contained approximately 2 million
counts, and every spectrum is recorded in 4096 channels of an analyzer card, and each contained
105 coincidence events. The spectra are evaluated into 3-lifetime components (τ1, τ2, and τ3). Hence,
τ3 is the longest lifetime, and it is used along with its intensity I3. The mean free volume radius R
(Å) is estimated from the following empirical equation [86, 87]:

𝝉−𝟏
𝟑 = 𝟐 [𝟏 −

𝑹
𝑹+∆𝑹

+

𝟏
𝟐𝝅

𝒔𝒊𝒏 (

𝟐𝝅𝑹
𝑹+∆𝑹

)]

2.11

Where ∆𝑹 is the thickness of the electron layer, and it is constant of 1.66 Å. Additionally, the
fractional free volume FFV is estimated from the values of R and Ortho-positronium (o-Ps)intensity,
𝐼3 (%), using an empirical formula [86, 87] as follow:

𝑭𝑭𝑽 =

𝟒𝝅
𝟑∗𝟏𝟎𝟑

𝑹𝟑 𝑰𝟑

2.6.3.10.

2.12

Membrane affinity
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2.6.3.10.1.

Swelling Degree Measurements

The dried membranes are weighted and immersed in the desired solution at room temperature for
24 h to achieve equilibrium. Then the membranes are taken out and dried carefully to remove the
surface solution and weighted as fast as possible. After that, they have immersed in the solution
again. This process is repeated three times, and the results are averaged. The degree of swelling
percentage is calculated with the following equation where Md and Ms are the weight of the dry
and swelled membrane, respectively.

𝑫𝑺% =

(𝑴𝒔 −𝑴𝒅 )
𝑴𝒅

2.13

𝒙𝟏𝟎𝟎

2.6.3.10.2.

Water adsorption

For the amount of water absorption, the dried nanocomposite or mixed matrix membranes are
weighted and immersed in water at room temperature. At every 3 min, the membranes are taken out,
wiped, weighed, and immediately returned to the water bottles. The weight of the absorbed water is
calculated as follows, where Wst, Wd is the weight of the membranes at time t and the weight of the
dry membrane, respectively:

Mass of absorbed water (g)=

(𝑾𝒔𝒕−𝑾𝒅)
𝑾𝒅
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2.14

3. Double–network PVA membranes and their ethanol-water
dehydration performance by pervaporation
3.1.

Introduction

In recent years, clean and green energy has received full attention. Bio-ethanol is considered one of
the promising sources of renewable energy. Poly (vinyl alcohol) is extensively used for alcohol
dehydration. However, PVA's weak instability in the aqueous solution affects the membrane
swelling and, therefore, the separation performance. To avoid its instability in aqueous solution and
control the swelling degree, chemical crosslinking, grafting, and blending are frequently used. Such
membrane modification alternatives are widely studied. On the other hand, physical crosslinking
alternatives such as freezing, heat treatment, and irradiation have been less studied in the
pervaporation application[16, 67, 73].
Additionally, as reported, PVA can be efficiently crosslinked by heat treatment above the glass
transition for a minimum duration of 30 min. Furthermore, heat treatment induced a significant
increase in the crystallinity degree of the polymer chain and achieved an increase in density. As a
result, water is eliminated from the polymer chain leading to decreasing the affinity of PVA towards
water resulting in low water content in the swollen material. Therefore, the swelling degree of the
PVA membranes and accordingly, the separation performance is controlled by heat treatment [63,
69, 74-76]. Xue-Hui reported that the swelling degree of the PVA/PAN membrane decreased upon
heat treatment; therefore, the permeation flux of the dehydration process for ethanol/water solution
diminished dramatically while the separation factor increased. Moreover, increasing the heating
treatment time results in a significant increase in the separation factor while the permeation flux
decreases [88].
A second network (DN) of PVA is efficiently produced with heat treatment, which will overcome
the drastic decrease of the permeation flux by introducing an extra hydrophilic group to the polymer
network. Meanwhile, it enhances the selectivity of the membrane by withstanding the swelling
behavior of PVA [89]. However, only a few studies reported the use of prepared DN membranes
for alcohol dehydration, where phase separation between the two networks frequently happens
because of the elusive compatibility between the different polymers. Overcoming the miscibility
between two networks and the inconsistency between the two polymers, DN is prepared from the
same polymer as the membrane [28, 29, 90]. In the present work, the DN heat-treated membrane is
prepared from two networks of PVA using the sequential method. Although the mentioned method
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is time-consuming, it allows adapting the second network in the existence of the utterly prepared
matrix without the restriction of crosslinking reaction.

3.2.

Experiments

3.2.1. Membrane Preparation
Poly (vinyl alcohol) solution of 10 wt. % is prepared by dissolving PVA powder in distilled water
at 90 oC and mixed until a homogeneous solution is formed. The first network of the membrane is
obtained by casting the solution on a clean glass sheet using an Elcometer stainless steel casting
machine with an initial casting thickness of 250 µm. Next, the membrane is dried at room
temperature for more than 24 h till totally dry and called pristine PVA, and then the membrane is
annealed in an oven at 40 °C for 3 h and named PVA. The second network of PVA is formed by
casting the solution prepared previously. Consequently, the second network entirely dried at room
temperature, and the obtained film is designated as DN-PVA, and then thermally crosslinked at
120 oC over 1 h to obtain DN-PVAs.
3.2.2. Membrane Characterization and pervaporation experiments
For this chapter, Fourier Transform Infrared (FTIR) spectroscopy, contact angle measurements,
scanning electron microscope (SEM), and swelling degree measurements are used for the
characterization of the fabricated membrane. The pervaporation experiments follow the same
condition as section 2.6.2 using 4 torrs as permeate pressure.

3.3.

Results and discussion

3.3.1. Fourier Transform Infrared (FTIR) Spectroscopy
Figure 5 shows the ATR-IR spectra for (a) pristine PVA, (b) PVA, (c) DN-PVA, and (d) DN-PVAs.
The characteristic broad peak at 3000-3500 cm-1 indicates the –OH stretching due to hydrogen
bonding appeared for all the membranes [69, 76, 91]. However, the intensity of the –OH peaks is
decreasing from the pristine membrane to double-network crosslinked DN-PVAs membrane. This
phenomenon indicates the decrease of the hydrophilicity of the membrane due to water elimination
as a result of thermal crosslinking and interpenetrating the second PVA network.
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Figure 5: ATR-IR spectra plots for pristine PVA (a), PVA (b), DN-PVA (c), and DN-PVAs (d).

Additionally, the C-H stretching vibration is observed at 2940 and 2910 cm-1 showing that the peaks
are changing its nature with increasing the crosslinking effect. Another peak can also be observed
at 1660 cm-1 from b to d indicating the vibration of the C=C bond. This can be due to the dehydration
of the PVA and formation of the double bond in the main chain referring to a more organized chain
and decrease the hydrophilic behavior. A similar trend of heat treatment and incorporation of the
second network has been reported by Gohil et al.[69]. An increase in the crystallinity can be
distinguished from increasing the severity of the peak at 1141 cm-1 from a to d [91, 92]. Peaks at
1425 and 1321 cm-1 belong to the symmetric bending and the waging of CH2, respectively[69, 76].
While the peaks for C-O and C-C in the PVA chain are identified at 1085 and 831 cm-1, respectively
[91, 93].
3.3.2. Contact Angle Measurements
Due to the water elimination via the condensation reaction during the heat treatment and the
crosslinking processes, the number of the –OH groups decrease, and it results in the altering of the
membrane hydrophilicity (see fig. 6a) [78]. The hydrophilicity of the surface of the PVA-based
membranes is advocated by measuring the contact angle of a water droplet; Figure 6b shows the
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obtained results. The contact angle measurements for the pristine PVA membrane has a higher error
than those of the others since it swells quickly within less than a minute.
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Figure 6: (a) Schematic representation for condensation reaction between two PVA chain, (b) Contact angle
measurements of pristine PVA and crosslinked PVA in different crosslinked degrees.

The water contact angles of the membranes exhibit a gradual increase along with increasing the
crosslinking degree from the pristine PVA to the thermal crosslinked double network membrane
DN-PVAs. Consequently, the hydrophilicity of the membranes shows a decreasing trend. This result
is in line with the FT-IR suggested analysis.
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3.3.3. Scanning Electron Microscope (SEM)
Morphologies of PVA and DN-PVAs membranes surfaces are explored by SEM because of the
quick swelling of the pristine PVA membrane. The surface and cross-sectional images of both
membranes are presented in Figure 7. Surface images are shown in Fig.7 (a, b) for PVA and DNPVAs, respectively. The photos illustrate that upon the incorporation of the second matrix of PVA
the surface of the membrane became less smooth than the PVA membrane. However, the crosssectional images (see fig.7 c, d) show that the DN-PVAs membrane has a more compact crosssection with no phase separation. This confirms that the first and the second PVA matrix has
intermolecular interaction via hydrogen bonding resulting in the formation of more crystalline PVA
phase.

Figure 7: SEM surface and cross-section images of the PVA (a, c), and thermally crosslinked double-network
membrane DN-PVAs (b, d).

3.3.4. Swelling Degree Analysis
The hydrophilic membranes swell in aqueous solution, the polymer chain becomes more flexible
hence producing a higher permeation rate through the membrane, and therefore the degree of
swelling is essential factors for the dehydration of the alcoholic solutions. The degree of
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crystallinity, the diffusion coefficient of the solvent and the rate of diffusion are the most critical
factors causing the swelling of any polymer [63]. In the present study, the chosen PVA has a
hydrolysis degree 99%+, which means a large number of the O-H groups making powerful hydrogen
bonds. These result in a high swelling degree due to the relaxation in the amorphous region [69].
Figure 8 shows that the single network PVA membrane shows a higher swelling degree, and it is
increasing with higher water content in the feed solution. Although the incorporation of the DN of
PVA inserts more hydrophilic groups to the network, the interaction between the two PVA networks
leads to the elimination of water in the condensation reaction [78]. On the other hand, heat treatment
decreases the number of the hydroxyl group with further sweeping of water, which leads to reducing
the hydrophilicity of the polymer owing to the decrease of the solubility in water and resulting in a
slight reduction in the swelling degree of the DN-PVAs [75]. In contrast, Gohil et al. [69] have
reported a dramatic decrease in the swelling degree of the heat-treated PVA at 140 oC for 90 min
compared to the non-treated PVA, which supports the effect of the second network incorporation.
Besides that, the swelling degree is increasing for both membranes with increasing the feed water
concentration because of the increased affinity of the membrane towards water [76, 94].

125
DN-PVAs

PVA

SD(%)

100
75
50
25
0
5

10

15
20
water content(wt%)

25

Figure 8: Swelling behavior of the DN-PVAs membrane compared to the pristine PVA membrane as a function of
water content in the feed.

3.3.5. Pervaporation experiments
Separation experiments with the pristine PVA membrane are not performed for the same reason that
the swelling degree experiment is not done; that is, the pristine membrane swells quickly, giving
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high flux but very low selectivity. Accordingly, all the pervaporation experiments are completed
using the PVA membrane.
3.3.5.1.

Effect of DN on pervaporation performance/effect of different feed

composition

Generally, the incorporation of the second network strongly affects membrane properties. Fig. 9 (a,
b) summarizes the flux and separation factor data for the pervaporation separation of the
ethanol/water at different ethanol concentrations in the feed mixture at 40°C. Hence, the formation
of the second network of PVA results in a narrow network of the DN-PVAs. Additionally, as a result
of the heat treatment, the affinity of the membrane towards water significantly decreases resulting
in decreasing the water content in the swollen membrane [88]. Thus, the total permeation flux
obtained from the DN-PVAs is lower than that of the PVA membrane. In contrast, the observed
separation factor of the DN-PVAs is the highest due to the narrow network of the DN-PVAs
membrane allowing only water (the smallest molecule size) to penetrate on the contrary to the loose
PVA structure. Additionally, the water plasticization effect of water was reported by Ruckenstein
et al. [70].
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Figure 9: Influence of the DN on the PV performance at 40 °C as a function of feed concentration (a) Total flux,
(b) Separation factor.

Although water has two plasticization behavior self and cross-plasticizing effect. For the waterethanol mixture, the permeation is depending on the self-plasticizing only as reported by Huang et
al.[58]. However, both plasticization behaviors are influenced by the feed concentration and
operating temperature. The results show that increasing the water content results in increasing the
fluxes while the separation factor is decreasing for both membranes. That is attributed to the fact
that increasing the water concentration in the feed will lead to increase self-plasticizing and diminish
the cross- plasticizing action. Therefore, increasing the membrane plasticization due to increasing
the interaction between the water and the membrane. Moreover, the higher water content in the feed
will results in higher swelling in the membrane leading to a consequent increase in the free volume
and the permeation flux with a decrease in the separation factor [95]. For better understandings of
the effect of the feed concentration on the dehydration performance, the individual fluxes for water
and ethanol through DN-PVA at 40°C ethanol in the feed are evaluated.
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Figure 10: Influence of feed concentration on the individual fluxes of water and ethanol at feed temperature 40 oC.

Figure 10 represents the effect of different feed compositions on the individual fluxes of water and
ethanol. As shown, the water flux is 100-fold higher than the ethanol flux, and the total flux
almost coincides with the water flux for every feed composition. This indicates that the
DN-PVA membrane can effectively be used to break the azeotropic point of ethanol-water.
3.3.5.2.

Effect of operating temperature on DN pervaporation performance

The effect of operating temperature on the pervaporation performance of the DN-PVA has been
studied at two different concentrations (85 and 95 wt. % ethanol) at three different temperatures
(40-60°C) and compared with the performance of the single PVA thermally cross-linked membrane.
Figures 11(a, b) and 12(a, b) show the comparison results for the 85 wt. % and 95 wt. % respectively.
From the results, it is observed that for both concentrations, increasing the temperature of the feed
mixture results in increasing the permeation flux for both membranes. This is contributed to that
increasing the temperature is increasing the polymer chain mobility and, consequently, the free
volume [96]. Additionally, higher temperature results in higher driving force across the membrane;
hence the vapor pressure increasing at an elevated temperature while the permeate side pressure is
negligible. Therefore, increasing the fluxes of both membranes and decreasing the separation factor
[77].
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Figure 11: Influence of feed temperature on the pervaporation performance a) Total flux, b) Separation factor of
both PVA and DN-PVAs membranes, Feed composition 85% Ethanol.

Flux (g/m2.h)

300

400

(a)

PVA
DN-PVAs

300

Separation factor

350

250
200

PVA

(b)

DN-PVAs

200

150
100

100

50

0

0
40

50
Temperature ( °C)

60

40

50
Temperature ( °C)

60

Figure 12: Effect of operating temperature on the dehydration performance of 95 wt.%ethanol in the feed, (a)
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However, due to the coalition of the second network of PVA results in a narrow network of the
DN-PVAs. Besides, as a result of the heat treatment, the alliance of membrane towards
water has significantly decreased, resulting in decreasing the water content in the swollen
membrane [88]. Thus, the total permeation flux obtained from the DN-PVAs was lower
comparing to the PVA membrane. On the contrast, the observed separation factor of the DNPVAs is the highest, and that due to the narrow network of the DN-PVAs membrane, which
allows only water (the smallest molecule size) to penetrate compares to the loose PVA
structure.

Additionally, based on the solution-diffusion theory, the slowest step of the

pervaporation process is the diffusion of the permeants through the membrane [77].
However, increasing the temperature leads to thermal agitation because of transition gaps. As a
result, faster diffusion occurs due to the weak interaction between the membrane and the
permeants, thus higher flux and lowers separation factor is obtained.
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However, the water weight fraction in the permeate side is always higher than 97% for all
experiments. This is attributed to the second network of the PVA and the compatibility between the
two networks which inhibits the diffusion of ethanol. For better understandings the individual fluxes
for water and ethanol through both membranes for the 95 wt. % ethanol in the feed were evaluated
and presented in Fig.13.
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Figure 13: Influence of operating temperature on the individual component fluxes for dehydration of 95 wt. %
Ethanol in the feed.

Figure 13, remarkably show that although the water flux for the pristine membrane is higher
compared to the DN-PVAs. However, comparing the ethanol fluxes for both membranes, it is
noticed that the ethanol flux of the DN-PVAs is significantly lower compared to the pristine
membrane. This is assigned to the narrow structure of the DN-PVAs, which provide lower fluxes
but higher selectivity for water. Additionally, for better evaluation to the membrane the intrinsic
properties such as water and ethanol permeance 𝑄𝑖 by dividing equation 2.5 over the thickness of
the membranes and membrane selectivity was investigated from equations 2.6 and represented in
Fig. 14 (a, b, and c) respectively [19].
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Figure 14: Influence of operating temperature on the intrinsic properties of the membrane at 95wt. % ethanol in
the feed, (a) water permeance (b) ethanol permeance, and(c) Selectivity.

The graphs reveal that the selectivity of the DN-PVAs membrane is significantly higher than the
pristine membrane. While ethanol permeance of the pristine membrane is much higher than the DNPVAs membrane. That proves that the interpenetration of the second network increases the water
selectivity of the membrane; however, it decreases the water permeance. The temperature
dependence of permeation and diffusion is appropriately expressed by an Arrhenius type equation
(2.7). The Arrhenius plot of ln J vs. 1000/T for both the PVA and DN-PVAs membrane is shown in
Figures 14&15 (a) for the water and (b) ethanol. From the results shown in Figures, both Jw and JE
have linear behavior indicating that both membranes are following the equation.
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a feed of 85 wt% ethanol
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Figure 16: Arrhenius plots of permeability of (a) water and (b) ethanol through PVA and DN-PVAs membranes at
a feed of 95 wt% ethanol.

Additionally, the activation energy for water and ethanol through both membranes are calculated
from the slope of the plot. The calculated activation energy of permeation for water Epw and ethanol
EpE are presented in Table 2 at feed concentration of 85 wt. % and 95 wt. % ethanol for PVA and
DN-PVAs. From the calculated values, it is recognized that for both membranes at the two feed
concentrations, the water molecules require less energy for penetrating through the membrane, i.e.,
EpE is higher than Epw. Thus, water is more dependent on the change of feed temperature, and the
ethanol adsorption and diffusion through the membrane are inhibited with respect to water.
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Table 2: Activation energies for ethanol and water permeation for both pristine and DN membrane.

Feed concentration
Membrane/Activation Energy

85 wt.%

95 wt.%

DN_PVAs

PVA

DN_PVAs

PVA

EpE ,(KJ/mol)

77.36

97.71

87.11

70.75

EpW ,(KJ/mol)

33.08

36.76

45.52

35.26

Although, DN-PVAs owns a tighter structure, and its total flux is lower than the PVA flux. The Epw
for DN-PVAs for both concentrations is smaller than that of PVA, which indicates that the second
network of the PVA has an essential function in enhancing the water permeation through the
membrane. Additionally, it is observed that increasing the feed concentration led to increasing the
activation energy required for both water and ethanol permeation for the DN-PVAs membrane.
Nevertheless, the value of Epw for DN-PVAs is much lower than of PVA, which indicates even at
higher ethanol concentration, the membrane is facilitating water permeation. On the other hand, the
ethanol activation energy increases by increasing the feed concentration for DN-PVAs, but it is
decreasing for PVA. This is attributed to the higher swelling degree of the PVA membrane in ethanol
solution.
For further evaluation of the fabricated membrane and the effect of temperature on the pervaporation
performance, the temperature dependence of diffusion is also expressed by the Arrhenius equation,
and the sorption heat values (∆Hs) are calculated at a feed concentration of 95 wt. % ethanol. Where
the diffusion coefficients of water and ethanol were calculated using equation (2.8) and presented
in Fig. 17.
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Figure 17: Effect of temperature on diffusion coefficient in pervaporation of 5 wt% H2O in ethanol.
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The results show that, however, the flux of the DN-PVAs is lower than the pristine membrane, yet
the water diffusivity inside the DN-PVAs is higher than through the PVA membrane. This is
contributed to the high affinity of the fabricated membranes towards water compared to the pristine
membrane. Additionally, for both membranes, the ethanol diffusivity is very low compared to that
of water.
Table 3: Activation energies for permeation and diffusion for both pristine and DN membrane.

Parameters

DN-PVAs

PVA
KJ/mol

ED

46.62

40.53

EDE

90.17

75.24

EDW

45.56

39.75

EP

46.07

40.01

EpE

87.11

70.75

EpW

45.52

35.26

∆Hs

-0.56

-0.52

∆HE

-3.06

-4.49

∆HW

-10.31

-4.49

From Table 3, it is noted that the activation energy values for ethanol are remarkably high compared
to those of water (Epw) indicates that the DN-PVAs membrane has a higher separation efficiency
towards the water. That’s why the activation energy values for water permeation and total
permeation (EP) are closed to each other. Additionally, it is noticed that the activation energy needed
for both permeation and diffusion for both water and ethanol are higher for the DN-PVAs compared
to the pristine membrane. This indicates that, however, water requires more energy to pass through
the membrane, but also the ethanol energy is much higher. This is assigned to (1) the narrow and
compact structure of the fabricated DN-PVAs (2) the high affinity of this membrane towards the
water. The negative heat of sorption ∆Hs values indicates that Langmuir’s mode controls the
sorption process.
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3.4.

Conclusions

In this chapter, the thermal crosslinking has applied for DN-PVAs generation efficiently. Using a
scanning

electron

microscope

(SEM),

Fourier

Transform

Infrared

(FT-IR)

spectroscopy investigations, it is determined that the two PVA matrices are compatible with no
phase separation. FT-IR analysis shows that hydrophilicity of the membrane decreases because of
the collaboration of the second thermal crosslinked PVA matrix. Contact angles measurements
support the increasing trend of hydrophobicity for the obtained membranes. The reduction in the
swelling degree of the DN-PVAs confirms the increase in the crystallinity character of the PVA
membranes.
Furthermore, ethanol dehydration performance is improved using DN-PVAs. The pervaporation
dehydration of the water-ethanol mixture is investigated at three different feed compositions
and temperatures. The separation selectivity showed significant improvement while the
permeation flux declines due to the incorporation of the second PVA network compared to the PVA
membrane under 85% & 95% ethanol and at 40 °C. This is discussed due to the narrow network
of the DN-PVAs membrane, which allows only water (the smallest molecule size) to penetrate on
the contrary to the loose PVA structure. Additionally, increasing the feed temperature enhances
Arrhenius
equation
is membrane,
used to investigate
the influence
of operating
on the
the permeability
of the
while decreasing
the water
content in temperature
the feed results
in
pervaporation
increasing the performance.
selectivity. The significantly lower activation energy values obtained for water
permeation as compared to ethanol prove that the membranes developed in this work demonstrate
excellent separation efficiency towards the water. The close magnitudes of Ep and ED indicate that
both permeation and diffusion contribute almost equally to the pervaporation process. The negative
sorption heat values (∆Hs) for the membranes suggest that the sorption process can be controlled
by the Langmuir’s. Concluding that, the collaboration of the second thermal crosslinked PVA
matrix led to approximately doubling the selectivity of the membrane while slightly
declined the permeation flux and at a higher temperature and higher ethanol concentration in
the feed, membranes
the
prepared
are highly selective towards the water with reasonable fluxes values. This
demonstrated better performance of the DN-PVAs membrane compared to those of other PVA
based membranes.
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4. Preparation and characterization of silver nanoparticles-PVA
nanocomposite membranes and their pervaporation performance.
4.1.

Introduction

Pervaporation is a rapidly developing area of chemical engineering. Bio-ethanol is considered to
have huge potential as a green renewable energy source owing to its environmental benefits and its
high efficiency. As reported in chapter 2, pervaporation (PV) is widely used as a liquid separation
process [35, 38, 46]. The type of the membrane and its intrinsic properties are the core of the PV
process to acquire high performance.
Hence, the most used polymeric membranes from poly-vinyl alcohol (PVA) are in a lack of stability
and mechanical strength in aqueous solution due to their swelling phenomena and high crystallinity,
which eventually leads to decreasing water selectivity and dehydration performance [16-18].
In an attempt to inhibit the PVA membranes swelling in the ethanol dehydration process, various
solutions were proposed [67-69].
Nanocomposite membranes gained much attention due to their integrated benefits of the
combination of nano-sized inorganic and polymer materials. Various inorganic nanoparticles were
embedded in the PVA chain to decrease the membrane crystallinity and consequently promote the
flux such as Zeolites [81], silica [31], CNTs[97], graphene and graphene oxide [98, 99].
There are two ways to incorporate nanoparticles into a polymer chain; (i) the physical blending (exsitu) of afore synthesized nanoparticles by using appropriate capping agents to stabilize the
nanoparticles inside the polymeric matrix; (ii) in situ generation of the nanoparticles in the polymer
chain where the polymer chain plays as a stabilizer.
Researchers found that by using the ex-situ method, the nanoparticles tend to slowly aggregate and
challenging to accomplish uniform apportionment in the polymer matrix. In this context, the in situ
method is more advantageous as there is no need for additional capping agents and the ease to
dominate the size of the nanoparticles accomplishing well dispersion [78, 100, 101].
Metal nanoparticles such as (silver, copper, iron, and gold) demonstrate unique chemical, thermal,
electrical, and biological properties, opening fields for several technologies and further scientific
research [102-104]. In the midst of metal nanoparticles, silver nanoparticles attract tremendous
interest in a wide range of applications, and their synthesis follows the colloidal procedure [43, 105].
Ag-PVA nanocomposite is reported to show antibacterial activity against different types of
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bacteria[106, 107], optical properties[108]. Additionally, the incorporation of silver nanoparticles
inside the PVA chain improves the thermal stability, mechanical and electrical properties [100,
109]. Silver nanoparticles represent an auspicious functional filler because of their unique and
tunable properties and their surface Plasmon resonance. Therefore their application is preferred,
including sensors, signal enhancers in surface-enhanced Raman scattering (SERS), and an
antimicrobial agent [43].
Moreover, due to the high optical clarity, easy processability, and reducing the ability of the
alcohol group in the PVA matrix, it has been defined among the best hosting polymer
for silver nanoparticles [109-111]. In this chapter, the in-situ generation of silver nanoparticles
in the PVA matrix is carried out in the absence of reducing agents using two different sets of
concentration. The proposed reaction is based on the hydroxyl groups in the PVA chain, which
act as chelating sites to interact with the silver ions resulting in the reduction of Ag+. Such
chelating forms a stable and tightly packed three-dimensional structure nanocomposite
[110, 112].

The pervaporation performance is investigated by altering the number of silver

nanoparticles loaded to the PVA nanocomposite membranes.

4.2.

Experiments

4.2.1. Membranes preparation
4.2.1.1.

Pristine PVA membrane

Poly (vinyl alcohol) solution of 5 wt% is prepared by dissolving PVA powder in distilled water at
90 OC under stirring condition until a homogeneous solution is formed. The hot solution is filtered
by the glass disc filter in order to remove the non-solved polymer particles. The solution is then
left overnight to release all the air bubbles. For the in-situ crosslinking, 1.5 ml of glutaraldehyde
(25%) is added at 80 °C to the clear homogenous solution and stirred at the same
temperature. The crosslinked solution is left overnight to get rid of effervescent air bubbles. The
resulting solution is then poured into a petri dish and dried in air for 48 h. The dried membrane is
later annealed at 60 °C in an oven for 24 h.
4.2.1.2.

Nanocomposite membranes via thermal reduction

Both sets of the nanocomposite membranes were prepared in one step polyol process reaction via
thermal reduction [107, 110, 112-114]. In brief, different amount of silver nitrate is dissolved
in water and added dropwise to equal amounts of PVA 5% solution. The solution is heated for 1 h
at
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70-80 °C under continuous stirring. The resulting solutions have yellow to brownish-yellow color
according to the different concentrations, which proves the in-situ generation of the silver
nanoparticle AgNPs. To break the aggregated silver nanoparticles forming the solutions are
subjected to an ultrasonic bath with a fixed frequency of 35 kHz for 45 min. The solutions are cooled
down under ambient conditions and left overnight to get rid of air bubbles. The solutions are then
poured into clean Petri dishes. The membranes are dried by annealing in the oven at 40 °C for 3hr
after totally dried at room temperature for 3 days. In the absence of any reducing agents, a one-step
polyol process reaction is used to prepare silver nanoparticles–Poly (vinyl alcohol) nanocomposite
membrane. For the first set of nanocomposites, 0.025,0.05,0.1, 0.2 gram of AgNO3 is dissolved in
5 ml of water and added to 20 ml of PVA solution, so the final silver nitrate concentration in 25 ml
total solution would be 0.1%, 0.2 %, 0.4%, and 0.8 %, and the five different samples are named
according to the Ag concentration M0, M1, M2, M4, M8 for the virgin PVA membrane, 0.1% Ag,
0.2% Ag, 0.4% Ag and 0.8%Ag respectively. While, the second set have final concentrations of
silver nitrate corresponding to PVA amount, i.e., 0.025, 0.05, 0.075, 0.1 and 0.125 gram of AgNO3
is dissolved in 10 ml of water and added to 90 ml of 5 wt. % PVA solution. Consequently, the final
concentration of silver nitrate concerning PVA is 0.5, 1, 1.5, 2, and 2.5 wt. % and the membrane
assigned according to that as M0.5, M1, M1.5, M2, and M2.5. The possible formation reaction of
Ag nanoparticles with the PVA matrix is simplified schematically shown in Scheme 1 based on the
chelating process proposed earlier by Huang et al.[115] and also by Zidan [116].

Scheme 1: The possible formation reaction of Ag nanoparticles and their chelation [113].

4.2.2. Characterization of the prepared membranes and pervaporation experiments
In this chapter, UV-Visible Absorbance Spectroscopy, Fourier Transform Infrared Spectroscopy
(FTIR), X-Ray diffraction, Thermogravimetric analysis (TGA), Scanning electron microscope
(SEM), swelling degree measurements and water adsorption analysis are used for the
characterization of the prepared membranes. The pervaporation experiments and the process
performance is following section 2.6.2, and the permeate pressure was at 4 torrs (5.4 mbar).
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4.3.

Result and discussion

4.3.1. Ultraviolet-visible absorbance spectroscopy
UV–vis spectroscopy absorption spectra are proved to be quite sensitive to the formation of silver
colloids because silver nanoparticles exhibit an intense absorption peak due to the Surface Plasmon
excitation. As mentioned before, all the membranes are characterized in the range of 300-900 nm.
Figure 18 shows the absorption spectra for the pristine PVA membrane and nanocomposite
membranes. It is perceived that except for the PVA original membrane (M0), all the other
membranes show a peak at around 419 nm, which proves the in-situ generation of silver
nanoparticles. On the other hand, Plasmon peak at (400 nm - 420 nm) is typical for silver
nanoparticles [109, 110, 117].
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Figure 18: UV-Vis absorption of virgin PVA membrane M0 and nanocomposite membranes of (a) Set 1 (b) Set 2,
respectively.

Evidently, the absorbance intensity is increasing in conjunction with increasing silver content, and
it is higher for set 1 compared to set 2, due to the high concentration. The results from the UV-Vis
are well observed from the color difference between the PVA virgin membrane M0 and the
nanocomposite membranes, in which the color changed from transparent to light yellow to
yellowish-brown with increasing silver content as shown in Figure 19.
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Figure 19: Photographs of the pristine PVA and AgNPs- PVA nanocomposites membranes.

4.3.2. Scanning Electron Microscope
The photograph results from analyzing the surface of the Pristine PVA membrane, and both sets of
the nanocomposite membranes with different silver content are shown in Figure 20 and Figure 21
for sets 1 and 2, respectively. The images certainly manifest the existence of the silver nanoparticle
in the PVA matrix and homogenous distribution of the nanoparticles all through the nanocomposite
films. Additionally, excellent compatibility between PVA and the nanoparticles is indicated from
the defects free and uniform surface.

Figure 20: SEM photographs of PVA and its AgNPs incorporated composite films a surface view
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Besides, Fig.20 also shows that the nanoparticles are on the membrane's surfaces, and increasing
the concentration leads to divergence of silver nanoparticles more and more on the surface as well
as in the bulk PVA matrix. Additionally, it clarifies that at higher Ag+ content M4 and M8, the size
of the nanoparticles is much bigger, and the level of agglomeration between the nanoparticles is
higher compared to M1 and M2. While for set 2, Fig. 21 shows that for almost all the concentrations,
the nanoparticles are embedded inside the membranes.
Additionally, it is also noticed, at a low concentration of AgNO3 load, the generated particles are in
a uniform degree. While increasing the Ag+ content, the number of produced particles is also
increasing and leads to the decrease of the particle size, resulting in a variable degree of the particle
size and agglomeration between the nanoparticles as it is shown clearly in pictures M1.5, M2, and
M2.5. Nevertheless, AgNPs are observed on the surface of the membranes at a higher concentration
of silver nitrate added.
Set 1 shows a higher concentration of the silver nanoparticles on the surface, which may be weakly
attached to the membrane and can affect the pervaporation process.
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Figure 21: SEM photographs of PVA and Set 2 AgNPs-PVA nanocomposite membranes.

4.3.3. Thermal analysis
Hence, introducing nanoparticles can notably impact the thermal stability of PVA nanocomposite
membranes [118-120], the thermal stability of the pristine membrane and AgNPs nanocomposite
membranes are investigated by thermogravimetric analysis (TGA) in a nitrogen atmosphere.
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Figure 22: TGA for Pristine PVA and AgNPs nanocomposites membranes Set 1 (A) and Set 2 (B).

The obtained results from TGA for the pristine PVA and the nanocomposites membranes are plotted
in Figure 22. Evidentially, for both sets, the weight losses appeared in three stages in both nitrogen
and oxygen atmospheres. The first forfeiture is approximately at 10 % of the weight due to
physically absorbed water at around 100 °C, while the second failure between 200 – 370 °C is
different depending on the decomposition of the side chain of PVA [37, 47]. Finally, the third
thermal degradation between 380 and 500 °C is attributed to the decomposition of the carbonated
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residue, such as the backbone of PVA and glutaraldehyde that are the same for both media [121,
122]. The main feature which can be obtained from the TGA analysis is the degradation temperature
and the residual weight of the nanocomposite films. The difference between the two sets is observed
in Fig.22 (A) for set 1 and Fig.22 (B) set 2. For set 2, the curves represent a higher slope for the
decomposition of the PVA chain, and the curves imply broadening, especially at the higher
concentration membrane. However, the weight residue for set 1 is higher than set 2 for all
concentrations. However, the thermal degradation for set 2 is shifted to higher temperatures
compared to the virgin PVA membrane, and this feature is continued with increasing the silver
content. This can be due to partial dehydration of the PVA and the polyene formation followed by
its decomposition and the creation of the macroradicals and the final destruction at around 380 °C
[118, 123]. For example, the degradation temperature for 30% weight loss is shifted from 297°C to
314.35 °C from M8 (higher concentration set 1) to M2.5 (higher concentration set 2), respectively.
This is due to the reduction in the chain mobility after silver collaboration, which leads to restrain
the chain transfer reaction and slow the degradation process. Hence, the nanoparticles are totally
embedded in the chain polymer in the case of set 2; this accordingly increases the decomposition
[109].
4.3.4. FTIR analysis
The FTIR spectra of the pristine PVA membrane and the different silver nanoparticles
nanocomposite membranes are performed, and the results are shown in Figure 23. The observed
spectra are indicating that all the membranes display a characteristic band around 3300 cm -1,
attributed to the –OH group stretching [69, 76, 91]. Additionally, a narrow peak band is observed at
about 2950 cm-1 due to the C-H stretching vibration and multiple characteristic bands of pure PVA,
These are at 1400, 1150 and 845 cm-1 and belong to CH symmetric bending of CH2, C-O stretching
and CH rocking of PVA respectively [69, 76, 124, 125]. It is distinguished that after silver
nanoparticles generation, there are some detectable changes in the characteristic -OH group intensity
band other than the difference in the intensities of some absorption bands, and these changes
introduce new bands. Due to the interaction between silver nanoparticles and –OH group of PVA
matrix, for the M0.5, the intensity of –OH band shows a noticeable increase compared to M0.
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Figure 23: FTIR spectra of Pristine PVA and AgNPs nanocomposite membranes.

Increasing the silver nanoparticles content in the PVA matrix from M0.5 to M2.5 leads to the
increase of the–OH band intensity. This result approves increasing hydrophilicity of the polymeric
membrane as a result of the presence of silver nanoparticles [121, 126]. Furthermore, increasing
the intensity of the vibrational bands between 1150 and 650 cm-1 shows a notable new band at
around 660 cm-1 that could belong to the interaction between the Ag and PVA matrix resulting in
hydrogen bond [121, 122, 125]. By the same token, developing AgNPs in the PVA matrix
increases the spectrum in the range of 1500 to 1700 cm-1. This could be due to the broken chain of
the C-H bond in CH2 and the new interactions generated in the polymer matrix [127].
4.3.5. X-ray diffraction analysis
The degree of crystallinity of pristine PVA membrane and AgNPs nanocomposites membranes is
examined by XRD analysis, and the results are shown in Figure 24. In Fig. 24 reveal a sharp
diffraction peak around 19.5 is observed for all the membranes, which indicates the crystalline
phase of the PVA chain [128, 129]. Furthermore, two more peaks at 2Ɵ around 38.1° and 44.1° are
observed which respectively identify the (1 1 1) and (2 0 0) in the face-centered cubic
crystallographic planes for the metallic silver- The intensity of those peaks rises, however,
concurrently with the silver content [128, 130].
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On the other hand, increasing silver content in the membranes from M0.5 to M2.5 leads to a decrease
in the intensity of these peaks. These results demonstrate the decrease of the membrane's
crystallinity contemporaneously with the generation of silver nanoparticles, and this behavior is
prevalent with increasing silver content in the membrane. Additionally, it points out the successful
in-situ production of the silver nanoparticles in the PVA chain via thermal reduction.
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Figure 24: X-ray diffraction patterns of pristine PVA and AgNPs-PVA nanocomposites membranes.

4.3.6. Swelling studies and water uptake
Silver nanoparticles on the surface of Set 1 nanocomposite membranes were not stable enough and
detached from the membranes in water and ethanol-water system. Therefore, the swelling degree
experiments are done for set 2 only. Accordingly, for the same reasons, all the
pervaporation experiments are completed using set 2 membranes.
The membrane degree of swelling assumes an essential part of dehydration by the
pervaporation process. The degree of crystallinity, the diffusion coefficient of the solvent, and the
rate of diffusion are the most critical factors that cause swelling of any polymer [63]. The plots 25
A and B show the increase of both the amount of water adsorbed and the swelling degree
concomitantly with increasing the silver nanoparticles content, respectively. This indicates that the
in-situ generation of silver nanoparticles in the PVA matrix increases the membrane affinity
toward water due to the interaction of - OH groups with the AgNPs and the formation of
hydrogen bonds [69]. Additionally,
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it manifests that the crystalline region of the PVA matrix is adequately retracted, and the PVA
crystallinity is decreased [118]. This elicits the upgrade of the membrane hydrophilicity upon the
implantation of AgNPs [131]. This result is consistent with the analysis of the FTIR study results.
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Figure 25: Effect of silver nanoparticle content on the amount of water absorbed (A) and on the degree of swelling
of PVA membrane in 10 % water feed solution at 30 °C (B).

Figure 26 demonstrates the influence of the feed composition on the PVA and AgNPs
nanocomposite membranes. The results exhibit that the swelling degree is increasing for all
membranes with increasing the water content in the feed indicating the increment of the membrane
affinity towards water [76, 94]. The obtained results show the strong interaction between the silver
nanoparticles and water molecules.
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Figure 26: Influence of feed composition on the swelling degree of PVA and AgNPs nanocomposite membranes at
30 °C.

4.3.7. Pervaporation performance
4.3.7.1.

Influence of silver nanoparticles content

Figure 27 defines the impact of the silver nanoparticles on the total permeation flux and the
separation factor of the PVA membrane at 10 wt% water in the feed and 40°C operating temperature.
The overall flux shows a systematic increase upon the generation of the Ag nanoparticles in the
nanocomposite membrane, and the trend continues with increasing silver nanoparticle content in the
membrane. On the contrary, the separation factor decreases to around its half value consequent to
the incorporation of AgNPs However, at a higher concentration of silver nanoparticles, the
separation factor shows stable values. This phenomenon is a merit of the augmentation in the
permeation flux. It is because of the loading of the silver nanoparticles in the PVA matrix that
enhances the affinity of the nanocomposite membranes towards the water with their improved
hydrophilicity [132]. Furthermore, reducing the crystallinity of the membranes and the relaxation
of the amorphous region upon the in-situ generation of the Ag nanoparticles promote the permeation
flux of the AgNPs nanocomposites membranes for both water and ethanol while decreasing the
separation factor of water [69, 100].
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Figure 27: Variation of total flux and separation factor with different Ag nanoparticles concentration at 10 %
water in the feed solution at 40 °C.

Additionally, increasing the silver nanoparticle content can lead to agglomeration, which can result
in a possible defect in the PVA membrane. Therefore, the further increase of the silver nanoparticle
helps to the permeation flux and decreases the separation factor but only until a limit. These results
are very well supported by FTIR, SEM, and swelling degree studies. To assess the membrane
efficiency and the effect of different silver nanoparticle concentration on the pervaporation
performance of the nanocomposite membranes, the individual fluxes of ethanol and water in a
function of the silver nanoparticle content are plotted in Figure 28.
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Figure 28: Variation of total flux and individual fluxes of water and ethanol as a function of silver nanoparticles
content at 10 wt% of the water in the feed at 40 °C.

It clearly demonstrates that the water flux and the total flux are very close to each other and
increasing synchronously with the silver content. Whereas the ethanol flux is entirely negligible yet
and it slightly increases with the higher silver content showing a good separation factor of our
membrane.
4.3.7.2.

Effect of feed composition

The water content in the feed mixture shows a significant impact on membrane performance in the
pervaporation process. Thus, pervaporation study at different water content in the feed for the
pristine PVA and AgNPs nanocomposite membranes is carried out and results are plotted in Figures
29 and 30. The dehydration separation processes are accomplished for feed composition ranging
from 75-90 wt% of ethanol at 40 °C. It is found that the total flux is increasing for all the membranes
with an increase in the water content of the feed.
18
16

Flux X 102 (Kg/m2.h)

14
12

M0

10

M0.5
M1

8

M1.5

6

M2

4

M2.5

2
0
10

15

25

Water Content (mass %)
Figure 29: Total Flux of PVA and AgNPs nanocomposites membranes for different feed compositions at 40 °C.

Two reasons for this phenomenon (i) since water is a sufficient plasticizer for the PVA increasing
the water content will boost the interaction between the water molecules and the membrane [70],
(ii) higher water concentration will increase the swelling degree of the membrane, which enhances
the mobility of the polymer chain and then expanding the chain spacing producing free volume hole
in the PVA matrix [95, 120]. These result in facilitating mass transfer for ethanol and water through
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the membrane and thus increasing the permeation flux while decreasing the separation selectivity
of the membrane [133].
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Figure 30: Selectivity of PVA and AgNPs nanocomposites membranes for different feed compositions at 40 °C.

4.3.7.3.

Effect of operating temperature

The operating temperature has a significant impact on the physical and chemical properties of both
the membrane and the feed solution. Thus, to study the effect of temperature on the pervaporation
process is investigated in the range of 40-60 °C at 15 wt% water. The results show that the fluxes
for all membranes are enhanced as the temperature increases. Two reasons for this behavior: (i) as
the temperature of the feed solution increases, the free volume in the polymeric chain is rising, and
also change in the amorphous region structure can happen [96]. This leads to an increase in the
penetration of both permeating molecules through the membrane, therefore higher permeation flux
will be obtained, (ii) as the pervaporation process is well defined by the solution-diffusion theory
then as the temperature increases the transport of driving force increases as well, due to the
increasing difference between the feed side and the permeate side vapor pressures [77]. Thus,
because of the aforementioned reasons, the membrane selectivity will decrease with increasing
permeation flux. The effect of operating temperature on pervaporation properties for ethanol/water
mixtures at 15 mass% of the water in the feed is shown in Fig. 31(A) and (B).
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Figure 31: Influence of feed temperature on Pervaporation performance (A) Permeation fluxes, (B) Separation
factors.

Additionally, according to Baker et al. [19], permeance and selectivity are more suitable to
understand the real membrane intrinsic properties, as shown in Fig. 32(A) and (B). Permeances of
water and ethanol are calculated by dividing equation 2.5 by the average thickness of the
membranes, while selectively is calculated using equation 2.6.
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Figure 32: Effect of silver content and operating temperature on water and ethanol permeance (A) Pervaporation
selectivity (B) at 15% mass of water in the feed.

The temperature dependence of permeation and diffusion is appropriately expressed by an Arrhenius
type equation 2.7. Arrhenius plots for temperature dependence on permeation flux and diffusion are
shown in Fig. 33(A) and (B), respectively.
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Figure 33: Variation of log J (A), log D (B) with temperature for PVA, and Ag-PVA nanocomposites composite
membranes at 15 mass% of the water in the feed.

Where the diffusion coefficients are calculated by using equation 2.8 and 2.9. It clear that there is a
linear trend for both permeation flux and diffusion. From the least-squares fits of these linear plots,
we can estimate the activation energies for total permeation (Ep) and total diffusion (ED). Similarly,
the activation energies for permeation of water (Epw) and ethanol (EpE), and diffusion of water (EDw)
are estimated. The results are presented in Table 4. The heat of sorption is calculated using the
values of activation energy from Table 4 by [87]

4.1

𝜟𝑯𝒔 = 𝑬𝒑 − 𝑬𝑫

Table 4: Arrhenius Activation Parameters for Permeation and Diffusion and heat of sorption

Membranes/Activation Energy (KJ/mol)

Parameters
M0

M0.5

M1

M1.5

M2

M2.5

EP

11.33

6.14

5.08

5.28

5.10

5.28

Epw

11.25

6.02

4.72

4.79

4.23

4.71

EpE

12.49

7.48

8.40

9.17

11.54

8.44

ED

11.41

6.25

5.37

5.72

5.82

5.77

EDW

11.16

6.08

5.01

5.24

4.95

5.20

∆Hs

-0.08

-0.11

-0.29

-0.44

-0.72

-0.49

∆Hw

0.09

-0.06

-0.29

-0.44

-0.72

-0.49

From Table 4, it is observed that the activation energy values of water (Epw) are apparently lower
than those of ethanol (EpE), suggesting that membranes developed here have higher separation
efficiency towards the water. Additionally, the activation energy values for water permeation and
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total permeation (EP) are closed to each other. It is also noticed that as the silver content is increased
in membrane M0.5 to M2.5, the difference between the water and total permeation values also
increases, indicating that the selectivity of the membranes decreases with increasing silver content.
However, the activation energy of both permeation (EP) and diffusion(ED) are decreasing with
increasing the silver content, but they are close to each other, indicating that both permeation and
diffusion contribute almost equally to the pervaporation process. The negative heat of sorption ∆Hs
values indicates that Langmuir’s mode controls the sorption process.
Additionally, the effect of temperature on the diffusion coefficient of both water and ethanol of 15
wt% H2O in ethanol are evaluated and presented in Table 5.
Table 5: Effects of temperature on diffusion coefficient in pervaporation of 15 wt% H 2O in ethanol

D Water (x10^10 m2/s)
T [°C]

M0

M0.5

M1

M1.5

M2

M2.5

40

0.893

1.755

1.96

2.056

2.135

2.192

50

1.29

2.009

2.093

2.29

2.38

2.386

60

1.613

2.433

2.563

2.718

2.779

2.894

D Ethanol (x10^10 m2/s)
T [°C]

M0

M0.5

M1

M1.5

M2

M2.5

40

0.062

0.145

0.192

0.228

0.237

0.317

50

0.094

0.179

0.237

0.31

0.346

0.392

60

0.119

0.217

0.305

0.38

0.454

0.52

It is observed that the diffusion coefficients of water and ethanol are increasing, with increasing the
silver content and the temperature of the feed. However, compared to water, the magnitude of
diffusion coefficients of ethanol is negligible, but it slightly increases with the silver content. This
suggests that the elaborated membranes are highly selective towards the water.

4.4.

Conclusions

In this study, two sets of nanocomposite membranes are prepared with the in-situ generation of
silver nanoparticles in a crosslinked PVA matrix at five different concentrations. The silver
nanoparticles prove to act as a hydrophilic filler agent facilitating the ethanol dehydration
pervaporation process. UV-vis, SEM, XRD, and FTIR confirm the formation of the silver
nanoparticles and their interaction with the PVA matrix. The silver nanoparticles are well dispersed
and generated in the PVA matrix during the preparation of the nanocomposite membranes. The
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membrane hydrophilicity is significantly improved by the addition of the silver nanoparticles, which
distinctly appears in the FTIR and swelling measurement analyses.
Swelling measurements and the pervaporation experiments are performed using set 2. The
dehydration of the water-ethanol mixture is investigated at three different feed compositions and
three different temperatures, respectively. The permeation fluxes show a simultaneous increase with
the higher silver nanoparticle loading level. While the separation selectivity slightly decreased.
Below 90 wt% ethanol and at 40 °C the measured flux and separation factor values of M2.5 are
12.67 *10-2 Kg/m2.h and 43.6, respectively, showing better performance than those of the pristine
PVA. However, an anti-trade off phenomenon is observed between the permeation flux and the
separation factor at increasing operating temperature values in the dehydration process by using the
AgNPs-PVA membranes. The experimental data show that the total flux and water flux are close to
each other for all the membranes concluding that the prepared membranes are highly selective
towards the water. On the other hand, the higher water content in the feed solution results in higher
fluxes than other membrane types; nevertheless, the separation factor values show stable values at
higher AgPNs concentration. This phenomenon means a significant improvement compared to the
pristine PVA membrane underlining the importance of the application of silver nanoparticles.
The influence of the feed temperature on the pervaporation data of water-ethanol mixtures
of 15% mass water in the feed at three different temperatures is applied to study and evaluate the
Ag-PVA nanocomposite membranes. Operating temperature shows a significant effect on the
permeation flux and membrane selectivity, hence it directly proportional to the flux and inversely
proportional to the selectivity. The significantly lower activation energy values obtained for water
permeation as compared to ethanol prove that the membranes developed in this work demonstrate
excellent separation efficiency towards the water. The close magnitudes of Ep and ED indicate that
both permeation and diffusion contribute almost equally to the pervaporation process. The negative
sorption heat values (∆Hs) for the membranes suggest that Langmuir’s theory controls the sorption
process.
Based on my work, it is concluded that at a higher temperature and higher ethanol
concentration in the feed that the prepared membranes show improved selectivity values towards
the water. Our AgNPs-PVA membranes demonstrate better performance compared to those of other
PVA-based nanocomposite membranes. Therefore our membrane can be recommended at the
development phase of pervaporation and considered at chemical engineering design.
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5. Preparation and Characterization of novel PVA /glutaraldehyde
/Laponite XLG mixed matrix membranes for water desalination
via pervaporation.
5.1.

Introduction

Freshwater scarcity has materialized a severe threat to human livings and social developments.
Therefore, it is necessary to find engineering solutions to provide fresh water in many water-limited
areas [7, 8]. One of the most effective methods to produce freshwater from saltwater, such as
brackish water and seawater, is desalination technology [9]. Currently, RO is considered the
dominant method for desalinating used for about 60 % of the world desalination capacity. In addition
to the high pressure and several pretreatment processes required for RO as well as the
incompatibility for high salinity feeds and the fouling issues, RO desalination by-product such as
high concentrated solution has classified as threat waste to the environment and ecological life
especially when it goes back to the ocean [134].
In recent years, pervaporation (PV) has become an appealing alternative for dealing with highsaline water and having the ability to resist certain types of fouling. [12]. PV is reported as a
prospective membrane process desalination due to its potential in energy efficiency and feasibility
in handling high salinity water [13-15].
Pervaporation (PV) has primarily reported for liquid separation [35, 38, 46]. The mass
transport process in PV is based on the widely-accepted solution-diffusion model [79]. According
to the solution-diffusion model for PV desalination and owing to the non-volatility of salt in the
feed, using a pervaporation membrane can achieve high salt rejection as well as the rejection of
volatile organics granting highly pure water production[55].
Hydrophilic dense polymeric membranes with high solubility of water are considered the most
ideal for the pervaporation desalination process such as cellulose [135], polyether amide [14],
poly(ether-block-amide) (PEBA) [136], and poly(vinyl alcohol) [15, 137, 138]. Although these
membranes achieve high ion rejection, the reported water fluxes are commonly low and still need
improvement for PV desalination. Moreover, the instability and the low mechanical strength in hot
water due to the high hydrophilicity, inhibit the potential application of PV in desalination. Recently,
mixed matrix membranes attract considerable interest in the pervaporation process due to their
remarkable advantages of both polymer and inorganic materials. After recognizing these combined
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advantages, different researchers developed MMMs for pervaporation desalination such as
PVA/silica [55], GO/CS [85], and PVA/PVDF/GO [139].
Poly (vinyl alcohol) (PVA) is widely used for the pervaporation process owing to its advantages
[69, 76, 91]. Recently, PVA-nanoclays are well-established components for the pervaporation
separation process. The commonly used nanoclays are clinoptilolite, montmorillonite, and Bentonite
[140-142]. Laponite is a synthetic nanoclay consisting of a layered structure with 30 nm diameter
and 1 nm in thickness with empirical formula Na+0.7[(Mg5.5Li0.3) Si8 O20 (OH) 4] −0.7 as shown in
Figure 34 and considered as belonging to semetic clay family. Laponite clay has significant
properties such as high biocompatibility, anisotropic, and a large surface area along with its
excellent ability for cationic exchange. Although Laponite clay is a well-established component for
drug delivery, tissue engineering, and wound healing applications [143-145]. Additionally, Laponite
clay is highly hydrophilic and exfoliates easily in water and has been widely used in the synthesis
of mechanically strong nanocomposite polymers as it also has the ability to enhance the physical
properties of hydrogels [146-149]. However, to the best of the author’s knowledge, no researchers
have studied so far the effect of Laponite clay on pervaporation performance.
In this chapter, we demonstrated that a new pervaporation membrane based on PVA/ GA /
Laponite XLG is fabricated by a simple exfoliation method. The kinetic desorption method has been
applied to investigate salt transport properties. In addition to observing the influence of Laponite on
the thermal and mechanical stability of PVA membranes, the effect of Laponite content and salt
solution concentration on the desalination performance of all membranes are discussed at 40°C. The
effect of feed temperature on the performance membrane discussed compared to the pristine
membrane when desalinating 3 and 10 wt. % NaCl solutions. Additionally, the performance of
2wt% Laponite membrane (which achieved higher flux) and 7 wt% Laponite membranes (which
achieved the highest rejection) examined when desalinating 5 wt% NaCl solution (representative of
RO by-product solution).
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Figure 34: Chemical structure of synthesis Laponite nanoclay (from southern clay products product information
website).

5.2. Experimental
5.2.1. Fabrication of MMMs
A certain amount of PVA powder was dissolved in deionized water under robust stirring at 90 °C
to obtain a clear homogeneous solution. In separate flask certain mass of Laponite XLG was
dispersed in 10 ml of deionized water by sonication for 3 h to get a clear solution, indicating good
dispersion of the nanofiller. The PVA solution was mixed with the above suspension to obtain a 5%
PVA casting solution with different concentrations of Laponite XLG (0, 2 wt%, 5 wt%, 7 wt%, and
10 wt% of Laponite with respect to the dry polymer weight). After being stirred for 24 h in situ
cross-linking is done by adding a certain amount of glutaraldehyde and the solution pH is adjusted
with 37% HCl solution, and the system is vigorously stirred for 3-5 min. Then final solutions were
cast onto Petri dishes and totally dried at room temperature. After annealing for 3 h in an oven at
40°C, the PVA membrane and the PVA-Laponite membranes ae picked up and are designated as
PVA, PVA-Lap2, PVA-Lap5, PVA-Lap7, and PVA-Lap10 corresponding to the Laponite XLG
content as mentioned above. The thickness of pristine PVA and PVA/ Laponite mixed matrix
membranes was measured at different points across the membrane using a thickness gauge and
confirmed by SEM measurements in the range of 120-160 μm. The different possibilities for the
production of the PVA-Laponite nanoclay nanocomposite membrane are shown in figure 35.
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Figure 35: Possible routes for the production of PVA-Laponite nanocomposite membranes.

5.2.2. Characterization of Laponite powder and PVA-Laponite MMMs
In order to characterize the nanoclay powder and the fabricated membranes, the following analyses
are used: X-ray diffraction, scanning electron microscope, Fourier Transform Infrared spectroscopy,
Thermogravimetric analysis (TGA), contact angle measurements, water uptake, and Mechanical
properties.
5.2.3. Pervaporation experiment
The pervaporation desalination performance of the PVA and PVA-Lap MMMs was studied
following section 2.6.2 using a permeate pressure of 6 torrs. For pervaporation desalination, water
flux and salt rejection were adopted to investigate membrane desalination performance. The salt
rejection (R) was determined from the concentration of the feed (𝐶𝑓 ) and the permeate (𝐶𝑝 ) which
were calculated from the measured conductivity using an electrical conductivity meter (Mettler
Toledo FiveEasy) using the following equation:

𝑹=

𝑪𝒇 −𝑪𝒑
𝑪𝒇

5.1

× 𝟏𝟎𝟎%

5.2.4. Salt transport properties

Salt transport properties play Pivotal functions for evaluating the performance of the desalination
membrane. Salt transport properties of crosslinked PVA and PVA-Laponite MMMs are determined
using a kinetic desorption technique in terms of NaCl diffusivity, 𝐷𝑠 [150, 151]. First, the membrane
with a known thickness was immersed in 50 ml of 5 wt% NaCl aqueous solution at room temperature
for 48 h to make sure that the membrane is in an equilibrium of NaCl and then removed, followed
by wiping off. Then the membrane was quickly placed in a beaker with 50 mL of DI water and
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continuously stirred at 600 rpm. The conductivity of the solution was monitored using a conductivity
meter and recorded at 5 sec interval at room temperature, and using a standard curve of NaCl
concentration with conductivity, the values are converted to NaCl concentration. Desperation
experiment results are correlated to the Fickian diffusion model by which the diffusivity 𝐷𝑠 (cm2/s)
of NaCl in the membrane was obtained by plotting (Mt/M∞) vs. t1/2 [86, 150, 151]

𝑫𝒔 =

𝝅×𝒍𝟐
𝟏𝟔

𝟐
𝑴
𝒅( 𝒕⁄𝑴 )
∞
[
]
⁄
𝟏
𝟐
𝒅(𝒕 )

5.2

Where 𝑙 is the average membrane thickness, Mt is NaCl amount in the solution at t moment during
desorption, and M∞ is the total mass of NaCl desorbed during the desorption experiment.
5.2.4.1.

Salt solubility of membrane

The salt (NaCl) solubility, also named as sorption or partition coefficient (𝐾𝑠 ), is defined as the ratio
of the volumetric concentration of NaCl in the membrane to the original solution concentration (i.e.,
5 wt %), which is described as follows [152, 153]:

𝑲𝒔 =

𝒈 𝑵𝒂𝑪𝒍(𝑴∞ )/𝒄𝒎𝟑 𝒎𝒆𝒎𝒃𝒓𝒂𝒏𝒆

5.3

𝒈 𝑵𝒂𝑪𝒍/𝒄𝒎𝟑 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏
5.2.4.2.

Salt permeability of the membrane

According to the solution-diffusion model, NaCl permeability, 𝑃𝑠 (cm2/s) is defined as the
product of 𝐷𝑠 and 𝐾𝑠 [154, 155]:

5.4

𝑷𝒔 = 𝑫𝒔 × 𝑲𝒔
5.2.5. Water/salt permeation selectivity of the membrane

The membrane selectivity is defined as the ratio of water permeability coefficient (𝑃𝑤 ) to that of
salt (𝑃𝑠 ) and it can be adopted for membrane evaluation for the inherent capability of membrane
for water/salt separation, and this is expressed using the equation [152] :

𝜶𝒘⁄𝒔 =

𝑷𝒘

5.5

𝑷𝒔
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5.2.5.1.

Water permeability of the membrane

The solution-diffusion mechanism is used to describe water transport in PV desalination
membranes. According to the model when applying a suitable vacuum in the permeate side, the
water flux can be consistent with the concentration in the feed side (𝐶𝑤𝑓 , g/cm3), permeability (𝑃𝑤 ,
cm2/s) of the specific component, and the thickness of the membrane (𝛿, cm) in theory [156, 157]:

𝑱𝒊 =

𝑫𝒊 𝑲𝒊
𝜹

5.6

𝑪𝒊𝒇

From Eq. (5.4 and 5.6) the water permeability coefficient, 𝑃𝑤 can be obtained from PV desalination
water flux with pure water as feed as follows [10, 157] :

𝑷𝒘 =

𝑱𝒘 𝜹

5.7

𝑪𝒘𝒇

5.3. Results

and discussion

5.3.1. Characterization of Laponite powder and PVA-Laponite MMMs.
5.3.1.1.

XRD

The XRD patterns in Fig.36 show the degree of crystallinity of the Laponite XLG powder, neat
PVA membrane, and PVA-Laponite MMMs. For the pristine PVA membrane, a sharp diffraction
peak around 2𝜃 = 19.5° is observed, which represents the typical crystalline phase of the PVA
chain [129]. The XRD profile of powder Laponite XLG manifests a broad pattern designates the
low crystallinity and the small particle size. Sharp peaks are present at values of 19.8°, 35.3°, and
60.8° corresponding to (100), (110), and (300) crystal planes, respectively and a wide broad peak at
27.5◦ represent the (005) plane and these were reported also in previous papers [144, 147]. By
comparison, the pattern of PVA-Lap2 MMMs shows an absence of clear diffraction peaks
between 2𝜃 = 20 − 65°. The sharp peak at 19.5° was also significantly weakened after the
exfoliation of Laponite clay. This demonstrates that the exfoliated Laponite XLG platelets are
individually well dispersed in the PVA matrix, and the polymer matrix is completely interpolated
with it forming a compatible nanocomposite [158-160]. However, increasing the Laponite content
to 10% in PVA-Lap10 led to a narrow peak at 2𝜃 = 31.8° which could indicate the possibility of
intercalation or phase separation.
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Figure 36: XRD patterns of Laponite XLG powders, pristine PVA, and PVA-Laponite mixed matrix membranes.

5.3.1.2.

SEM

As observed in the SEM image, the surface micrograph in Fig. 37b represents the smooth and
dense PVA pristine membrane. The surface and cross-sectional SEM images of PVA-Lap2 and
PVA-Lap10 are shown in Fig. 37(c, d) and (e, f), respectively. As can be seen, the SEM images of
the MMMs surface Fig.37 (c, e) confirm that Laponite is homogeneously dispersed within the PVA
matrix without any cracks or voids around the clay. However, compared to the pristine PVA, the
surface of PVA-Laponite membranes appear rough and denser. The cross-section of the PVA-Lap2
Fig.37 (d) displays uniform and homogenous dispersion of the clay in the polymer matrix, indicating
the perfect exfoliation process. Incorporation of more nanoplatelets, PVA-Lap10, resulted in some
agglomerations on the surface in addition to increasing the surface roughness Fig. 37(e). Moreover,
when the clay loading reached 10 wt%, the clay was inclined to assemble, forming a separated layer
intercalated with the polymeric matrix, which might affect the mechanical properties and
pervaporation performance of the membranes. These results are consistent with the analysis of XRD
patterns.
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Figure 37: SEM images of Laponite powder (a) pristine PVA (b) surface and cross-section of (c, d) PVA-Lap2, (e,
f) PVA-Lap10 membranes.

5.3.1.3.

FTIR

A simple scheme showing the possible interaction between PVA and Laponite XLG to form MMMs
is seen in Scheme 2. The FT-IR spectra of Laponite XLG powder, pristine PVA, and PVA-Lap2
MMMs are depicted in Fig.38. The Laponite spectrum showed a multicomponent wide band
between 3700 and 3000 cm-1, which was assigned to the stretching and bending of surface hydroxyl
groups (Si-OH and Mg–OH) and at 1630 cm-1 related to adsorbed water on Laponite XLG. The
stretching of Si O and Si–O–Si bonds appeared as a strong band at 957 cm-1, and the stretching of
Mg–O is ascribed by a band at 640 cm-1 [149, 161].
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Scheme 2: Simple Scheme for the possible interaction for PVA-Laponite MMMs fabrication.

FTIR spectra of the pristine PVA showed a broad peak between 3590 and 3070 cm -1, indicating
-OH groups involved in the inter- and intramolecular hydrogen bonds. No peaks are observed in the
range from 3700-3600 cm-1, which demonstrates that all -OH groups are bonded. [69, 76, 91]. The
bands between 2940 and 2900 cm-1 are due to C-H stretching vibration alkyl groups of PVA chains.
Due to low Glutaraldehyde concentration (0.3 v/v%), the two peaks attributed to CH corresponding
to aldehyde at about 2850 and 2750 cm-1 are not observed. The characteristic Peaks at 1425 and
1321 cm-1 belong to the symmetric bending, and the waging of CH2, 1300-1100 cm-1 due to CH and
C–O–C from acetal ring resulted during the crosslinking reaction were also observed, respectively
[124, 125].
The vibration peaks attributed to the C–O chain, the angular deformation outside the plan of O–
H bond and C–C in the PVA chain are identified at 1085, 920, and 831 cm-1, respectively. Compared
to the pristine PVA membrane, the PVA-Lap2 FTIR spectrum displayed the same peaks in addition
to a narrow peak band at 620 cm-1 due to Mg–O stretching. Moreover, the Si–O–Si stretching
frequency peak at 920 cm-1 exhibited a slight shift change toward higher value when compared with
Laponite. This shift can be attributed to the interactions between the PVA polymer and the clay
through Si-OH groups.
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Figure 38: FTIR spectrum of Laponite XLG powder, pure PVA, PVA-Lap2, and PVA-Lap10 membranes.

5.3.1.4.

TGA

Figure 39 shows the TGA curves of Laponite XLG, pure PVA membrane, and PVA-Lap2 MMMs.
All samples presented the first weight loss step which is attributed to the water release (dehydration
process occurring up to about 150 °C), realized more clearly in DTG curves than in TGA curves
[145]. Laponite XLG clay is thermal stable up to about 700 °C; the clay layers dihydroxylation
process is observed above this temperature. Pure PVA membrane exhibited a second failure between
200 – 350 °C according to DTG curves, which is assigned to the decomposition of the side chain of
PVA. Finally, the third thermal degradation which split into two stages between 350 – 450 °C and
450- 580 °C, and this is attributed to the decomposition of the backbone of PVA and the carbonated
residue such as glutaraldehyde respectively [121, 122].
With the addition of Laponite, both the residual weight and the thermal degradation temperature of
the Laponite/ PVA membrane increased. Although there was no significant change in the weight
loss of the plain and Laponite XLG-loaded membrane when 2 wt. % Laponite is added; the thermal
degradation temperature of the mixed matrix membrane was much higher than that of the pure
membrane. Where the 30 % weight loss showed approximately 100 °C higher compared to PVA
pure membrane. On the other hand, when the clay content was increased to 10 wt%, the residual
weight increased from 4.36 wt% to 15.4 wt%. While the 30 % weight loss showed only 40 °C higher
compared to PVA pure membrane.
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Figure 39: TGA and DTG curves of the Laponite XLG powder, pure. PVA-Lap2 and PVA-Lap10 MMMs.

5.3.2. Hydrophilicity
Based on the solution diffusion model in pervaporation desalination, water adsorption on the surface
of the membrane is the first step in the water transport, which is attributed to the surface
hydrophilicity of the membrane. The PVA and PVA-Lap MMMs surface hydrophilicity were
elaborated by water contact angle measurement using a sessile drop methodology. As shown in Fig.
40 (a), increasing the Laponite content led to a decrease in water contact angle. It can be owing to
the high hydrophilic surface of the Laponite XLG [146]. Therefore, the contribution of Laponite
made the membranes rougher and more hydrophilic, which may contribute to an enhancement of
the water permeation through the membrane. Additionally, as can be observed, at high Laponite
content, the increase in the water contact angle of MMMs started to show stable values.
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Figure 40 : (a) Water contact angle and (b) water uptake of PVA and PVA-Lap membranes.

The swelling behavior of membranes is generally delineated by the water uptake results. The
influence of different Laponite XLG content on the swelling behavior of the membranes is
investigated in the water at room temperature is displayed in Fig. 40 (b). It is observed from the
figure that the, in the beginning, the water uptake increases to a maximum value at 2 wt% Laponite
and then gradually decreases with higher Laponite content in the membranes. The initial increase
can be attributed to the higher hydrophilicity behavior of the membrane[148]. In contrast, the
decrease with higher Laponite loading can be associated with the accretion of the physical
crosslinking due to the presence of clay which could act as a physical crosslinker in addition to the
chemical crosslinker GA which decreases the free volume of PVA matrix and restricts the
dissolution of polymer in water[162].
On the other hand, hence, the hydrophilic membranes swell in aqueous solution, the polymer
chain becomes more flexible hence producing a higher permeation rate through the membrane, and
therefore the degree of swelling is an essential factor for the pervaporation desalination process.
The degree of crystallinity, the diffusion coefficient of the solvent, and the rate of diffusion are the
most critical factors causing the swelling of any polymer [63]. The influence of incorporating
different Laponite content on the swelling behavior of the membranes is investigated in 5 wt. %
NaCl solution during 10 h at atmospheric condition, and results are presented in Fig. 41.
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Figure 41: Swelling measurements of PVA and Laponite/PVA nanocomposite membranes.

As can be seen, the swelling degree reaches a plateau when 2 wt% is used. Further addition of clay
results in decreasing the swelling degree. This could be imputed to decline the membrane
hydrophilicity [148] and the decrease of the free volume in the polymer matrix and confined the
active sorption sites of the Laponite when increasing the clay [162].
5.3.3. Mechanical properties
One of the main characteristic properties of a membrane is the mechanical stability and
mechanical strength. It is reported that the incorporation of nanomaterials, such as nanoclay in the
polymer matrix, is a powerful and easy way to improve polymer stability [143]. To study the
influence of Laponite on the mechanical properties of the PVA membrane, a tensile test is
accomplished. Figure 42 presents the test results of yield stress and Young’s modulus of the PVALap. MMMs. For instance, yield stress and Young’s modulus demonstrate similar inclination.
Hence, it is found that the addition of 2 wt% Laponite enhanced the yield stress and Young’ modulus
by 35% and 62%, respectively, compared to the pure PVA membrane. These results can be
attributed to the strong interconnection among the nanoclay and the polymer matrix, and the fact is
that Laponite acts as a physical crosslinker. Similar results have been reported [162].
Nevertheless, a further increase in the Laponite content led to a significant reduction in the
mechanical properties of membranes. It is assigned that, at low content, Laponite displays uniform
and homogenous dispersion in the PVA matrix indicating the perfect exfoliation process and had
good adhesion with the polymer matrix. While increasing the Laponite content, nanoplatelets tend
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to agglomerate leading to the weak interaction between Laponite and PVA, resulting in tacky
adhesion with the polymer matrix and thus lower membrane mechanical properties. Du et al. [163]
demonstrated a similar phenomenon that the Laponite-poly (acrylic acid) nanocomposite shows
maximum yield stress at 0.14 wt% Laponite content and then decrease by increasing the clay
loading. These results proved that 2 wt% Laponite XLG nanoplatelets significantly improve the
mechanical properties of the PVA membrane.
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Figure 42: Effect of Laponite XLG on the mechanical properties of the mixed matrix membranes; (a) yield stress
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5.3.4. Pervaporation experiment
5.3.4.1.

Effect of Laponite XLG content

Fig.43 represents the effect of the incorporation of different Laponite content on the
pervaporation desalination performance of the PVA membrane. Regardless, the feed solution, the
flux first increased then decreased. PVA-Lap2 obtained the maximum flux of all feed solution
irrespective of pure water or NaCl solution. A similar trend of water flux is obtained in water uptake
measurements.
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Figure 43: Pervaporation desalination performance of PVA-Lap MMMs at different Laponite content at 40 °C.

Based on the solution-diffusion mechanism, solubility, and diffusivity of water in the membrane is
controlling the water permeability in the pervaporation desalination process [156]. The contribution
of low content of Laponite made the membranes rougher and more hydrophilic, which may result
in adsorption of more water to the membrane surface, thus enhancing the water permeation flux
through the membrane. However, by increasing the Laponite content, nanoplatelets leading to
restrict chain mobility of PVA, which decreases water adsorption on active sorption sites of both
the clay and PVA. Also, Laponite could act as a physical crosslinker leading to limit the affinity of
PVA towards water, thus decreased the diffusion rate. Fig. 43 presents the salt rejection of the
membranes preserved over 99.5% for the pristine PVA while increasing the amount of Laponite led
to increasing the salt rejection to over 99.9%.
This could be owing to the size exclusion mechanism during the pervaporative desalination
process [164, 165]. Due to Laponite exfoliation in the PVA matrix, it would restrict the free space
of the polymer chain. Therefore, based on the size exclusion theory, water (0.27 nm) was easily
penetrated compared to the hydrated ions (0.712 nm) and (0.664 nm) for Na+ and Cl- respectively
[166]. The augmentation in the rejection can also be imputed to the stated fact that the surface charge
of the membrane and the ions concentration in the feed can play a crucial role in desalination
performance [152, 164, 167]. Based on the charge exclusion theory, the ions with the same charge
as that of the surface of the membrane will get rejected and remain in the feed side. Laponite nanodisc is reported as a negatively charged surface and positively charged edge clay. Accordingly, for
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a water-NaCl solution, the negative surface of the clay will positively be charged with sodium ions,
and rejection consists of hydrated chloride ions. Therefore, the ion separation in the PVA-Lap
MMMs relies on the clay dispersion in the PVA matrix and on the allocation of surface/edge of
Laponite nanodiscs.
On the other hand, as the salt concentration increase from 0 ppm to 10 wt.% NaCl the
concentration of water in the feed side decreased from 100 wt% to 90 wt% which results in a
significant decrease in water vapor pressure accordingly, the water diffusivity and permeability
decrease due to the decrease in the driving force across the membrane.
5.3.4.2.

Effect of operating temperature

Despite the membrane properties and characteristics of permeant are the main parameters on a
membrane representation on the PV separation, yet process operating conditions such as operating
temperature can show a significant influence on the separation performance. The temperature is a
dominant factor for the pervaporation separation process, as changing the temperature can influence
solubility and diffusivity of water within the membrane [59]. Additionally, the temperature has a
significant effect on water vapor pressure on the feed side, while it is almost obsolete due to the
vacuum process in the cold traps. Therefore, rising the temperature results in a considerable increase
in the driving force and, thus, water permeation across the membrane [60].
The effect of feed temperature on the desalination separation performance is investigated at
different conditions: (1) desalinating 0, 3, and 10 wt. NaCl solution using PVA-Lap2 MMM and
compared with pristine PVA membrane, (2) desalinating 5 wt. % NaCl solution (representative the
RO waste concentration) using membranes with 7 wt. % Laponite-loading.
5.3.4.2.1.

Desalinating 0, 3, 10 wt. % NaCl solutions.

The effect of feed temperature on the desalination separation performance is investigated. Fig.
44(a) and (b) show the performance of PVA membrane and PVA-Lap2 MMMs at different feed
temperatures and concentrations. For the pristine PVA membrane, all the salt rejections are above
99.5% for all the concentration and the water flux increases with increasing the temperature by
around 70 % for the pure water and 3 wt% NaCl solution in the temperature range of 40–70 ° C.
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Figure 44: Pervaporation desalination performance at different salt concentration and temperature of (a) PVA
membrane, and (b) PVA-Lap2 MMM.

On the other hand, for all the concentration, the PVA-Lap2 MMM shows a salt rejection of over
99.9% no matter the feed temperature and displayed relatively high water flux of 58.6 kg/m 2.h and
39.9 kg/m2.h for desalinating 3 wt% and 10 wt% NaCl solution respectively at 70 °C. These
desirable results describe the advantages of increasing the feed temperature on the desalination
pervaporation of high-salinity water. Moreover, it can be observed that by increasing the feed
temperature along with increasing the feed concentration, the water flux crucially decreased. The
reason is that at a higher temperature, the vapor pressure of water became more influenced by feed
concentration. Therefore, increasing the feed concentration results in decreasing the water
permeation flux [139].
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For further understanding of the influence of temperature on water permeability through the PVALap membrane, the relationship between water flux and feed temperature follows the Arrhenius
relationship using equation 2.7 [61]. Fig. 45 (a) and (b) display the Arrhenius plot between water
flux and feed temperature at different feed concentrations. The results show a typical agreement
with the model. The apparent activation energy for PVA membrane and PVA-Lap2 MMM at
different feed concentrations is calculated from the slope of the Arrhenius plot 𝐸𝐽 and the values are
listed in Table 6. The values of 𝐸𝐽 can be used as an assessment criterion of the required energy for
i component to pass through the membrane material. For the component to diffuse easily through
the membrane, lower apparent activation energy is needed.
Table 6. : Activation energy for PVA and PVA-Lap2 membranes for pervaporation desalination of different NaCl
solutions.

Feed composition

Membrane

Activation energy (kJ/mol)

Pure water

PVA

15.36 ± 0.07

PVA-Lap2

11.32 ± 0.04

PVA

17.05 ± 0.04

PVA-Lap2

11.80 ± 0.04

PVA

28.87 ± 0.19

PVA-Lap2

12.24 ± 0.02

3 wt% NaCl solution

10 wt% NaCl solution
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From Table 6, one can observe that the activation energy required for PVA-Lap2 for all feed
solutions is significantly lower compared to the PVA membrane. Moreover, increasing the feed
concentration of the PVA membrane led to a remarkable increase in the required energy. However,
the desalination of 10 wt% NaCl solution using PVA-Lap2 results in the same low value of the
activation energy. This indicates that the incorporation of a sufficient amount of Laponite XLG clay
has improved water permeability through the membrane and more suitable for water desalination.
5.3.4.2.2.

Desalinating 5 wt. % NaCl solution (RO waste)

The impact of the operating temperature on the accomplishment of desalination separation of 5 wt.
% NaCl solution using 7 wt. % Laponite–loaded membrane is observed, and the results are presented
in Fig. 46.
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Figure 46: Pervaporation desalination performance at different temperatures of 7 wt% Laponite-loaded PVA
nanocomposite membrane with 5 wt. % NaCl feed solution.

As can be observed, increasing the temperature from 30°C to 70 °C results in increasing the flux
from 28.6 to 37.32 kg/m2.h. However, the rejection is over 99.9% no matter the feed temperature,
increasing the temperature from 30°C to 70 °C caused in a neglected decline in the salt rejection
from 99.98% to 99.96%, respectively. This could be assigned to increase the water vapor pressure
on the feed side, therefore, increase the driving force across the membrane. Consequently, it
increases both the diffusivity and solubility of water through the membrane. Additionally, increasing
the temperature led to increasing the free volume in the polymer chain mobility result in increased
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water permeation[166]. This highlights the importance of operating temperature in the
pervaporation desalination process.
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Figure 47: Typical Arrhenius plot of water flux with feed temperature in desalinating different
NaCl aqueous solution.

The effect of the temperature on water permeability through the nanocomposite membranes can also
be expressed by the Arrhenius equation, as described aforementioned [61].
The logarithmic value of water flux verses 1000/ feed temperature at different NaCl
solutions are plotted, and the results presented in Fig.47 approve the complete concurrence with the
Arrhenius model. Using the line slopes, the activation energy is calculated to be 5.45 ± 0.01 and
5.73 ± 0.02 kJ/mol using 3 and 5 wt.% NaCl feed solution for the 7 wt% membrane respectively.
Moreover, slight higher energy is required for higher feed concentration. The 𝑬𝑱 values can be used
as evaluation criteria for the energy needed to pass through the membrane material. The molecule
with the lowest activation energy is the easiest to pass.
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5.3.5. Salt transport properties
The pervaporation permeability and selectivity are dominated by solubility and diffusivity of
components through the membrane. Diffusion coefficient of NaCl shows the diffusive capacity of
salt solution through the membrane, and this is obtained from the kinetic desorption experiments,𝐷𝑠
[150, 151]. Fig. 48 represents a typical desorption curve for NaCl. Similar to earlier studies [85, 86],
𝐷𝑠 was calculated using Eq. 5.4 for the linear region of the desorption curve slope.
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Figure 48: Typical NaCl desorption curve of PVA-Lap2 MMM for the measurement of NaCl diffusion coefficient.

Table 7 presents the salt diffusivity of MMMs as well as salt solubility and permeability
calculated according to the Equation. 5.4 compared to PVA membrane, both salt diffusivity, 𝐷𝑠 and
solubility, 𝐾𝑠 increased with increasing the Laponite content up to 2 wt% then decreased with further
increase in the clay content. Consequently, the salt permeability through the membrane is following
a similar trend. These results are consistent with the water uptake data. In theory, in a pure nonswollen polymer membrane, no salt is expected to be dissolved. Thus the adsorbed water in the
membrane is supposed to dissolve any NaCl adsorbed in the membrane [155]. Therefore, the amount
of water and NaCl in the membrane are closely correlated with each other.
Additionally, in order to calculate the membrane selectivity, the permeability of water is obtained
and listed in Table 7. The water permeability coefficient, 𝑃𝑤 can be obtained from PV desalination
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water flux with pure water as a feed from equation 5.9 [10, 157]. As can be seen, the water
permeability coefficient exhibits a similar tendency that is initially increased, followed by a decrease
with higher Laponite content. The results are attributed to the fact that with an increase in the
Laponite content, the membrane hydrophilicity increases while the free volume of the membranes
gets decreased. In addition to the physical crosslinking role of the nanoclay at higher loading, which
reduces the free volume and inhibits the water permeability increment with the enhancement in the
membrane hydrophilicity. The maximum 𝑃𝑤 that is achieved was approximately 11×10−4 cm2/s at
2 wt% Laponite content. The value of permeability of water reached is remarkably high even
compared to published date under comparable operating conditions [55, 86].
Table 7: Salt transport properties and water permeability through PVA and PVA-Lap MMMs with different clay
content.

𝑫𝒔

𝑲𝒔

𝑷𝒔

𝑷𝒘

(x10-6 cm2/s)

(x10-4 cm2/s)

Membrane
(x10-6 cm2/s)
PVA

0.38

3.26

1.24

5.47

PVA-Lap2

0.64

3.72

2.36

10.69

PVA-Lap5

0.48

3.89

1.86

9.30

PVA-Lap7

0.47

3.66

1.72

8.78

PVA-Lap10

0.42

3.27

1.38

7.53

5.3.6. Permeation selectivity of the membrane
When water and salt permeability values in Table 7 are compared, it is deduced that 𝑃𝑠 is lower by
two orders of magnitude, thereby indicating that water has preferential permeation through the
membrane. The significant variation in permeability values of water and salt results in high
water/salt selectivity as calculated using Eq. 5.7 and depicted in Fig. 49. This manifests that the
amount of salt passing through the membranes is omitted compared to the amount of water. Fig. 49
displays that the increase in the Laponite content in the membranes, the selectivity is increasing,
which is a counteractive trend to the water permeability through the membrane.
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Figure 49: Water/salt selectivity and water permeability of the PVA membrane and PVA-Lap MMMs with different
Laponite content.

This can be attributed to the solution-diffusion mechanism in which the free volume theory
describes the transport in the dense membranes process as pervaporation. At the higher content of
Laponite, more water is passing through the membranes according to the clay hydrophilic behavior.
However, the strong interaction between PVA matrix and clay, as well as the physical crosslinking
action of nanoplatelets, result in decrease free volume of the mixed matrix membranes, which cause
decrease permeation in both water and salt while increasing selectivity. This result proves that high
salt rejection in the pervaporation desalination process is a consequence of high water over salt
permeability through the membrane.

5.4.

Conclusion

Laponite XLG nanoclay was dispersed in water and exfoliated in the PVA matrix to produce dense
MMMs with different clay concentrations for desalination by pervaporation. The MMMs surface
hydrophilicity is increased by increasing the Laponite content. The mechanical properties of the
membrane are outstandingly enhanced by reaching 65.7 MPa and 3.3 GPa for the yield stress and
young’s modulus, respectively. In the beginning, the MMMs water flux increased, followed by a
decrease with a maximum value at 2 wt% Laponite content. The salt rejection of the pristine PVA
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membranes preserved over 99.5% while the incorporation of the Laponite clay led to improving the
salt rejection to over 99.9%. This is attributed to the size/charge exclusion theory.
The permeability of water and salt permeability is according to the free volume theory when
the Laponite content increase in MMMs. In the pervaporation desalination process, it is not clear
as to which factor affects salt rejection. Even the present study has shown that maximum
water permeability across salt in dense membrane results in higher salt rejection in the PV process.
Two wt% Laponite content PV membrane had fluxes of 58.6 kg/m2.h and 39.9 Kg/m2.h
when desalinating 3 wt% and 10 wt% aqueous NaCl solution at 70 °C, respectively. However,
the salt rejection remains over 99.9% irrespective of the feed concentrations and temperatures.
Additionally, for RO waste desalination, increasing the operating temperature from 30°C to
70 °C led to remarkably increase in the water flux by approximately 30 %, while the salt
rejection remains > 99.9 % and the apparent activation energy of PVA7 membrane slightly
increases from 5.45 kJ/mol to 5.73 kJ/mol with higher NaCl concentration in the feed from 3 wt.
% and 5 wt. % NaCl solution. It is concluded from this study that PVA-Lap MMMs is a promising
and competitive candidate as far as pervaporation desalination is concerned either for highsalinity water or RO waste desalination.
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6. Pervaporation dehydration performance of C1-C3 using Laponite
clay incorporated in uncross-linked PVA membrane
6.1. Introduction
In recent years, the vast imposition of fossil fuel results in increasing global warming. Therefore,
finding clean and green energy has received wide attention. Biofuels are reported to be a promising
alternative for fossil fuel representation [168]. Recently, the production of renewable alcohols from
the biomass process is not only essential in numerous chemical industries but has also received
attention as biofuels. Methanol has great importance in the CO2 capture processes and the
transformation process[169]. For the biofuel production through the fermentation broth, the cost of
the separation process is the highest. Consequently, finding an economical alternative for the
traditional separation process is an essential issue.
As reported, pervaporation (PV) has been as a portentous process for alcohol separation and
dehydration either from the fermentation broth or from the reaction products, especially in the case
of azeotropic mixtures [1-3]. Pervaporation is vital to improve the alcohol composition from 80–85
wt% to 99 wt%. However, the traditional distillation is working efficiently up to the same
concentration and above but becomes prohibitively expensive, especially near an azeotropic
composition, and thus a significant share of the production cost goes to alcohol purification[170,
171].
Pervaporation has been vastly accounted for the separation of liquids in different ways [35,
38, 46], following the well-known solution-diffusion model of mass transport [79]. Hence, the
membrane is the core of the PV process; its type, material, and intrinsic properties are the most
critical factors to achieve high separation performance.
For the dehydration process, usually, hydrophilic polymers are used mostly polymers with
high affinity towards the water as poly (vinyl alcohol) (PVA), chitosan, and alginate, which
increases the PV performance. However, these materials reported having low mechanical stability
in aqueous solutions. This is imputed to their high sorption affinity towards the water and low
rigidity of those polymers, which results in lowering the water selectivity and increase the
permeability in a trade-off trend [172]. In an attempt to inhibit this phenomenon, different
modifications are reported, such as chemical crosslinking, heat treatment, blending with another
polymer, grafting [16, 67, 73], as well as mixing with inorganic fillers [79, 80].
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Mixed matrix membranes consisting of polymer matrix filled with inorganic fillers were
firstly reported by Kulprathipanja et al. to combine the advantages of both polymeric and inorganic
membranes [173]. The main reported polymer for PV dehydration technology is the well-studied
hydrophilic PVA, followed by other polymeric materials such as chitosan and alginate [66]. Among
the variety of inorganic fillers, using nano-silicate clay type for PVA pervaporation membranes such
as clinoptilolite, montmorillonite, and bentonite is perceived as a promising filler for the dehydration
process due to their unique characteristics exceptionally high surface area and biocompatibility
[140-142].
This chapter endeavors to investigate the tenor of designing pervaporation based MMMs
with Laponite nanoclay for alcohol dehydration. The suggested MMMs consist of PVA as a polymer
matrix and different nanoclay concentrations. The nanoclays incorporation is believed to increase
the overall performance of the PV dehydration process due to their hydrophilicity and excellent
surface area. Moreover, this chapter aims to observe the effect of the nanoclay content on alcohol
dehydration and to compare their influence on the separation of three different alcohols namely,
methanol, ethanol, and isopropanol at 85 wt — % solutions and at different operating temperatures.

6.2. Experimental
6.2.1. Membrane preparation
The flat, dense MMMs are prepared using the solution casting method followed by the solvent
evaporation phase inversion method. The 5% wt PVA solution is firstly prepared by dissolving a
certain amount of PVA powder in DI water (18 MΩ cm) at 90 °C under vigorous stirring. In parallel,
a certain amount of Laponite nanoclay was sonicated in DI water for 3h in order to form a clear
dispersion. Thereafter, the two solutions were mixed for 24 h using a magnetic stirrer. The final
casting solutions have a nanoclay concentration of 0, 1.0, 2.5, 3.5, and 5.0 mg/ml. After pouring a
certain amount of the solutions, all of the membranes are totally dried at room temperature for 48 h.
The final dry membranes were picked up and named PVA0, PVA-1, PVA-2.5, PVA-3.5, and PVA5 respective to the nanoclay mentioned above concentration. For better performance, the only
pristine membrane is thermally crosslinked at 60 °C for 3h, and the membrane designed as PVA.
6.2.2. Membrane characterization
In this chapter, the basic characterizations of the MMMs have examined as a function of nanofiller
concentration such as solvent uptake, surface hydrophilicity (contact angle measurements), density,
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surface morphology (SEM), thermal stability (TGA), Fourier transform infrared spectroscopy and
positron annihilation lifetime spectroscopy (PALS) analyses
6.2.3. Pervaporation tests
All the pervaporation experiments were following the conditions of the experiment in section
2.6.2using alcohol/water mixture of (85/15 wt %) concentration. The downstream side is maintained
at a pressure of 2 torrs (0.27 kPa).

6.3. Results and Discussion
6.3.1. Characterization of MMMs
6.3.1.1.

Morphology

The scanning electron micrograph, along with the transmission electron image in Fig. 50 (a) and (b)
show Laponite nanoclay before the dispersion in water. The SEM images present that the clay is
formed from large agglomerates with different sizes and shapes, while the disc structure clearly
appears in the TEM image. On the other hand, Fig. 50 (c) displays the surface of the pristine
crosslinked membrane with a smooth and dense structure. Fig. 50 also represents the surface
morphologies of MMMs consisting of different Laponite concentration in the casting solution.
Firstly at a concentration of 1 mg/ml Fig.50 (d), the Laponite nanoclay shows even dispersion in the
polymer chain with no recognized voids or cracks. However, increasing the concentration to 2.5
mg/ml led to apparent nanodiscs agglomeration, as seen in Fig.50 (e), and the further loading of
Laponite results in assembling the nanodiscs together, forming a separate phase inside the polymer
matrix as it is shown in Fig.50 (f). However, it is observed that compared to the thermally
crosslinked membrane, the surface of the MMMs with the different nanoclay concentration is denser
and on the other hand it has higher roughness.
Additionally, from Fig.50 (g) and 2(h), it can be observed that increasing the Laponite content in
the casting solution results in forming an agglomeration layer inside the polymer matrix. Moreover,
the EDX analysis in Fig.50 (I), shows that the agglomeration layer is from the Laponite nanoclay.
Similar behavior of the Laponite nanoclay is reported by Selim et al. [174].
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Figure 50: Morphological analysis for Laponite powder SEM(a), TEM (b) and Surface analysis of PVA thermally
crosslinked membrane (c) mixed matrix membrane with Laponite concentration 1mg/ml (d), 2.5 mg/ml (e) and 5
mg/ml (f), crosssection images for membrane with Laponite concentration 1mg/ml (g), 5 mg/ml (h), and EDX
analysis for the agglomeration layer and the polymer matrix (I).

6.3.1.2.

TGA

Figure 51 represents the TGA curves of Laponite nanoclay, thermal crosslinked membrane, and
mixed matrix membranes in the temperature range of 34- 700°C under the nitrogen atmosphere.
Hence the dihydroxylation process of Laponite is above 700°C; Laponite shows total thermal
stability up to the end of the temperature range.
For all membranes, the water dehydration process at approximately 5% weight loss is
recognized at around 100-150°C [145]. It can also be seen in the DTG curves that the temperature
of the dehydration is shifted slightly with increasing the Laponite concentration. This is assigned to
–OH group decrease PVA matrix due to the interaction with Laponite through H-bond.
The thermal crosslinked PVA, PVA-1, and PVA-2.5 membranes exhibit a second failure
between 200 – 350 °C, which attributes to the decomposition of the side chain of the PVA matrix.
However, for PVA-5, this failure is shifted to be from ~ 250 – 420 °C. This can be due to the fact at
higher concentrations of the nanoclay compared to the polymer; nanodiscs promote the intercalated
membrane formation by assembling and forming a separated layer, results in stronger interaction
between the polymer and the nanofiller [163, 174].
All the membranes then show the last degradation step between 380 and 550 °C, which
imputes to the carbonated residue decomposition such as the PVA backbone [121, 122]. Although
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the change in the weight residue when adding 1mg/ml Laponite is obsolete, PVA- 2.5 and PVA-5
show ~90% higher compared to PVA. Additionally, with the addition of Laponite, the thermal
degradation temperature of the PVA-5 membrane increased by ~ 100° and ~ 74° for 10% and 30%
weight loss compared to the PVA membrane, respectively.
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Figure 51: TGA and DTG curves of Laponite clay (black), PVA membrane, and Laponite loaded PVA mixed
matrix membranes.
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6.3.1.3.

Chemical interaction

The FT-IR spectra of Laponite XLG powder, PVA, and Laponite loaded PVA MMMs are depicted
in Fig.52. The Laponite spectrum showed a multicomponent wide band between 3700 and 3000 cm1

, which assigns to the stretching and bending of surface hydroxyl groups (Si-OH and Mg–OH) and

at 1630 cm-1 related to adsorbed water on Laponite XLG. The stretching of Si O and Si–O–Si bonds
appear as an active band at 950 cm-1, and a band ascribes the stretching of Mg–O at 640 cm-1 [149,

Transmission (%)

161].
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Figure 52:FTIR spectrum of Laponite XLG powder, PVA, and Laponite loaded PVA mixed matrix membranes.

FTIR spectra of the PVA shows a broad peak at around 3250 cm-1 indicating -OH groups involved
in inter- and intramolecular hydrogen bonds. No peaks are observed in the range from 3700-3600
cm-1, which demonstrates that all -OH groups are bonded. [69, 76, 91]. The bands between 2940
and 2900 cm-1 are due to C-H stretching vibration alkyl groups of PVA chains [124, 125]. The
vibration peaks attributed to the C–O chain, the angular deformation outside the plan of O–H bond
and C–C in the PVA chain are identified at 1085, 920, and 831 cm-1, respectively. Compared to the
PVA membrane, Laponite loaded PVA membranes FTIR spectrum displayed the same peaks but
changing in intensity. Moreover, the Si–O–Si stretching frequency peak at 920 cm-1 exhibited a
slight shift change toward higher value when compared with Laponite. This shift is attributed to the
interactions between the PVA polymer and the clay through Si-OH groups.
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6.3.2. Fraction free volume measurements
In order to investigate the free volume size in the mixed matrix membranes, positron annihilation
lifetime spectroscopy (PALS) is employed. PALS is considered the most advanced direct method
to observe the free volume parameters in polymers. In PALS, the measurement of the free volume
and its distribution is based on the positron lifetime τ3 and lifetime intensity I3 respectively [175177]. Using the values of the lifetime and its intensity, the fractional free volume (FFV) can be
estimated using Equations 6.2 and 6.3. Table 8, display the τ3, I3, R and FFV values. All the values
show significant structural modifications in the PVA structure upon the incorporation of Laponite.
At first glance, the small amount of nanoclay modifies the structure of the PVA by increasing the
free volume. However, after the addition of 2.5 mg/ml of the nanodiscs, a decrease in the FFV is
noticed, and a phase change appears as long as a further increase in the Laponite concentration does
not affect any of the parameters. This can be attributed to that the free volume being filled with
nanofiller as a separate phase. Although, the FFV is decreased with increasing the Laponite
concentration, yet the mean free volume radius R is still bigger than the radius of the water
molecules, which can affect the pervaporation dehydration performance of the membranes.
Additionally, the lifetime of o-Ps is around 1000ps, which is really short, indicating probably a
dense structure or large delocalized electron clouds. These results are consistent with the
morphological analysis of the membranes
Table 8: PALS parameter for thermally crosslinked PVA and PVA-Laponite MMMs.

Laponite concentration

τ3

I3

R (Å)

FFV (%)

(mg/ml)

(ns)

(%)

±0.003

± 0.001

PVA

0

1.117 ± 0.002

12.20 ± 0.141

1.844

0.320

PVA-1

1.0

1.283 ± 0.015

11.65 ± 0.212

2.077

0.437

PVA-2.5

2.5

1.066 ± 0.001

10.55 ± 0.071

1.766

0.244

PVA-3.5

3.5

1.081 ± 0.007

11.15 ± 0.071

1.790

0.268

PVA-5

5.0

1.093 ± 0.005

11.85 ± 0.212

1.808

0.293

Membrane
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6.3.3. Solvent uptake, density, and contact angle
Generally, hydrophilic membranes swell in water and polar organic solvent. Hence, swelling or
solvent uptake has a significant impact on the pervaporation dehydration performance by affecting
solubility and selectivity of the membranes towards feed components. Solvent uptake tests were
performed at room temperature to understand the affinity of methanol, ethanol, and isopropanol
towards the membrane and the mutual interaction between them. Table 9, demonstrates the impress
of Laponite nanoclay concentration on the thermal crosslinked PVA and Laponite –PVA mixed
matrix membranes on solvent uptake percentage of water, methanol, ethanol, and isopropanol. The
results show that increasing the Laponite concentration results in increasing the water uptake %
while reduces the three alcohol uptake. This indicates that the incorporation of the nanoclay
enhanced the membrane affinity towards the water but decreased the alcohol solubility.
Additionally, it is recognized that the water uptake ratio is much higher than all the alcohol
uptake ratios. This is attributed to the Laponite nanodiscs hydrophilic behavior, as well as the high
affinity of PVA polymer itself towards the water. Moreover, it can be observed the water uptake
increase up to 211 % upon the incorporation of 2.5 mg/ml Laponite then practically remains constant
or slightly decreases with increasing the Laponite concentration to 5.0 mg/ml. The increase might
be associated with the high hydrophilic feature of the membrane [148]. At the same time, the trivial
dwindling is attributed to the fact that the clay can act as a physical crosslinker which delimiting the
PVA solubility in the water and shrink the available space in the polymer matrix as proved by PALS
analysis [162].
Moreover, the results demonstrate also that the solvent uptake follows the order of EtOH>
IPA > MeOH. In order to understand the interactions between PVA membrane and alcohols during
the solvent uptake test Hansen solubility parameters (HSP) are introduced, and the affinity of PVA
towards methanol, ethanol, and isopropanol is determined by the distance (Ra) between a polymer
and solvent in Hansen space which calculated according to the following equation:
𝟐

𝑹𝒂𝟐 = 𝟒(𝝏𝒅𝟐 − 𝝏𝒅𝟏 )𝟐 + (𝝏𝒑𝟐 − 𝝏𝒑𝟏 ) + (𝝏𝒉𝟐 − 𝝏𝒉𝟏 )𝟐

6.1

Where 𝜕𝑑 , 𝜕𝑝 𝑎𝑛𝑑 𝜕ℎ are the dispersion solubility parameter, polar solubility parameter, hydrogen
bond solubility parameters, respectively. Additionally, comparing the solubility parameter distance
between polymer and solvent with the radius of the solubility sphere of polymer 𝑅𝑜 , the result is the
relative energy difference (RED), which indicates the affinity of the polymer towards the different
solvents. The RED number is calculated by Eq. 6.6. Where RED number is lower than 1 indicates
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the high affinity and higher than 1 is the low affinity of polymer towards solvent, the 0 RED number
is found for the no different energy case.

𝑹𝑬𝑫 = 𝑹𝒂⁄𝑹
𝒐

6.2

where 𝑅𝑜 is the radius of the interaction sphere in Hansen space or (interaction radius), and its value
is 4 for PVA [178]. The data in Table 10 demonstrate that the affinity of the PVA towards ethanol
is the highest, followed by isopropanol and methanol. However, isopropanol and methanol are not
solvents for PVA, but the RED values are close to 1, which indicates that the solvent could cause
swelling for the PVA, and the degree of swelling is decreasing with a higher RED number far away
from 1 [179, 180].
The hydrophilicity of the surface of all the membranes is elaborated by using the sessile drop
method for contact angle measurements. The results in Table 11, show that the water contact angle
decreases with increasing the Laponite concentration. The reason could be the hydrophilic nature of
the nanoclay surface [146]. Consequently, the water permeability through the membrane will be
improved due to the increase of hydrophilicity. The contact angle measurements for the PVA0
membrane have a higher error than those of the others since it swells quickly within less than a
minute.
Additionally, Table 11, represents that the density of the membrane increased by both
thermal crosslinking of PVA and the incorporation of Laponite nanofiller leading to form a more
compact membrane structure compared to PVA0 and PVA [181].
Table 9: Solvent uptake analyses for PVA cross-linked membrane and MMMs.

Water uptake

Methanol

Ethanol uptake

Isopropanol

(%)

uptake (%)

(%)

uptake (%)

PVA

191.98 ± 0.04

9.04 ± 0.02

25.40 ± 0.05

10.45 ± 0.07

PVA-1

200.90 ± 0.20

8.48 ± 0.05

9.74 ± 0.04

9.02 ± 0.10

PVA-2.5

211.47 ± 0.15

8.68 ± 0.06

9.82 ± 0.04

7.58 ± 0.05

PVA-3.5

210.85 ± 0.17

8.01 ± 0.08

8.90 ± 0.19

7.31 ± 0.04

PVA-5

209.01 ± 0.24

2.76 ± 0.03

8.46 ± 0.04

6.35 ± 0.02

Membrane
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Table 10: The Hansen's Solubility Parameters for pure C1-C3 alcohols and PVA and distance parameter (Ra) and
RED calculated according to Eq. (7&8) [178]

δd

δp

δh

δt

Ra S-PVA

[MPa0.5]

[MPa0.5]

[MPa0.5]

[MPa0.5]

[MPa0.5]

PVA

17.00

9.00

18.00

26.34

Methanol

15.10

12.30

22.30

29.61

6.62

1.65

Ethanol

15.80

8.80

19.40

26.52

2.79

0.70

IPA

15.80

6.10

16.40

23.58

4.09

1.02

Water

15.50

16.00

42.40

47.90

25.56

6.39

Solvent/Polymer

RED

Table 11: Contact angle and density values for PVA and PVA-Laponite nanodiscs MMMs.

Membrane

Contact angle (°)

Density (g/cm3)

PVA0

--------

0.835 ± 0.24

PVA

54.58 ± 1.26

1.245 ± 0.21

PVA-1

42.57 ± 1.66

1.205 ± 0.22

PVA-2.5

39.17 ± 1.39

1.313 ± 0.23

PVA-3.5

37.06 ± 2.01

1.705 ± 0.29

PVA-5

32.72 ± 1.62

1.905 1.35

6.3.4. Pervaporation dehydration of alcohol solutions
6.3.4.1.

The effect of Laponite concentration on dehydration performances of C1-C3

alcohol solutions.

Hence, the pristine PVA0 membrane swells quickly; therefore, all the pervaporation tests
are done using the thermally crosslinked membrane PVA as 0 % clay. The performance of
dehydration separation of 85 wt. % methanol, ethanol and isopropanol solutions at 40 °C as a
function of the nanoclay concentration in the casting solution have been investigated and presented
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in Fig. 53 (a), (b), and (c) respectively. Both the permeation flux and the separation factor of all
alcohol solutions are following a similar trend. Both separation factor and permeation flux are
increasing with increasing the Laponite concentration in the casting solution. The flux increment is
attributed to the increase of the membrane hydrophilicity due to the incorporation of hydrophilic
Laponite clay. While the increase in the separation factor is due to (1) the decrease in the free volume
in the polymer matrix upon the Laponite loading (2) the lower diffusivity of solvent in the membrane
compared to water diffusivity. However, the flux is rather constant than slightly decreases with the
further addition of Laponite at 5mg/ml. The reason for that could be the agglomeration of the
nanoclay and the formation of the nanoclay layer between the polymer matrix, as reported [163,
174]. Additionally, as the PALS analysis showed, increasing the Laponite concentration results in
decreasing the FFV in the membrane. The same reason results in increasing the separation factor
significantly after increasing the Laponite content in the beginning solution as the Laponite
separated layer works as an additional filter inside the polymer matrix.
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Figure 53: Dehydration performance of the PVA membrane and Laponite MMMs: (a)Methanol, (b)Ethanol, and
(c)Isopropanol at 40 °C using 85 wt.% alcohol as feed composition.

6.3.4.2.

Effect of operating temperature on methanol pervaporation performance
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Although the membrane material and characterization are the most crucial factor in the
pervaporation process. Nevertheless, the operating temperature is considered as a predominant
feature in the pervaporation process [59]. Hence, changing the temperature can directly affect the
driving force, the permeation flux, water permeability, and diffusivity through the membrane. The
influence of operating temperature and concentration of Laponite in the casting solution on
methanol dehydration performance were investigated and shown in Fig. 54. Additionally, it is seen
that changing the temperature has a considerable impact on solvent and water vapor pressures,
which also affects the thermodynamic properties of the feed [60]. The thermodynamic properties of
the feed mixture such as activity coefficients 𝛾𝑖 , saturation pressures 𝑃𝒊𝑠𝑎𝑡 and fugacity as a function
of temperature are observed and presented in Table 12.
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Figure 54: Methanol dehydration performance of PVA membrane and MMMs with different Laponite
concentration, as function of temperature vs. (A) total flux and separation factor, (B) total permeability and
selectivity, and (C) water and ethanol permeability (continuous line, flux, permeability, and water permeability;
dotted line, separation factor, selectivity, and methanol permeability).

Generally, the Laponite-PVA MMMs show enhanced performance for both the permeation
flux and separation factor. From Fig. 54 (A), for all the membranes, the flux is showing an increasing
behavior with higher operating temperature, while the separation factor shows a slight decrease
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tendency. Additionally, the flux values varied remarkably with increasing the temperature, while
the separation factor shows a slight contraction even at elevated temperature. The flux accretion
could be assigned to (1) the increase in methanol /water feed solution fugacity, as shown in Table
12, (2) increasing the temperature led to increasing the free volume in the polymer chain mobility
result in increased permeation flux [166]. Meanwhile, the separation factor shows counteractive
behavior. However, all the membranes separation factor values are nearly close at all the
temperature, yet as discussed in the previous section, the highest separation factor and flux is
achieved when the MMM contains 5.0 mg /ml and 3.5 mg /ml Laponite in the casting solution,
respectively.
Table 12: Effect of operating temperature on thermodynamic properties of the feed mixture.

T(°C)

𝜸𝑴𝒆𝑶𝑯

𝜸𝒘𝒂𝒕𝒆𝒓

𝑷𝒔𝒂𝒕
𝑴𝒆𝑶𝑯

𝑷𝒔𝒂𝒕
𝑾𝒂𝒕𝒆𝒓

MeOH fugacity

Water fugacity

(kPa)

(kPa)

(kPa)

(kPa)

40

1.060

1.557

35.413

7.409

28.569

2.754

50

1.059

1.530

55.624

12.382

44.835

4.524

60

1.058

1.504

84.701

19.979

68.210

7.176

70

1.057

1.479

125.425

31.228

100.911

11.030

Alternatively, the intrinsic properties of the membranes were estimated, such as permeability
(P) selectivity (α) for the feed component with respect to the operating temperature to demonstrate
the pervaporation performance of the MMMs, and the results are shown in Fig. 54 (B) and (C).
Distinctly, the intrinsic properties (P & α) having the same tendency as flux and separation factor
when increasing the Laponite content in the casting solution. Clearly, both P & α follow an
increasing trend with increasing the Laponite in the MMMs. Moreover, the selectivity of all
membranes has the same decreasing behavior as the separation factor with an increase of operating
temperature. On the contrary to the flux trend, the total permeability follows a downward trend at
elevated temperatures.
Based on the solution-diffusion theory, at higher temperatures, the diffusivity of the
membranes is increasing while the solubility is decreasing. However, as the PVA-Laponite MMMs
have a more compact and denser structure, the membranes swell barely at elevated temperatures,
which led to diminishing the diffusivity of the membranes. Furthermore, increasing the inter- and
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intramolecular hydrogen bonds between the PVA chain and the Laponite nanoclay at higher
temperatures can result in decreasing the diffusivity of the feed solution in the MMMs [148].
Consequently, both the solubility and diffusivity of the membranes curtailed, which results in the
decreasing trend of the total permeability at higher temperatures. Fig.54 (C), clearly demonstrates
that the individual permeabilities of methanol and water are following the same order as the total
permeability. As shown, the water permeability is 100-fold higher compared to the methanol.
Additionally, the water permeability almost coincides with the total permeability of all the
membranes at all temperatures. Whereas the methanol permeability is negligible, yet it augments
trivially with the increasing the Laponite concentration up to 3.5 mg/ml and then decreases
dramatically when the Laponite reaches 5 mg/ml. This assigned to the decrease in the free volume
with higher Laponite concentration besides diminishing the free volume of the MMMs due to
performing the nanoclay as a crosslinker, which allows only the smaller molecule like water to pass
through the membrane. This manifests that the membrane has a higher affinity towards water.
Hence, it is obviously investigated that the temperature has a remarkable influence on the
dehydration performance of the mixed matrix membranes. Further understanding is generally
expressed by Arrhenius equation 2.7 [61]. A typical agreement with the model is recognized for all
the membranes. The apparent activation energies for thermal crosslinked PVA membrane MMMs
with different nanoclay concentrations are calculated from the slope of the Arrhenius plot, and the
values are listed in Table 13.
Table 13: Activation energies (kJ/mol) of Permeation flux for thermally crosslinked PVA membrane and Laponite
loaded PVA MMMs

Membrane

𝑬𝑱

𝑬𝑱𝒘

𝑬𝑱𝒎

PVA

18.32

12.37

22.48

PVA-1

16.82

9.65

21.90

PVA2.5

15.46

13.53

17.23

PVA-3.5

19.28

18.33

20.34

PVA-5

16.82

15.50

20.81

Whereas, 𝐸𝐽,𝑖 values are considered as an indication of how much energy is required for each feed
component to permeate through the membrane. The lower the energy required, the easier the
permeation is. In Table 13, obviously, the oscillation in the activation energies between the PVA
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membrane and the MMMs can be seen that is, the total activation energy is decreasing with
increasing the Laponite concentration in the casting solution up to 2.5 mg/ml which attributes to the
hydrophilic behavior of the nanoclay which ease the permeation both feed component (water and
methanol) through the membrane. At the same time, the water activation energy decreases
dramatically upon the addition of Laponite from 12.37 to 9.65 and then increases to 13.53 kJ/mol
when 2.5 mg/ml is added. This is due to the excellent dispersion of the Laponite nanodiscs at the
low concentration, while the nanoclays start to form a small agglomeration, which hinders the water
permeation through the membrane and as a consequence more energy is needed. Therefore,
increasing the Laponite concentration to 3.5 mg/ml led to the reduction of both water and methanol
permeation through the membranes. Afterward, forming a separated layer of the nanodiscs helped
to free more volume in the membrane and ease the permeation again. Furthermore, one could
recognize that all the activation energy values for water are lower than for methanol. This indicates
that water molecules require less energy for penetrating through the membrane, and the
amalgamation of the appropriate amount of the nanofiller enhances the permeability of water across
the membrane.
The performance of the fabricated membranes for ethanol and isopropanol dehydration
performance at different operating temperatures is seen in Figures 55 (A) and (B), respectively.
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Figure 55: Ethanol dehydration performance of PVA membrane and MMMs with different Laponite
concentrations as a function of temperature vs. total flux and separation factor (continuous line, flux, dotted line,
separation factor) (A) ethanol/water solution, (B) isopropanol/water solution.

From both figures, we can see that the fluxes and separation factors for both ethanol and isopropanol
are following the same trend as for methanol dehydration. Generally, the Laponite-PVA MMMs
show enhanced performance for both the permeation flux and separation factor. Where, the fluxes
are increasing with increasing temperature, while the separation factor shows a slight decrease
tendency. Additionally, the flux values varied remarkably with increasing the temperature, while
the separation factor shows a slight contraction even at elevated temperature. Moreover, it is
recognized that increasing the number of carbon atoms leads to an increase in the separation factor
due to the fact that bigger compounds will have easier separation through the membrane.
6.3.5. Comparison of dehydration performance for methanol, ethanol, and
isopropanol
Fig. 56 (a) represents the fluxes and the water concentration in the permeate versus carbon number
in alcohols for the binary system with water. While the overall performance of the PV dehydration
processes (Pervaporation Separation Index) is displayed in Fig. 56 (b). The permeate water
concentration is following the size exclusion theory: isopropanol has the highest separation factor
followed by ethanol and ended by methanol. This is due to the fact that isopropanol has the biggest
size and the most non-linear structure, so it is the easiest to separate [182, 183]. However, the flux
values do not follow the same order. The flux of isopropanol system is a bit higher than the ethanol
system; this is due to the significant increase in the separation factor for the isopropanol system,
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which is accompanied by an increase in the water flux resulting in increasing the total flux of the
isopropanol-water system compared to the ethanol-water system flux. Additionally, ethanol is
tending to form a cluster with the water molecules, which has a bigger molecular size, therefore,
reduces the flux a bit compared to isopropanol [38]. The fluxes for the 5 mg/ml Laponite loading is
following the size order, and this is due to the decrease in the free volume of the membranes. So all
three alcohol-water systems have lower fluxes and higher separation factors. From Fig. 57 (b) it
could be recognized that PVA-5 has the best performance for alcohol dehydration, and its
performance is improved with a higher number of carbon atoms in the alcohol compound.
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Figure 56: Pervaporation dehydration performance of C1-C3 at 40°C with respect to carbon atom number vs. (a)
total flux and water concentration in the permeate (continuous line, flux; dotted line, the water concentration in
permeate), and (b) pervaporation separation index.
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6.4.

Conclusion

In this chapter, MMMs were produced and tested for the separation of alcohol-water mixtures via
pervaporation. The MMMs consist of Laponite nanoclay as nanofiller and PVA as the polymer chain
are fabricated. The pervaporation dehydration performance of the developed MMMs shows a
promising prospective for C1-C3 alcohol dehydration. The following points can conclude the main
findings:
(1) Laponite nanoclay with a diameter of 25 nm and a thickness of less than 1 nm have been
successfully dispersed in distilled water using an ultrasonic bath. The dispersed nanodiscs
formed clear transparent dispersions. The MMMs are easily developed using simple
exfoliation methods.
(2) The low concentration of Laponite nanoclay at 1 mg/ml up to 2.5 mg/ml can disperse
uniformly in the PVA matrix without any voids or crack and agglomeration. Increasing the
Laponite concentration in the starting solution to 3.5 mg/ml results in agglomeration of the
nanoclay and forming a separated layer for 5 mg/ml. This layer acts as a second selective
layer.
(3) The surface of the MMMs is found to be rougher and denser compared to the PVA
membrane. Additionally, the surface hydrophilicity of the membrane showed a significant
increase with increasing the Laponite concentration. Furthermore, the hydrophilic nanodiscs
provided higher water affinity to the PVA membrane and lower the alcohol affinity,
subsequently increased the selectivity of the membranes.
(4) The fractional free volume initially followed the same trend as the water uptake, clearly
initially increased due to the well-dispersed nanofiller with high surface area and then
decrease due to agglomeration and the separated layer formation.
(5) The MMMs with all concentrations exhibit higher pervaporation performance for the
dehydration of C1-C3 alcohols compared to the thermally crosslinked PVA membranes.
PVA-5 discloses the highest separation factor for alcohol separation with an order of
isopropanol > ethanol > methanol/water, while the higher fluxes achieved by PVA-3.5
comply with the reverse order.
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7. General conclusions and major new results
This chapter is showing the benefits of this Ph.D. and the improvements and the new findings
obtained in this thesis and comparing them with the data published in the literature.

7.1.


Conclusions

With a view to a clarification of the pervaporation performance of the fabricated heat-treated

DN-PVAs membrane (Chapter 3) is compared with other membranes prepared from PVA and
studied for ethanol dehydration. Table 14 presents that the thermally crosslinked double network
PVA membrane, DN-PVAs shows a significantly higher separation factor for different feed
composition while the permeation fluxes are slightly lower than that of the hybrid inorganic-organic
membrane. Nevertheless, the fluxes obtained from the blended composites membranes show
relatively higher fluxes than that of DN-PVAs.
Table 14: Comparison of pervaporation performance of PVA-based membranes for ethanol dehydration

Feed composition,

Temperature

Flux (J)

Separation

(w/w) Ethanol/water

(°C)

(g/ m2. h)

factor (α)

PVA/GA

90/10

40

297

104

[184]

PVA-PAA

95/5

50

260

50

[29]

CS-PVA

95/5

50

320

93.7

[185]

PVA-APTEOS

85/15

50

90

88.14

[186]

185

119

158

148

71

190

This

95/5

53

249

Ph.D.

85/15

141

115

This

119

144

Ph.D.

Membrane

PZN-7.5
85/15

50

PZNA-7.5
85/15

[119]

50

DN-PVAs

60

DN-PVAs
95/5
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 After that, to evaluate the performance of the prepared in-situ generated silver nanoparticlesPVA membranes with different silver content, a comparison of the separation performance for
ethanol dehydration between AgNPs-PVA membranes and PVA-based hybrid membranes in the
literature at 10 wt.% water and 15 wt.% water is presented in Tables 15 and 16 respectively.
Table 15: Comparison of pervaporation performance of PVA-based membranes for ethanol dehydration.

Temperature

Feed water

Flux

(°C)

content (wt. %)

(g/m2 h)

PVA/Zirconia

50

10

PVA/fumed silica

30

0.3rGO/PVA

Membrane

Separation factor

Ref.

105

142

[187]

10

40

180

[188]

50

20

56

51.2

[189]

PVA/HZSM5408

30

10

120

83

[190]

PVA/APTEOS

50

15

90

88

[31]

65.2

100.7

PVA/Ag (M0.5)
40

10

This study
126.7

PVA/Ag (M2.5)

43.6

It is apparent that the Ag-PVA nanocomposite membranes exhibit, in most cases, higher permeation
flux as well as a more satisfactory separation factor values than those of the PVA based hybrid
membranes found in the literature. In contrast with other preparation methods, the blending of
nanoparticles in the PVA matrix, that is, where AgNPs nanoparticles with cross-linking and filling
functions are in-situ generated and homogeneously dispersed within the PVA matrix, creates a
comparable separation performance for the dehydration of ethanol.
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Table 16: Comparison of pervaporation performance of PVA-based membranes for ethanol dehydration.

Temperature

Feed water content

Flux

Separation

(°C)

(wt. %)

(g/m2 h)

factor

PVA/fumed silica

30

10

40

180

[24]

0.3rGO/PVA

50

20

56

51.2

[25]

PVA/APTEOS

50

15

90

88

[26]

Modified Chitosan

70

10

80

52

[27]

Cellulose acetate

60

4

200

5.9

[8]

106.2

86.5

Membrane

Ag-PVA (M0.5)
40

15

This Ph.D.
150

Ag-PVA (M2.5)
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Ref.

39.5



To conclude the results from the desalination via pervaporation process (Chapter 5) Tables

17 and 18 summarize a comparison between the desalination performance of my crosslinked
membranes of PVA/GA/Laponite and the reported membranes in the literature for 3 wt.% NaCl
(representative for seawater) and for 5 wt.% solution(representative for RO high concentrated
waste). The comparison show compared with other PVA membranes, PVA-Lap2 MMM, showed a
high rejection with excellent water flux at the same time. Additionally, compared to other polymeric
membranes, composite membranes, and inorganic membranes, my PVA-Lap MMM offers an
excellent potential for pervaporation desalination application.
Table 17: Comparison of desalination performance using other membranes reported in the literature for
desalination of 3 wt. % NaCl.

Temperature

NaCl concentration

Flux

Rejection

Reference

(°C)

(wt. %)

(kg/m2.h)

(%)

PVA/PS HF

70

3

7.4

99.9

[137]

PVA/Silica

60

3

10.4

99.9

[191]

CS/GO-1

60

3.5

17.7

99.99

[85]

GO/PAN

90

3.5

65.1

99.8

[60]

MXene/PAN

65

3.5

85.1

99.5

[61]

NaA Zeolite

69

3.5

1.9

99.9

[167]

PVA-Lap2

60

3

51.2

>99.9

Membrane material

This Ph.D.
PVA-Lap2

70

3

125

58.6

>99.9

Table 18: Comparison of desalination performance using other membranes reported in the literature for
desalination of 5 wt. % NaCl.

Membrane material

Temperature

NaCl

Flux

Rejection

(°C)

(g/l)

(kg/m2.h)

(%)

PVA/PS HF

70

50

6.5

99.9

[137]

PEPA Co-Polymer

65

50

1.5

99.9

[136]

CS/GO-1

75

50

25.8

99.99

[85]

PVA/PAN/PET

Room

50

8.51

99.8

[15]

Cellulose Acetate

70

50

~3.5

>99.8

[135]

S-PVA/PAN

40-70

50

~11-21

99.8

[138]

PVA-Lap2

40-70

50

34.1-49.2

>99.9

This study
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Finally, for the sake of concluding and summarizing the last chapter, the pervaporation

performance of the PVA-Laponite MMMs are compared with other pervaporation membranes
Tables 19-21 are presenting a benchmarking of the PVA-2.5, PVA-3.5, and PVA-5 MMMs for
methanol, ethanol, and isopropanol dehydration respectively. My fabricated MMMs with different
Laponite concentrations display not only outstanding fluxes and water permeability, which are much
higher than most of the other pervaporation membranes but also have comparable separation factors
and selectivities. More specifically, compared to the PVA membrane, the PVA-5 exhibits the
highest performance and could be promising for the industrial scale.
Table 19: A comparison of PV performance for 85% methanol dehydration.

T
Membrane

Flux

δ (μm)

Separation

Water

factor

permeability

(𝛽)

(mg/m.h.kPa)

Selectivity
Ref.

(°C)

(g/m .h)

34

60

~176.5

13.22

0.413

24.20

[192]

5% -sPPSU

16

60

33.03

11.1

0.033

19.01

[182]

PPSU

23

60

~ 49.3

28.7

0.089

46.12

[193]

H-PESU

36

60

~ 59.3

31.3

0.171

50.45

[193]

PVA-2.5

25 - 45

40

290.5

5.5

1.63

10.68

PVA-3.5

25 - 45

40

341.7

6.5

2.09

12.63

PVA-5

25 - 45

40

314.3

18.88

2.82

37.62

Polyimide/UiO66NH2 (10%)

2

(α)

Until now, using polymeric pervaporation membranes for methanol dehydration is not widely
studied because of the lack of suitable membrane material, which combines good economic
availability and anti-swelling towards methanol [182, 192, 193]. However, in this Ph.D., I
demonstrate that PVA-5 shows the highest fluxes and water permeability of 314 g/m2.h and 2.82
mg/m.h.kPa, as well as comparable selectivity and separation factor for methanol dehydration.
Moreover, for ethanol dehydration performance PVA-5 disclosed exceptional flux, separation
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factor, and water permeability of 301.2 g/m2.h, 347.3, and 2.08 mg/m.h.kPa respectively, in addition
to the high comparable value of selectivity of 185, which is higher than most of the others except
the H-PESU membrane.
Table 20: A comparison of PV performance for 85% ethanol dehydration.

Separation

Water

factor

permeability

(𝛽)

(mg/m.h.kPa)

107.9

142

0.256

79.2

[192]

25

133.4

119

0.194

67.7

[172]

30

60

~ 300

~ 24.2

0.572

13.5

[194]

H-PESU

36

60

~ 125

~ 470

0.322

268.04

[193]

PVA-2.5

25 - 45

40

247.6

~ 62.7

1.59

33.09

δ

T

(μm)

(°C)

(g/m .h)

33

60

20

Polyimide/UiO-6 MMM

Flux

Membrane

Polyimide/UiO66-NH2 (10%)
Thermal crosslinked 6FDANDA/DABA PI

2

Selectivity
Ref.
(α)

This
PVA-3.5

25 - 45

40

304.7

146.4

2.06

78.01

Ph.D
.

PVA-5

25 - 45

40

301.2

347.4

2.08

185.38

On the other hand, for isopropanol dehydration, PVA-3.5 is showing the highest water permeability
of 1.6 mg/m.h.kPa, while the PVA-5 membrane achieves the highest selectivity of 208. Comparing
PVA-5 for isopropanol dehydration performance with other membranes is showing that it has the
highest water permeability through the membrane and selectivity higher than most of the published
paper except Polyimide/UiO-6 MMM.
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Table 21: A comparison of PV performance for 85% isopropanol dehydration.

Separation

Water

factor

permeability

(𝛽)

(mg/m.h.kPa)

~ 103

~5661

0.205

19875

[192]

60

7

585

0.012

204

[195]

30

60

~ 158.3

1883.2

0.329

662

[194]

P84/ZIF-90

19-22

60

114

385

0.166

134.7

[80]

PVA-2.5

25 - 45

40

258.3

202.8

1.36

83.07

PVA-3.5

25 - 45

40

~ 300

310.7

1.6
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PVA-5

25 - 45

40

291.6

530.4

1.56

208

δ

T

(μm)

(°C)

(g/m .h)

34

60

Ultem

24

Polyimide/UiO-6 MMM

Flux

Membrane

Polyimide/UiO66-NH2
(10%)

7.2.

2

Selectivity
Ref.
(α)

This
Ph.D.

Major new results

Thesis 1 [I, VIII, XIII]
I developed and fabricate a double-network poly (vinyl alcohol) (DN-PVAs) membrane using
the same polymer grade and without nanofiller on the basis of the sequential method and I
proved that the thermal interpenetrating of a second network of the same polymer grade can
affects the chemical structure, crystallinity, thermal stability and hydrophilicity of the
membrane. The DN-PVAs has higher thermal stability compared to the common PVA
membranes and lower swelling degree by approx. 30 % using 85% aqueous ethanol solution.
On experimental basis, I determined the pervaporation performance of dehydrating aqueous
ethanol solution. On the basis of my measurements I proved that 85% ethanol solution could be
dehydrated with 82% higher separation factor than that of the common PVA membrane using
DN-PVAs membrane of my development at 40 °C by pervaporation.

Thesis 2 [IX, X]
I successfully in-situ generated silver nanoparticles in PVA matrix in the absence of any
reducing and stabilizing agents. I investigate the effect of the generated nanoparticles
using only PVA and silver precursor on the thermal, chemical, and physical properties of
PVA membrane. I proved with measurements that the absence of reducing and stabilizing
agent could improve the stability of the PVA polymeric membranes in both water and
aqueous solutions.
Thesis 3 [II, III, XI]
I examined pervaporative dehydration of the ethanol/water mixture using my novel Ag/PVA
nanocomposite membrane on an experimental basis at different operating temperature and with
different feed water concentrations. The successful and highly efficient membranes are
assigned to separate water from ethanol even at the azeotropic point than common PVA
membranes. I derived on the basis of dehydration experiments of the binary ethanol/water
mixtures and on the basis of the estimated Arrhenius activation energy that in the case Ag/PVA
membranes without reducing and stabilizing agent the sorption process is controlled by
Langmuir’s mode and the heat of sorption (∆Hs) values were all negative.
Thesis 4 [IV, V, VII, XII, XIV]
I developed a novel crosslinked Laponite XLG/PVA pervaporation membrane for water
desalination, and I demonstrated the effect of the nanoclay dispersion on PVA chemical,
thermal and mechanical stabilities and hydrophilicity. I proved with measurements that
this novel crosslinked Laponite/PVA membrane could produce pure water from high-saline
water with a rejection of 99.9 % at 40°C. Additionally, I demonstrated experimentally that
the improved desalination performance of the crosslinked Laponite/PVA membranes could
be used to treat the reverse osmosis process high salinity waste with approximately 100 %
rejection using membrane containing 7 wt% Laponite. Consequently, I detected that the salt
permeability in the membrane was lower by two orders of magnitude than that of water,
indicating that water has improved preferential permeation through this novel membrane.
Thesis 5 [VI]
I determined that the addition of Laponite nanoclay improved the dehydration performance of
the uncross-linked PVA membranes. I proved with measurements that PVA-5, which contains
the highest Laponite concentration (5 mg/ml) discloses the highest separation factor for
alcohol-water separation for isopropanol > ethanol > methanol/water in this order, while
the higher fluxes obtained by PVA-3.5 comply with the reverse order. I determined that my
membranes with the highest Laponite concentration achieved the highest water
permeability for all the three alcohol solutions compared to the up to date literature data.
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Appendix: A Supplementary information for Chapter 4


Stability in water and swelling behavior of Ag-PVA set 1 in different organic solvents

Stability in water

Figure A-1 is showing the stability of all membranes in pure water it is noticed that the virgin membrane was stable
only up to 1 h also, beyond this, it started losing its mass and became entirely soluble after 2 h. However, the
nanocomposite films are stable in the pure water up to 5 h promoted to the higher Ag concentration membrane.
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Figure A-1: Stability of virgin PVA and nanocomposites membranes in pure water.

Swelling of the nanocomposites films in different pure organic solutions is shown in Figure A-2.
Based on the solubility parameter theory, the polymer will intake solvents having a closer solubility
parameter easier than other the solvents [197, 198]. This result is consistent with the results in Fig.A1 related to the virgin PVA thin film (M0) curve, whereas not for the silver nanocomposites films.
Hence, the affinity of the film towards all solvents is increased upon the generation of the silver
nanoparticles. The possible reason could be due to that the affinity of the nanocomposite films is
the combination between the silver and the polymer affinity towards solvents [199].
The adsorption activity of the silver towards methanol and ethanol could be a second reason for
increasing the uptake degree of the nanocomposite films [200, 201]. On the other hand, this could
be due to the silver nanoparticles' hydrophilicity nature, which leads to easier uptake towards the
hydrophilic solvents [121, 126, 202]. Moreover, the affinity of water towards methanol is the
highest, followed by ethanol, isopropanol, and n-butanol and last with acetone. Therefore, the
preferential absorption of methanol and ethanol is expected as they are more hydrophilic than
isopropanol and n-butanol.

145

Moreover, the essential results showed in Fig.A-2 also signified that the AgNPs/PVA
nanocomposites membranes are promising for the pervaporation dehydration process for different
binary and ternary solutions. Substantially, a binary aqueous solution of methanol, ethanol,
isopropanol, butanol, and acetone can be easily dehydrated due to the higher affinity of the
nanocomposites membranes towards water. Additionally, being the swelling of the nanocomposite
membrane is almost obsolete towards acetone, a ternary mixture of acetone/Ethanol/water or
Acetone/Isopropanol/water or Acetone/Butanol/water could be dehydrated by removing most of the

Swelling Degree (%)

water and alcohol.
M0
M1
M2
M4
M8

20
15
10
5
0
Methanol

Ethanol

iso-Propanol

n-Butanol

Acetone

Figure A-2: Swelling behavior of virgin PVA and nanocomposites films in different pure organic solutions at
room temperature for 24h.

Effect of AgNPs on Long-Term swelling of the Membrane is shown in Figure A-3. From the figure,
it is clearly observed that the swelling degree of all membranes is almost constant up to 36 h for all
the solvents, and beyond this starts to decrease slightly for all the alcoholic solutions. This is due
to increased hydrophilicity of the membranes due to the incorporation of AgNps. While for acetone,
the swelling behavior of the virgin, as well as the nanocomposite membranes, remains constant.
The reason beyond that is the low affinity of PVA towards acetone, which inhibits its absorption
inside the polymeric chain as it is proven from the RED number much higher than 1 [179]. It is also
noticed that the swelling degree for the nanocomposites membranes is higher than the virgin
membranes for all the solvent and increased with increasing the silver loading to the membrane.
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Figure A-3: Effect of silver nanoparticles on the long-term swelling behavior of virgin PVA and
nanocomposites films in different pure organic solutions at room temperature (a) Methanol, (b) Ethanol, (c)
Propanol, (d) Butanol, and (e) Acetone.

The reason for that augmentation could be because of the affinity of the silver nanoparticles
generated in the polymer chain, which increases the polymer affinity towards solvents. However,
the membranes with the highest concentrations (M4 and M8) showed a drastic decrease in the
swelling degree even lower than the virgin membrane for the different solvents.
This could be described by the effect of strong chelating interaction between the silver nanoparticles
and the hydrophilic spots in the polymer chain when increasing the number of the generated
particles. This decreases the active sites on the surface of the nanoparticles resulted in enhancement
of the swelling resistance of the nanocomposites membrane [120]. At the same time, increasing the
Ag+ content, the number of produced particles increased leading to a decrease in the particle size,
resulting in an irregular degree of particle size and agglomeration between the nanoparticles. This
could lead to a decrease in the affinity of the silver nanoparticles towards the solvents.
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Figure B-1: Simple scheme for the preparation steps of the crosslinked PVA/GA/Laponite MMMs



Kinetic desorption experiments for all the membranes.

Fig. B-2 represents a typical desorption curve for NaCl. Similar to previous studies [85, 86], 𝐷𝑠 was
calculated from the slope of the linear region of the desorption curve
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Figure B-2: The linear region of the NaCl desorption curves of PVA, and Laponite/PVA nanocomposite
membranes for the measurement of NaCl diffusion coefficient.
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Appendix: C Supplementary information for Chapter 6

Table C-1 Effect of operating temperature on thermodynamic properties of IPA feed mixture.

T(°C)

𝜸𝑰𝑷𝑨

𝑷𝒔𝒂𝒕
𝑰𝑷𝑨

𝑷𝒔𝒂𝒕
𝑾𝒂𝒕𝒆𝒓

IPA fugacity

Water fugacity

(kPa)

(kPa)

(kPa)

(kPa)

𝜸𝒘𝒂𝒕𝒆𝒓

40

1.41

2.08

14.32

7.41

12.70

5.70

50

1.40

2.04

24.05

12.38

21.20

9.35

60

1.39

2.00

38.87

19.98

34.07

14.79

70

1.38

1.96

60.70

31.23

52.88

22.68

Table C-2 Effect of operating temperature on thermodynamic properties of EtOH feed mixture.

T(°C)

𝜸𝑬𝒕𝑶𝑯

𝑷𝒔𝒂𝒕
𝑬𝒕𝑶𝑯

𝑷𝒔𝒂𝒕
𝑾𝒂𝒕𝒆𝒓

EtOH fugacity

Water fugacity

(kPa)

(kPa)

(kPa)

(kPa)

𝜸𝒘𝒂𝒕𝒆𝒓

40

1.23

1.95

18.00

7.41

15.20

4.49

50

1.22

1.91

29.61

12.38

24.90

7.35

60

1.22

1.87

47.03

19.98

39.40

11.59

70

1.21

1.83

72.38

31.23

60.40

17.73
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