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Abstract

Membrane desalination using reverse osmosis (R®béan the leading candidate technology
for supplying fresh water in recent years. Howetlegre is a strong motivation for improving
the established membrane process and/or develajfiergative membrane technologies to
overcome the limitations of high energy cost andébdischarge problems of RO technology. In
the later context, pervaporation is a potential tme@me technology as it has the advantage that
the energy need is essentially independent ofdheantration of the salt feed water. The
pervaporation process combines the evaporatioolafile components of a mixture with their
permeation through a nonporous polymeric membrademnreduced pressure conditions. In
desalination applications, pervaporation has thaiige of near 100% of salt rejection. The
pervaporation of an aqueous salt solution can ¢p&rded as separation of a pseudo-liquid
mixture containing free water molecules and bulkigirated ions formed in solution upon
dissociation of the salt in water. Previous stuthi@ge demonstrated the possibility of applying
pervaporation to produce distilled water from aquesalt solutions. However, the water flux
reported in the literature so far is generally glitw (<6 kg/ni- hr). It is believed that one of the
main limitations for desalination using pervaparatis the lack of the high performance

membranes with both high permeate flux and goddrsgction.

Poly(vinyl alcohol) (PVA), a water soluble hydropbipolymer, has been studied intensively
for membrane applications because of its good atedmatability, film-forming ability and high
hydrophilicity. High hydrophilicity is critical fodesalination membranes to minimise
membrane fouling by natural organic matter. HoweR&fA has poor stability in water.
Therefore, it must be insolubilised by modificati@actions such as grafting or crosslinking to
form a stable membrane with good mechanical prigsesind selective permeability to water.
Among various insolubilisation techniques, hybridien between PVA and inorganic particles
has received significant interest as it not ontniets the swelling of PVA but also provides the
inherent advantages of the organic and inorgamtpoands. However, there is little published
result on application of this type of membranespernvaporation desalination.

This project reports the development of a new tyfpeybrid polymer-inorganic membrane
based on PVA/maleic acid/silica for desalinationpleyvaporation. The hybrid membrane was

synthesised via a sol-gel route by using tetragtisibane (TEOS) as the silica precursor with



maleic acid (MA) as an additional crosslinking agdie resulting hybrid membranes with
varying silica and MA contents were characteriséti & range of techniques including FTIR,
SEM, TEM, WAXD, TGA, DSC, PALS and contact angltewhs found that crosslinking
among PVA, MA and TEOS led to a more compact stingcivith increasing amorphous
membrane character with improved thermal propeainessuppressed swelling. Pervaporation
testing results on separating aqueous NaCl soldigomonstrated a potential application of this
type of hybrid membrane for desalination with impd water flux and high salt rejection. By
adjusting MA and silica content, both water fluxdasalt rejection could be improved.

The optimised hybrid PVA/MA/silica membrane was mxaed in relation to the diffusion
coefficient, mass transfer coefficients and freline of membrane. Heat treatment favoured
the completion of the crosslinking reaction amoMAPMA and TEOS, and also favoured the
polycondensation reaction of TEOS. This resulted iess hydrophilic membrane with reduced
fractional free volume (FFV), consequently redudimg water flux. The hydrophilic nature of
hybrid membranes provides high water affinity aratex sorption, and incorporation of silica
particles into the polymer matrix at the nano-sealkanced the free volume of the membrane
and diffusion of water molecule through the membrdrhe close correlation among
pervaporation properties (e.g., global mass trarcsfefficients, water flux and salt rejection),
transport properties (e.g., NaCl/water diffusivatyd permability) and FFV of the membrane
confirmed that the diffusion through membrane wasdontrolling step of pervaporation

separation of aqueous salt solution for this unectpd hybrid membrane.

Other key factors studied in this project include thickness of the membrane and the process
operating conditions. In the studied laminar fiegion, feed velocity had little or negligible
effect on the water flux and diffusion coefficiemtswater. This result indicates that the
membrane transport properties are rate limitingrasmging the hydrodynamics made no effect
to the flux so the flux was not limited by massster properties through the boundary layer.
High feed temperature and high vacuum had a sggmfienhancing effect on the water flux and
diffusivity coefficients of water due to the inceeal driving force. A high water flux of 11.7
kg/m?-hr could be achieved at a feed temperature of @5tCa vacuum of 6 Torr, which is a
significant improvement compared to currently aaalié membranes with fluxes of less than 6
kg/m?-hr.
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Chapter 1

Introduction

1.1  Background

The long history of desalting in Australia ranges the wood-fired stills of the Coolgardie
goldfileds over 100 years ago, to distillationie tNorth West, solar ponds at Coober Pedy and
electrodialysis for the first plant at Yulara. Tplants installed ranged from multistage flash
distillation, vapour compression distillation, dleclialysis and reverse osmosis (RO) (Hoeing
al. 2009). In recent years, there has been an ina@easphasis on desalination and membrane
desalination using reverse osmosis (RO) has beeledlding technology for supplying fresh
water via desalination and industrial water redgaong various desalination technologies used
in the world, RO accounts for >65% of total workekdlination capacity and distillation
accounts about 30% (Korngadtlal. 1996). In Australia, installed RO seawater desaln
capacity will increase from 45 GL/year in 2006 t@p450 GL/year by 2030 (Hoamrgal.

2009). The main advantages of membrane technologgmapared with other unit operations in
chemical engineering are related to its uniquersdjoa principle, i.e. the transport selectivity

of the membrane. Separations with membranes deegatre additives, and they can be

performed isothermally at low temperatures.

Although RO membranes have good overall performancewater fluxes when using
transmembrane pressures up to 100 bar, the matatioms of RO technology are the overall
high energy cost and the sensitivity of RO membedaments to fouling. Figure 1-1 shows the
breakdown of production costs for a 100 ML/day ssawRO plant (Adham, 2007). As can be
seen, the energy requirement of RO operation i lmgh, with as much as 23% of total water
cost for seawaer desalination attributed to eneogy. In general, according to the size of the
unit and the type of process used, the energy remeit vary between 6 and 10 kwf/amd
investment costs vary between 600 and 2000 U%8/ti{orngoldet al. 1996). The product
water cost is mostly in the range of less than®m2for potable water and $1.25-$2.06/for
industrial water (Hoangt al. 2009). Despite much progress being made in lowehe energy
requirements and cost of RO, challenges remair tmviercome. The high energy requirement

of RO operation and the complexity in the managemeRO brine concentrate are major



obstacles to more widespread applications of #ubkriology. Therefore, there is a strong
motivation for improving established membrane makeiand developing alternative low

energy membrane technology.

Membrane
replacement
5%

Chemicals
8%

Labour
10%

Construction
52%

Figure 1-1: Costs of water production, 100 ML/day seawater ldestzon plant (Adham,
2007)

Pervaporation is a combination of diffusion of@uid through a membrane and then its
evaporation into the vapour phase on the otherditlee membrane. The mechanism of mass
transfer (or diffusion) of liquid across the mem@ancludes successive stages of sorption of a
liquid and its diffusion through the free volumetbé polymeric material. Transport through
the membrane is driven by the vapour pressurerdiifae between the feed solution and the
permeate vapour. In desalination applications, gg@ovation has the advantage of nearly 100%
salt rejection and potentially low energy consumpii waste heat is used, and unlike RO the
energy needed is independent of the concentratisalbin the feed water. Compared with RO,
pervaporation might have advantages in brine treatror in hot application as RO membranes
are restricted to <4C. To date there is little published informationtbe application of
pervaporation for desalination and wastewatermmneat. It is believed one of the main
limitations is the lack of high water flux with cent commercial membranes, generally being
<6 kg/nt.hr.

Previous studies have demonstrated the concepet@ination by pervaporation and identified
the need for new membrane materials with enhanegenilux to broaden the scope of future
membrane applications. This study reports the dgweént of a new type of hybrid polymer-

inorganic membrane based on poly(vinyl alcohol) Ap¥haleic acid/silica for desalination by



pervaporation. The hybrid membrane was synthesised sol-gel route by using tetraethoxy-
silane (TEQOS) as the silica precursor with maleid @§MA) as an additional crosslinking agent.
The resulting hybrid membranes with varying silacad MA contents were characterised with a
range of techniques to establish the structuregstgpelationship. Pervaporation separation of
agueous salt solution of hybrid PVA/MA/silica merabes was examined with respect to the
diffusion coefficient, mass transfer coefficientgldree volume of membrane. Other key factors
studied in this project include the thickness &f thembrane, effect of the heat treatment and the
process operating conditions such as feed flowfaéel temperature and permeate pressure. A
process engineering model was also developeditoastthe specific energy required for

pervaporation.
1.2  Objectives

The objective of this study was to develop scakeallergy efficient hybrid organic-inorganic
membrane materials with properties that exceegén®rmance limits of current commercial

polymer membranes for desalination by pervaporailitve research program included:

* To develop a method to synthesise PVA based hygdnic-inorganic membrane
materials with inorganic silica particles uniforndispersed in the polymer matrix at the

nanoscale and with improved stability.

* To characterise the membrane structure and prepednd test membrane performance
with respect to water flux and salt rejection iderto establish the structure-

performance relationship.

» To study the transport properties of developed idyimembranes for desalination by

pervaporation and identify the rate-limiting stgp(smass transport.

» To study the effect of process operating conditmmgervaporation performance of

synthesised hybrid organic-inorganic membranesdale-up consideration.

» To establish a process engineering model to estithatspecific energy and membrane

requirement for desalination by pervaporation.



1.3  Thesis outline
This thesis consists of the following chapters \wtrace briefly summarised below:

Chapter 2 provides a literature review of pervapongorocesses, membrane material selection
and development for desalination by pervaporatioe mass transport mechanism through

pervaporation membranes and previous studies omdhgiganic-inorganic membranes.

Chapter 3 describes the synthesis methods andatb@asation techniques used for PVA based
hybrid organic-inorganic membranes. It also dethiésexperimental set-up and analytical

methods for membrane performance testing.

Chapter 4 describes in more details the developofemgbrid organic-inorganic membranes
based on PVA, maleic acid (MA) and tetraethoxyrsl&TEOS). This chapter focuses on
characterising the sol-gel derived hybrid PVA/MAt&E membranes. The role of MA and
TEOS on pervaporation performance are discussddowitrelation to physical properties of
hybrid membranes such as water uptake, hydrogiilitiermal properties, morphology and

crystallinity, and free volume analysis.

Based on results from previous chapters, a seléwtedd PVA/MA/silica membrane optimum
water transport properties was chosen for furthediss. Chapter 5 details the effect of heat
treatment such as heating temperature and heatiegoh pervaporation performance of the
hybrid PVA/MA/silica membrane. Chapter 6 details #ffect of operating conditions including
feed flowrate, temperature, permeate pressure ivaperation performance of the hybrid
PVA/MA/silica membrane.

Chapter 7 details the development of a processieagng model to evaluate the specific
energy requirement of the desalination by pervapmraA breakdown of thermal and electrical
energy requirements for pervaporation in recireéafatode is outlined. Effects of feed
temperature and permeate pressure on specificyeartgmembrane requirements are also
discussed. The energy requirements by pervaporatoe compared with other desalination
technologies such as multi stage flash (MSF), newiéiporation distillation (MED) and RO.

Chapter 8 summarises the main findings and corarigdrom this research work and

recommendations for future research.



Chapter 2

Literature Review

2.1 Introduction

Pervaporation, considered as a clean technologypaiential low energy membrane
technology which has been extensively used forra¢ipa of mixtures of aqueous-organic
or organic liquids. For its application in desatios, it has the advantages of near 100% salt
rejection and the energy need is independent bEsatentration of the feed water. This
chapter presents a literature review of membrantenmaselection and development for
desalination by pervaporation and the mass trahspechanism through pervaporation
membranes. The advantages and approaches of laybadic-inorganic membranes
through sol-gel reactions are discussed with agacupoly(vinyl alcohol) (PVA) based
membranes. Key factors affecting the pervaporgiraeess including membrane thickness
and various operating parameters such as feed tatopeand permeate pressure, are
reviewed. Some insights into the membrane morplyodogl engineering aspects for

commercialisation of pervaporation are also inctude
2.2  Desalination by pervaporation
2.2.1 Pervaporation overview

Pervaporation, aimed at the separation of liquitunes, involves a dense membrane that is
in contact with the feed solution on one side, @/lpikrmeate is removed as a vapour from
the other side (downstream). The permeate sidsually kept under vacuum to enhance the
rate of permeation (Baker 2004). At least one efdbmponents is transported preferentially
through the membrane. Usually the permeating vapotondensed at reduced pressure, the
presence of non-condensable gases would hindératigport of permeating vapour from

the membrane to the condenser. The necessarydng¢héfevaporation of the permeate is
taken from the sensible heat of the feed mixturgelwls cooled down accordingly. In
contrast to all other membrane separation procesapiying non-porous membranes, a

phase change for the permeating substance ocounsféed to permeate (Bruschke 1995).



Figure 2-1 shows a schematic drawing of the pemajmm process to separate liquid
mixtures. Transport through the membrane is drlwethe vapour pressure difference
between the feed solution and the permeate vapthe.vapour pressure difference can be
created in several ways. In the laboratory, a vacpump was usually used to draw a
vacuum on the permeate side of the system. Indligfrihe permeate vacuum is most
economically generated by cooling the permeate wgmausing it to condense and,
spontaneously creating a partial vacuum (Baker 20T#e driving force is characterised in
practice by the difference in partial pressurediivdies of the permeating component in the
liquid feed and in the vapour-phase permeate, rechérom the back side of the membrane

under vacuum (Sander and Soukup 1988).

Pervaporation = Permeation + Evaporation

Feed

» Reject
Membrane

Cooler 4’@ Vacuum pump

Permeate

Figure 2- 1: The concept of pervaporation process.

Pervaporation is considered as a clean technoldgy/ separation of compounds using
pervaporation processes can be generally classifiedhree major fields viz. (i)
dehydration of agueous—organic mixtures, (ii) reed@f trace volatile organic compounds
from aqueous solution and (iii) separation of orgaorganic solvent mixtures (Baker 2004,
Smithaet al. 2004). The process was first studied systemayitalseparate organic
mixtures by Binning and co-workers at American i@ithe 1950s (Binningt al. 1961) and



picked up in the 1970s by Aptel, Neel and othenstéket al. 1974). By the 1980s, advances
in membrane technology made it possible to prepas@omically viable pervaporation
systems. The first commercial system for the dediyoin of azeotropic ethanol/water
mixtures was installed by GFT in 1982. Since thmeare than 100 plants have been installed
for this application, with the largest processif@®® kg/h of ethanol at Bethenville, France
(Baker 2004). The second commercial applicatiopes’aporation was the removal of
small amounts of volatile organic compounds (VOf@s)n contaiminated water. This
technology was developed by Membrane TechnologyRaesgarch with the first
commercial plant installed in 1996 (Cox and Baka®8). The third commercial application
was the separation of organic/organic mixtures. filsecommercial pilot plant was
reported by Separex for the separation of methiaow methyltert-butyl ether/isobutene
mixtures in 1988 (Cheet al. 1988). A timeline illustrating some of the keyl@stones in

the development of pervaporation is shown in Figige

Binning and Lee

at American Qil Separex operates a
publish the first 1-2 gpm methanol/MTBE
systematic studies pilot plant - 1988
\ Neel and Aptel
at Toulouse
continue laboratory First commercial VOC-from-water
pervaporation studies pervaporation plant installed - 1996
[ I r ~ L l |
1950 1960 1970 1980 1990 2000

\ GFT constructs the

Bethenville 5000 kg/h
ethanol dehydration
GFT constructs the plant - 1988
first commercial
pervaporation plant for
dehydration of ethanol - 1982

Figure 2- 2: Milestones in the development of pervaporation @&004).

In general, separation by pervaporation is baseti®@solution-diffusion mechanism of
transport through non-porous membranes (Brusch@8,18mithaet al. 2004). The



mechanism of mass transfer for liquids across siifiio-type (nonporous) polymeric
membranes includes successive stages of sorptiatiapiid, its diffusion through the free
volume of the polymeric material and then desorptiba vapour phase on the permeate
side (Bruschke 1995). In this process, the phage shanges from the liquid on the feed
side to the vapour on the permeate side. The pbgtsemical properties of membrane-
forming polymers and of components of liquid mixsiexert a decisive influence on the

selectivity of membranes and intensity of masssiem(Kuznetsowt al. 2007).

The selectivity and permeation rates of pervapomnatiembranes are governed by the
solubility and diffusivity of each component of tfeed mixture to be separated (Kulkaghi
al. 2006), which are intrinsic permeability propertithe membrane material. Similar to
non-porous membranes used for gas separationetheepbility of a component is the
product of the membrane sorption coefficient (KJl &me diffusion coefficient (D). The
membrane selectivity of component i and j is thedpct of the diffusion selectivity (ID;)
of the membrane material and the solubility sel#gt(Ki/K;), generally governed by the
chemistry of the membrane material (Baker 2004eifian 1999). Therefore, membrane
materials are generally tailored for particularagegtion applications (Baker 2004).

2.2.2 Desalination by pervaporation

As applied to desalination, pervaporation involthestransport of water through non-porous
membranes via the solution-diffusion mechanismsk®wn in Figure 2- 3, desalination by
pervaporation is a combination of diffusion of wateough a membrane and then its
evaporation into the vapour phase on the otherdfitlee membrane. The selectivity in the
process is governed by the partial pressure diffege of the feed components and intrinsic
selectivity of the membrane (Korngadtlal. 1996). As a potential low energy process, it has
the advantage of near 100% salt rejection. In eshiwvith other membrane technologies,
such as reverse osmosis and electrodialysis,athels the advantage that the energy need is
essentially independent of the salt concentraticdieed water. Using a partial water vapour
pressure gradient as a driving force for the trartspf water across the membrane,
pervaporation can handle high salt concentratiatisowt losing much of its driving force.

For instance, the partial vapour pressure of ala@| solution at 75°C is only 8% lower of
that of pure water at the same temperature (Zwijeeget al. 2005). It is, hence, capable of
concentrating salt solutions up to supersaturaeels, which allows for the recovery of salt
by crystallisation. When compared with porous menbrdistillation membranes, a

8



potential advantage for pervaporation membrantigreater physical integrity of their
dense membrane structure (Badt@l. 2010). The main advantages of pervaporation over

conventional separation processes are:

» Complete separation (in theory) of ions, macromdks; colloids, cells etc., to produce

a high-quality permeate.
» Water can be recovered at relatively low tempeestur
* Low-grade heat (solar, industrial waste heat) naysed.

» Does not require extensive pretreatment as reqtorgatessure-based membrane

treatment processes such as RO.

» Hydrophilic pervaporation membranes are potentialy fouling.

Feed solution

salt water
o e e N

Membrane active layer

Supportlayer

Permeate vapour

Figure 2- 3: Desalination by pervaporation process where watssgs through a dense

pervaporation membrane.

Desalination by pervaporation involves a successfatages of sorption of liquid water on
the membrane and the diffusion of the water vaplanaugh the free volume of a

hydrophilic membrane. The pervaporation of an ageesalt solution can be regarded as

9



separation of a pseudo-liquid mixture containiregfwater molecules and bulk hydrated
ions formed in solution upon dissociation of thit sawater (Kuznetsoet al. 2007). The
separation selectivity of such a mixture dependthercompetitive diffusion of its
constituent components through unit elements ofréevolume. For highly selective
separation, the size of these elements should b# and similar to the van der Waals
diameter of water molecules (~2.8A) (Franks 2060Y).this reason, it is preferable that the
membrane structure should be highly structuraldeced on the super-molecular level. For
example, in the case of cellulose, this is favouhed to its hydrophilic nature and the dense
packing of polymer chains, provided by the netwairkntermolecular hydrogen bonds
(Kuznetsowet al. 2007). It should also be noted that the transpfdoicteria, viruses, and
other pathogenic species across diffusion membiaresnpletely eliminated by the very
small size of free-volume elements compared tsihe of the pathogens (>20nm, about

100 times larger than the size of free volume efés)e

An overall view of reported desalination by perviagtion results is listed in Table 2-1. By
far the best outcome in open literature is withutete membranes, followed by silica, ionic
polyethylene and the various polyether membrankes.Highest flux of 6.1 kg/fh was
reported for a cotton cellulose membrane at 40°G miembrane thickness of 30um. The
low flux of current polymeric membranes is belietede the main limiting factor for

commercial application of the pervaporation prodessiesalination.

Previous works showed that feed temperature is@atrparameter, the benefit of which is
attributed to an increase in diffusivity and reductin flow viscosity that occurs on heating.
Hence expenditure on thermal energy will improveéewflux. Alternative thermal sources
that could be exploited are solar, geothermal addstrial waste heat. Mechanical energy
in the form of extra applied pressure or vacuumli@wise be called upon to enhance the

flux. The main parameters for higher water flug:ar

Higher feed water temperature

Increased vacuum

Lower membrane thickness

Improved membrane permeability
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Table 2- T Summary of desalination by pervaporation datal@bvie (Boltoet al. 2010)

Membrane Feed Temp., Membrane  Flux, Reference
Polymer Conc., °C Thickness,  kg/m*h

o/L pm
Cotton cellulose 40 40 30 6.1 Kutznetsowt al., 2
Cellulose diacetate 40 40 0.5-15 4.1-51

on MD membrane

Sulphonated polyethyleng, 0-176 25-65 100 0.8-3.3 Korat al., 1996

cation exchanger

Quaternised polyethylene} 0-176 45-65 50-18 1.5-3.0 Korngoldet al., 19¢
anion exchanger 35 60 70 2.3
35 60 170 0.5
Polyether amide 35 Solar, 40 0.25 Van Andel, 2001
60-80
Polyether amide 35 Solar, 40 0.2 Zwijnenberggt al.,
46-82
Polyether ester 3.2-5.2 Solar, 160 0.15 Quinones-Bol#éose
9.9-18 22-29 0.13 2005
20-30 0.12
Silica 35 20 1-10 3.7 Ladewggal., 201
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2.3 Commercial and engineering aspects of pervapor  ation

The pervaporation process was first commercialisedthanol dehydration in 1980s based
on the crosslinked PVA/PAN composite membrane. &then, both the scope of
application and the types of pervaporation memlzdaee been extensively enlarged
(J.Jonquierest al. 2002). A wide range of solvents have been coveréde dehydration
market, which includes various alcohols, ethergikes, acid and some polymer solvents
like THF, dioxane. The SULTZER PERVARmembranes also succeeded in
methanol/MTBT, and ethanol/ETBE separation (Shabkuang 2007).

The performance of pervaporation mainly depends on:
 The membrane properties
* The operating conditions
* The module design

Module design plays an important role in the ougraiformance of any membrane plant.
Key parameters to be taken in to consideratiothfiermodule design include packing
density, cost-effective manufacture, easy accessdaning, reduction in boundary layer
effects and cost-effective membrane replacemersiedan above, modules can be
distinguished into tubular, capillary, hollow fihnglate-and-frame type, and spiral wound
modules (Smithat al. 2004). The module configuration has to be cargfitimised in
order to reduce the temperature change of theisofutlong the membrane module
(reduction of the heating and cooling costs). Cariqular issue affecting pervaporation
module design is that the permeate side the meralwf®n operates at a vacuum of less
than 100 Torr. The pressure drop required to drempermeate vapour to the permeate
condenser may then be a significant fraction ofpieneate pressure. Efficient
pervaporation modules must have short, porous mmohannels to minimise this
permeate pressure drop (Baker 2004).

For pervaporation, the plate-and-frame type isbrminating module configuration
employed in pervaporation since this configuratan provide low resistance channels in
both the permeate and feed sides. It also hagitrentages in ease of manufacturing and

high temperature operation with efficient intergtdgating between stages (Smighal.
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2004, Shao and Huang 2007). In plate and framemsstthe feed solution flows through

flat, rectangular channels. Packing densities ofiah00-400 fim® are achievable.

Pervaporation requires volatilisation of a portafiiquid feed. In pervaporation, the
enthalpy of vaporisation must be supplied by teelféue to this, a large thermal gradient
is established across the membrane with contire llbss to the permeate resulting in a
reduction in flux. To compensate for this heat |asterstage heaters within the membrane
module are required to reheat the feed. In the aBlellow fibre modules, where surface
area/volume ratios are high, hollow fibres may hanablems with longitudinal temperature
drops and inefficient use of downstream surfaca ébeithaet al. 2004). In addition, it
should be noted that ensuring low transport restgtan the permeate side is a critical
consideration in pervaporation module design. Thisecause the efficient evaporation of
the permeate molecules at the downstream faceeahémbrane needs an extremely low
absolute pressure. The presence of a resistarnice permeate channel can greatly affect
the pervaporation separation process. Becauseésafhibracteristic, the compactness of the
membrane module is no longer a preferential consida for pervaporation modules. It is
difficult for a hollow fibre module to be employ&d pervaporation unless the fibre length is
short, or the fibre diameter is big enough to plleva small temperature gradient along the
fibre, e.g. 5-25mm (Boweet al. 2003). As a result, tubular membranes seem to be a
feasible module configuration for pervaporatiorghsas tubular zeolite membranes
developed by Mitsui Engineering & Shipbuilding Gtowever, the manufacturing cost of
these modules is high. Capillary modules are gdlgerat used in pervaporation due to its
high mass transport resistance when compared tathiee modules due to increased

boundary layer thickness.

Spiral wound modules have the advantages of higkipg density (>900 fim°) and a
simple design. It is generally considered diffidoltdevelop for pervaporation because of
the chemical susceptibility of the adhesive regl®@mithaet al. 2004). However, this
may not be the case for desalination applicatienthere is no solvent in the feed.
Therefore, there is a potential to develop theaspimwound module for desalination by

pervaporation.
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2.4 Mass Transport in Pervaporation Membranes
24.1 Solution-diffusion model

The solution-diffusion mechanism is widely acceptedescribe the mass transport through
non-porous membranes (Shao and Huang 2007). Itisaproposed by Sir Thomas
Graham (1866) based on his extensive researchopegmeation through homogeneous
membranes. Following this model, the overall meassffer can be separated into three

consecutive steps (Bruschke 1995, Graham 1866):

(i) sorption of a component out of the feed mixture swoldtion in to the upstream

surface of the membrane material;

(i) diffusion of the dissolved species across the mangmatrix along a potential

gradient;
(iif) desorption of dissolved species from the dstmeam side of the membrane.

These three fundamental processes also governabe tnansport across pervaporation
membranes (Binningt al. 1961). When a pervaporation membrane is in comidbta

liquid feed mixture, it is generally believed thlaeé thermodynamic equilibrium reaches
instantly at the membrane—feed interface (Binrang. 1961, Lonsdale 1982), therefore:

m_ =K (2-1)

whereC,, andCieq represent the concentrations of a species at émebmane surface and
the feed, respectively, and K is thus the partitoafficient of a species between the
membrane and the feed phase. Therefiis,a characteristic parameter dependent upon the
interaction of the species with the membrane. M@sssport through the membrane is a
diffusion-controlling process, which is generallyvgrned by Fick’s first law (Lonsdale
1982, Crank and Park 1968):

dC

J=-D— 2-2
Y (2-2)
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whereJ is the permeation flux of a species through thenbrane, D is the diffusion
coefficient of the species in the membrane, &sdthe thickness of the membrane. By
introducing the partition coefficiemt of the species at the membrane/feed, and membrane/
permeate interface, the concentrations of a spatite faces of the membrane can be

expressed in terms of the feed and permeate coatiens, respectively. Fick’s first law thus

becomes:
1=DKk2C-PK e 2-3)
o) o)

where both the diffusion, and the partition coeéints are treated as constants. If the
transmembrane concentratiox() is taken as the driving force for the mass fparis the

permeability P) of the species in the membrane can be defined as:
P= DK (2-4)

Clearly, the permeability is an index measuringititensic mass transport capability of a
membrane for a species. The ideal separation fat@membrane for species i and j can be
defined as (Baker 2004, Freeman 1999):

a; = —' = —'—' = (a'ij )D (a'ij )K (2-5)

In pervaporation the membrane is in contact withfded liquid, and typical sorption is 2—
20 wt%. Sorption of one of the components of theslfean then change the sorption and
diffusion of the second component. As a rule ohtbuthe total sorption of the feed liquid
by the membrane material should be in the rang® 84%. Below 3 wt% sorption, the
membrane selectivity may be good, but the fluxugiothe material will be too low. Above
15 wt% sorption, fluxes will be high, but the meiate selectivity will generally be low
because the diffusion selectivity will decreaséh@smaterial becomes more swollen and

plasticized. The sorption selectivity will also tetowards unity (Baker 2004).

Research efforts in pervaporation were thus devimtasgeking the right membrane

materials to maximize the differences in thesematars (diffusion coefficient D, partition
coefficient K, and thus permeability P) so that desired separation can be carried out in an
efficient manner (Baker 2004). By manipulating ghemistry of membrane materials,

either sorption- or diffusion-selectivity-contralenembranes can be made. For example,
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for the separation of acetone from water it is @mefd to use silicone rubber membranes.
Silicone rubber membrane is made from a hydrophatibery material and preferentially
sorb acetone, the more hydrophobic organic compo&iod rubbery materials the diffusion
selectivity term, which would favour permeationtioé smaller component (water), is small.
Therefore, silicone rubber membrane is sorptioretrlity-controlled and preferentially
permeates acetone. On the other hand, the criosglPVA membrane is made from a
hydrophilic rigid material and because PVA is hyghilic, the sorption selectivity favours
permeation of water, the more hydrophilic polar poment. Also because PVA is glassy
and crosslinked, the diffusion selectivity favougyithe smaller water molecules over the
larger acetone molecules is substantial. As dtyd®4A membranes permeates water

several hundred times faster than acetone (Hadteah 1993)

Experimentally, the permeation flux, and the sefp@angactor can be obtained, respectively

__Q

T A (2:6)
i — (YI/YJ)

(aj )permselectivity - ‘XI/XJ ’ (2_7)

whereQ is the quantity (in gram or mole) of the permeatiected in a time intervalt, A

is the effective membrane area used for the tedtXaandY represent the fractions of the
components in the feed and the permeate, resplyctRermeation a function of vapour
pressure of each species. Since the downstreaisupeas pervaporation operation is
negligibly small when operated under vacuum coadgj the permeation flux of each
species through the membrane is essentially priopaitto its intrinsic permeability as well
as its activity in the feed. As such, the sepandfia@tor defined in Equation (2-7) is
equivalent to the ideal permselectivity as defimeBquation (2-5).

2.4.2 Freevolumetheory of diffusion

The mobility of polymer segments is closely relatedhe free volume of the system. The
free volume can be qualitatively visualised asubleme which is not occupied by the
polymer molecules but constitutes a part of thé& lolume of the overall polymer solid or

polymer/diluents system. The free volume may beatiorelated to the void volume in
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semicrystalline polymers, and more generally ong wisualise it as a “hole” opened by
thermal fluctuation of molecules or present becadsggometrical requirements of random
chain packing. However, in the free volume thedmg, “hole” or free volume which serves
as the passage for diffusing penetrating molealbes not designate any fixed pore and its
size and location fluctuate with time (Yaswadal. 1968a). It is generally true that in a
given membrane, increased free volumes corresgondsreased diffusion coefficients of

the penetrants (Shao and Huang 2007).

In the free volume theory, the diffusion coeffidie@an be generally expressed by (Cohen
and Turnbull 1959):

D= Bexp{— VVE’D} (2-8)

whereD is the diffusion coefficient of permeant molecuylBss constant,y is a numerical

factor introduced to the equation to correct feertap of the free volume which should lie
between 0.5 and ¥* is a characteristic volume required to accommottaealiffusion

permeant molecules in the sampias the free volume in the sample.

Yasudaet al. (1968a) have proposed that water and salt diffugiocough hydrogels can be
interpreted with the free volume theory of diffusidn the pervaporation process, based on
the free volume theory, the water or salt diffusioefficient is expected to change
exponentially with the reciprocal free volume @lal. 2010). When a membrane is
swollen or plasticised by transport species, theraction between polymer chains tend to
be diminished, and the membrane matrix will thenefexperience an increase in the free
volume. The fractional fee volume (FFV) of polyméesslefined as follows (Shao and
Huang 2007):

specificfreevolume
polymerspecificvolume

FFV =

(2-9)

Positron annihilation lifetime spectroscopy (PALSa modern tool to investigate the size
and size distribution of free volume elements itypers (Tunget al. 2009, Donggt al.

2008). This method is based on the measuremerdsitirgn lifetime and lifetime intensity

in a material. The annihilation of positrons in@ymer occurs via several pathways. One of
the pathways, based on 0-Ps in the triplet spie s&typically sensitive to free volume
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elements in a polymer, including their size (chteased by o-Ps lifetimes) and
concentration (characterised by intensi)y respectively (Dongt al. 2008). PALS has
been used to study the microstructure of variolgnpers, such as glassy and partially
crystalline polymers, thermally stable polymerss gaparation polymers and polymer
hydrogels (Jwet al. 2010). Desalination (Tung al. 2009) and pervaporation membrane
(Penget al. 2006a) materials were also investigated using PAz8ed upon these studies,
the PALS technique can probe free volume, whiadmortant in determining penetrant
selectivity in dense desalination membranes(&l. 2010).

2.5 Membrane selection for pervaporation
2.5.1 Membrane morphology

The design of suitable membranes for pervaporasioh great importance for its further
development. Generally, the membranes used fordédxy scale trials are always
homogeneous and symmetric (Figure 2- 4a) becaeyeatie easy to cast and possess the
intrinsic separation properties of the polymer. léwer, to attain commercial viability, the
membranes successful on the laboratory scale apapd in an asymmetric or composite
form. These two morphologies offer a possibilitynediking a barrier with a thin effective
separation layer, which enables high flux while m@ining desirable mechanical strength
(Smithaet al. 2004).

Asymmetric membranes consist of a thin dense lagaop of a porous support layer of the
same material (Figure 2- 4b). These membranesrapaped by the phase inversion
technique where a homogeneous polymer solutioassas a thin film or spun as a hollow
fibre and immersed in a non-solvent bath afterrgjvt a brief time in air to allow partial
evaporation of the solvent. The membrane is forbhethe replacement of solvent by non-
solvent and precipitation of the polymer (Smidbal. 2004).

Composite membranes consist of a porous suppaat laigh a thin dense skin layer coated
on top of it (Figure 2- 4c). The top layer is ahaterial different from the support layer.
Utilization of composite structures offers a meahminimizing membrane cost by reducing
the quantity of expensive high performance matersald. Composite membranes allow the
properties of the dense separating layer and threupsupport layer to be optimised
individually (Smithaet al. 2004), e.g., the membranes for water permeatitineu,

supporting layer such as a honwoven porous polyestghich is cast either a
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polyacrylonitrile (PAN) or polysulfone (PS) ultrlifation membrane, and finally a 0.1 um
thick layer of crosslinked PVA which provides segieon (Changet al. 1998).

Dense film

@)

Dense top layer

O 0 O O 0 Porous support made of
same polymer
oV 0 g OO 0 O

Coated top layer

different polymer

O O O O O O Porous support made of

Membrane support
fabric

Figure 2- 4: Schematic representation of three different tyges@mbrane structure
(modified from Smithaet al. 2004).

2.5.2 Membrane materials selection overview

In pervaporation, a wide range of materials inahgdilense metals, zeolites, polymers,
ceramics and biological materials have been usethéomanufacturing of membranes.
However, polymers form the most widely used matdoiamembrane manufacturing at

present (Smithat al. 2004). Shao and Huang (2007) have reviewed polgmegmbrane
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pervaporation with an emphasis on the fundamem@érstanding of the membranes in the
areas of alcohol and solvent dehydration. Thisew\provided an analytical overview on
the potential of pervaporation for separating lboixtures in terms of the solubility
parameter and the kinetic parameter of solventsy Hiso reported the importance of
solvent coupling in diffusion transport and howsthoupling can be accounted for.
Chapmaret al. (2008) complemented the work of Shao and Huangebigwing
hydrophilic polymeric and inorganic membranes fehydrating solvents such as ethanol
and isopropyl alcohol. They also reported the l/brganic-inorganic membranes for
alcohol dehydration. As virtually all pervaporatiorembranes are non-porous polymeric
systems, and membrane selection is focussed ompolgesign and modification. The
development of an optimum polymer for pervaporatagpplication is a challenge for
polymer chemists and may need entirely new cona@piddeas. Some of the polymer
modifications suggested are the incorporation ofganic additives, crosslinking the
polymers, blending a mixture of polymers, and the af copolymers and polymer graft

systems.

Membranes with both high permeability and selettiare desirable. Higher permeability
decreases the amount of membrane area requiretihergby decreasing the capital cost of
membrane units. Higher selectivity results in higherity product. A trial and error approach
in the past has revealed that, for the dehydratfarganic liquids, hydrophilic polymers are
preferred as hydrophilic membranes have a highgtisa capacity for water than solvents.
On the other hand, for the removal of organics feaqueous solutions, hydrophobic
elastomers are the most suitable as hydrophobichreeras have a higher sorption capacity
for organics. The selection of the membrane pohysiasually made on the basis of
solubility and diffusivity data for the various cpanents of the mixtures in a membrane

polymer.

Table 2-2 summarises some key factors importanintss transport through a
pervaporation membrane. Solubility and diffusivafylow molecular mass solutes in
polymers strongly depend on the molecular sizestaghe of the solute, the polymer solute
interactions, and the chemical and physical progedf the polymer. Diffusivity not only
depends on molecular interactions, but also orstigte size and the state of aggregation of
the membrane polymer. It differs significantly ffassy and rubbery polymers (Staudt-
Bickel and Lichtenthaler 1994). A general tradékafs been recognised between
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permeability and selectivity (Freeman 1999). Therovement in diffusivity necessary for

good fluxes usually means a decrease in selectwitivice versa.

Table 2- 2:Factors affecting overall mass transport (Staudi@&iand Lichtenthaler 1994).

Intermolecular interactions Molecular size and shape

Polarity and polarisability

Hydrogen bonding

Intermolecular donor-acceptor interactions

State of aggregation of the polymer Glass transition temperature

Ratio of amorphous to crystalline domain

Physical properties Thickness of selective nonporous layer

Porosity and thickness of support

Operating conditions Feed composition
Feed temperature
Thickness of boundary layers

Permeate pressure

Hydrophilic polyvinyl alcohol (PVA) based pervapticen membranes were the first
membranes successfully used for organic solvengdiation at industrial scale.
Dehydration of organic liquids using this type aémmbrane still remains the main industrial
application of pervaporation (Baker 2004). Owindheir hydrophilic character, these
membranes enable the extraction of water with Buxed selectivity depending upon the
chemical structure of the active layer and its mofderosslinking. Most of the hydrophilic
membranes commercially available are made of P¥énally crosslinked or crosslinked

by special agents to provide chemical resistaneeieh or in strong solvating media (Smitha
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et al. 2004). In desalination by pervaporation, polyrmedestion would appear to be related

to that for dehydration of organic liquids, so thgtirophilic polymers are still preferred.
2.5.3 Membranesfor desalination by pervaporation

Although pervaporation has been extensively usesgparation of organic compounds,
there is no commercial application of pervaporafmmdesalination mainly due to the low
water flux of current available membranes. Thidiseowill focus on reviewing previous

studies on membrane selection for desalinationdsygporation.
0 Celulosic Membranes

Membranes have been made from plant celluloseickriess 305 um, and also bacterial
cellulose obtained frorAcetobacter xylinum, which had thicknesses of 40 and 240 um
(Kutznetsowet al., 2007). Composite membranes were made by depgsitthin layer (3-5
pum) of cellulose diacetate on a microporous polgfitoroethylene membrane with the
subsequent saponification of the coating layer InlaNaOH-CHCOONa buffer solution at
50°C. Pervaporation at 40°C of a 4% salt solugjame complete salt rejection at fluxes of
0.9 to 6.1 kg/rfh, as detailed in Table 2-3.

Table 2- 3:Fluxes for desalination by pervaporation of 4% Natc40°C and 0.2 mbar
(Kutznetsowet al., 2007).

Membrane Material Water flux, kg/m?h
Cellulose diacetate (wood) 0.91

Wood cellulose 1.7

Cotton cellulose 4.6

Cotton cellulose, wetted before use 6.1

Bacterial cellulose 1.9

Cellulose diacetate composite on microporous menaira 41,51

" After saponification of the cellulose diacetataifi:1 NaOH-CHCOONa buffer solution at 3C.
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Wood based membranes exhibited lower permeabijlitiesiowest being for the less
hydrophilic cellulose diacetate. Cotton derivetlutese swelled more and had a higher
flux, especially when swollen in water before u§mposite membranes had a flux of 4.1
to 5.1 kg/nh. All membranes demonstrated 100% salt rejecttasignificant differences in
their water permeability. A possible reason for difeerence in permeability between these
membranes may be due to differences in hydroptyiland structure features (Kuznetsyv
al. 2007). For example, the content of -OH group$iedotton derived cellulose membrane
is higher and the positions of -OH groups are trittts/ fixed and easily change in

interaction with water or water vapour.
o0 Sulphonated Polyethylene Membranes

Pervaporation performance in desalination withdwlfibre cation exchanger membranes
based on sulphonated polyethylene (PE) was rep{fiauh et al. 1996). The fibres had
diameters of 400-1800 pm, a wall thickness of 504161 and a charge density of 0.6-1.2
meg/g. The salt content in the feed was 0-176 afid, the flux obtained was 0.8-3.3 kgfm
when the inlet brine temperature was 25-65°C. djptanal specificationsverefibres of
diameter 1200 um and wall thickness 100 um, witharge density of ~1.0 meqg/g. The
highest flux of 3.3 kg/fth was achieved when the feed temperature was 60h€re was a
15% decrease in water flux when the salt conceatrat feed was increased from 0 to 176
g/L (Korngold and Korin 1993). This was ascribedtreduction in the swelling of the
membrane at the higher salt level.

Anion exchange versions of the hollow fibre polydtine membranes have been made by
sulphochlorination, amination, followed by quatsation of the amino groups (Korngad
al. 1996). Using them in a recycled air sweep perxatpm system, the water flux was 1.5-
3.0 kg/nth when the water temperature was 45-65°C. Theseansignificant decrease in
flux when thicker-walled fibres were used, from Rgnth for 70 um thickness to 0.5
kg/m?h for 170 pm thickness. This flux reduction was ¢l the increase in membrane
thickness. Diffusion of liquid water through thentimuous pathway of water shells around
charged groups is claimed to be faster than ddfushrough clusters of free water in the
membrane (Cabassgbal., 1985).
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o Polyether Amide Membranes

Akzo patented a polyether amide membrane made droaprolactam and a mixture of
poly(ethylene oxide) and poly(propylene oxide) (Vardel 2001). The membrane was
reported to be effective in solar powered desabnabor irrigation purposes. The
membrane was in the form of a 40 um thin film edéd onto a supporting layer that formed
an irrigation mat. Raising the feed water tempeeato 60-80°C by simulated solar heating
for 12 h per day yielded an average flux of 0.26Kf. In dry areas with many sunny days
(> 300 days per year) this should produce 1000-¥800ry. It is generally thought that
effective irrigation requires ~500 kgf;n The membrane was claimed to be exceptionally

resistant to the aggressive combination of searveaie heat in the long-term.

A tubular configuration of a non-porous polyetheride membrane of 40 um thickness has
been used in a solar driven pervaporation procedsgsalinate untreated seawater and
wastewater from oil production (Zwijnenbeggal. 2005). Along with high salt rejection,
high level rejection of boron, arsine and fluongas also reported. The water flux was low
at ~0.2 kg/rfih, but was independent of the feed concentrationveas not affected by
severe fouling resulting from the concentrationgeiss. This was explained by the dynamic
characteristic of the solar process. The tranggsistance resulted from increased salinity

and fouling was compensated by a higher feed teatyoer from the solar process.
0 Polyether Ester Membranes

Polyether ester membranes made by DuPont havetésted in hollow fibre and corrugated
sheet modes for PV reclamation of contaminated miatehe purpose of crop irrigation
(Quifiones-Bolarfiost al. 2005). The membrane polymer was a hydrophilicntioglastic
elastomer that was claimed to have good chemis#tesce and high mechanical strength.
A DuPont patent reported polyether ester elastomeide up of a poly(trimethylene-
ethylene ether) ester soft segment and an alky@steg hard segment (Sunkara 2005). The
model contaminants present in the test water ireduzbrate, selenates, and 0.3-30 g/L
sodium chloride. The hollow fibre configurationvgathe best results compared to the
corrugated flat sheet. The highest flux of 0.1561Wh was for a 3.2-5.2 g/L salt feed at
29°C. This decreased to 0.10 kdmat 22°C. This was attributed to the increase in
molecular diffusivity and the reduction in flow eissity at the higher temperature.

Increasing the salt concentration also decreasetliuk slightly. The water flux increased
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linearly from 0.08 to 0.15 kg/th when the feed pressure varied from 20 to 100 KRe.
solute rejection was independent of the feed canagon and membrane configuration. The
removal of borate, selenate and sodium chlorideavas 80% from highly contaminated
waters (Quifiones-Bolafi@sal. 2005).

o SlicaMembranes

Silica membranes have been mader@iumina substrates using tetraethylorthosilicaied a
various amounts of a triblock copolymer made frasty(ethylene glycol) and
poly(propylene glycol), which was used as a tengp{atidewiget al. 2010). Calcining
under vacuum carbonised the template and trappeithin the membrane matrix.
Synthetic seawater was desalinated at a flux ok@/@fh with 98.5% salt rejection at room

temperature and a driving force of 100 kPa.

Previous studies have demonstrated the concemsalidation by pervaporation with the
high salt rejection, but the water fluxes were galhelow. The highest reported water flux
was only 6.1 kg/rth for a cellulose membrane (Kutznetswal., 2007). Selection of the
membrane polymer material is critical as it reldai@the inherent permeability. In addition,
the thickness of the membrane is another vitabfadthe active layer should be as thin as
possible in order to reduce the membrane resistaficanake pervaporation as a viable
alternative desalination process, it is therefarpartant to develop a thin pervaporation

membrane which can achieve both high water fluxsaitrejection.
2.6  Hybrid Organic-inorganic Membranes
2.6.1 Background and classification of hybrid organic-inorganic materials

One of the conditions for successful developmemtevf membrane processes in recent
years is the utilization of well-adapted membrafidee ability of a membrane to accomplish
a desired separation depends on the relative péilitgaf the membrane for the feed phase
components. The rate at which any compound permeateembrane depends upon two
factors — an equilibrium effect (partitioning ofraponents between feed phase and
membrane phase) and a kinetic effect (for exangjpieision in a dense membrane). Hence,
the choice of a given membrane material is noty but based on very specific physical
and chemical properties (Guizasidal. 2001). The most important class of membrane

materials are organic polymers due to a numbedwaémtages. In general, polymer
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membranes have good film forming ability and camptmeessed into very compact systems.
They are not expensive and can be applied indiitgreéo large or small fluid volume

treatment.

Membranes with both high permeability and selettiare desirable for practical separation.
In general, polymer membranes have disadvantag@sitéd mechanical, chemical and
thermal resistance compared to inorganic membr@beizardet al. 2001). Despite
concentrated efforts to innovate polymer type aildit polymer structure to improve
separation properties, current polymeric membraatmnals commonly suffer from the
inherent trade-off effect between permeability aatictivity (Freeman 1999), which means
that membranes of high permeablility are genetalg selective and vice-versa. On the
other hand, although some inorganic membrane naégdrave shown good separation
properties above the upper-bound trade-off curval@@tius 2001), which was constructed
on an empirical basis for many gas or liquid pasig published permeability and
selectivity data (Robesaat al. 1994), their large-scale application is still reséd due to

the poor processability and high capital and memdraplacement costs. Therefore, it can
be envisaged that elaboration of hybrid membraniemads by bridging organic and
inorganic components will be an efficient approsxlvercome the trade-off hurdle (Peng
et al. 2005a). This approach is also adopted in thisystuith the aim to enhance the water

flux through the membrane.

Hybrid organic-inorganic composite materials arenpising systems for many applications
due to their extraordinary properties, which afisen the synergism between the properties
of the components. They have attracted considehdntion as potential “next
generation” membrane materials (Pehgl. 2005a, Merkeét al. 2002, Uragamét al.

2002). There are several routes for fabricatingehmaterials, but probably the most
prominent one is the incorporation of inorganicliinig blocks in organic polymers. These
materials have gained much interest due to rembkdianges in properties, such as
increases in mechanical strength and thermal gtabdmpared to pure organic polymers. A
general classification of hybrid organic-inorgamaterials was proposed (Guizasatchl.

2001, Wen and Wilkes 1996, Eckert and Ward 200dfjrdjuishing “class I’ materials, in
which the inorganic and organic components intefactugh weak hydrogen bonding, van
der Waals contacts, or electrostatic forces, fratass 1I” materials, in which the inorganic
and organic components are linked through stronigicovalent bonding (Figure 2- 5).
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Figure 2- 5: Hybrid organic-inorganic materials (type | with vder Waals forces or
hydrogen bonds; type Il with covalent bonding) (Zzudet al. 2001).

The “class I” organic-inorganic membranes are preghdy simply incorporating inorganic
particles, such as zeolite, carbon molecular siand,silica into dense polymeric
membranes to improve molecular separation propefencet al. 2005a, Merkett al.

2002). Pengt al. prepared crystalline graphite flake filled poly{yi alcohol) membrane
(Penget al. 2005b). They introduced graphite to interfere wtthymer chain packing and
augmented free volume and, thus, obtained highrengeebility membranes. However, most
“class I” organic-inorganic membranes failed tossrthe upper-bound trade-off curve due
to the following main disadvantages: agglomeratibmorganic particles and formation of
nonselective voids, which usually exist at therifstee of these two phases since the
interaction between inorganic particles and polyma&f physical origin. Moore and Koros
have summarized the relationship between orgamiganic membrane morphologies and
transport properties (Moore and Koros 2005). Thieptiified that the trade-off phenomenon
was mainly derived from the non-ideal effects saslvarying degrees of rigidification in

the surrounding polymer, undesirable voids at therfaces, and partial or total clogging of
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the dispersed phase. Therefore, it is possible‘thags 11" hybrid organic-inorganic

membranes will become membranes of choice.

The dominant processing method of the “class Ifamic-inorganic membranes, which can
efficiently avoid formation of nonselective voidisthe organic-inorganic interface and the
agglomeration of inorganic particles, is basedr@ndonvenient and mild sol-gel process
(Penget al. 2005a, Wen and Wilkes 1996). Kusakabal. (1998) prepared polyurethane
(PU) membranes containing tetraethyl orthosili¢®d/TEOS) and applied them to
benzene/cyclohexane fractionation. They found Ieazene/cyclohexane selectivity in the
hybrid membrane was higher than that in the PU wypart. However, the permeation flux
was lower in the hybrid membrane. Uragaaral. (2002) prepared PVA/TEOS hybrid
membranes for pervaporation separation of aquethasi@ solution, which also showed
decreased permeability and increased selectivitg. latter study, Perg al. (2005a)
prepared PVAy-(glycidyloxypropyl)trimethoxysilane (GPTMS) hybridembrane for
pervaporation separation of benzene/cyclohexartetivi aim to improve the trade-off
between permeability and selectivity were prepdmedn in situ sol-gel approach. The
permeation flux of benzene increased from 20.ZFg/for pure PVA membrane to 137.1
g/n’h for PVA-GPTMS membrane with 28 wt % GPTMS contevtiile the separation
factor increased from 9.6 to 46.9, simultaneouBdsed on the free volume analysis, the
enhanced and unusual pervaporation properties atiiguted to the increase in the size and
number of both network pores and aggregate ponelsthee elongation of the length of the
diffusion path in PVA-GPTMS hybrid membranes. Iseparate study by Zhaegal.

(2007), hybrid organic-inorganic membranes werg@ared through sol-gel reaction of
poly(vinyl alcohol) (PVA) withy-aminopropyl-triethoxysilane (APTEOS) for pervapora
separation of ethanol/water mixtures. Both the fir@leme and the hydrophilicity of the
hybrid membranes increased when APTEOS contentegsaghan 5 wt%. Permeation flux
increased remarkably with APTEOS content incregsang water permselectivity increased
at the same time, thus improving the trade-off leetwthe permeation flux and water
permselectivity of the hybrid membranes.

These results have shown that “class II” hybridamig-inorganic membranes could provide

a solution to improve the trade-off between fluxl &electivity.
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2.6.2 Sol-gel processin presence of polymer

The formation of interpenetrating networks betwegsganic and inorganic moieties (“class
II” materials) is carried out either by a sequdrttig-step process, wherein a secondary
network is formed in a primary one (generally wirganic is the host matrix), or by the
simultaneous formation of the two networks. Theiltgsy materials are microscopically
phase separated, but macroscopically uniform (8@etl994). When organic polymer is the
host matrix, an inorganic (crosslinked) moietyasnied by a polycondensation reaction, and
interpenetrates during the process into an orgamigmer. Difficulties of such an approach
are potential incompatibilities between the moggtleading to phase separation, and the
challenge to find reactions for the formation o #econd network which can be carried out
in the presence the first one. A major problemearisom the different stabilities of the
materials. While inorganic systems are thermabylgt and are often formed at high
temperatures, most organic polymers have an uppgudrature limit (< 250°C). Therefore,
the synthesis of hybrid systems requires the usewfemperature formation procedures
(Kickelbick 2003).The most commonly employed preparation for hybrghaic-inorganic
materials is the use of the sol-gel process fofah@ation of the inorganic network in the
presence of organic species such as polymer, veneekbapable of interacting or chemically
bonding with the metal alkoxides under mild coratis (Kickelbick 2003).

The sol-gel process is a widely researched fietl@marily employed in the production of
multicomponent systems, such as powders, fibregaatings in optical and sensor
applications (Bandyopadhyayal. 2005). The sol-gel reaction starts with molecular
precursors at ambient temperatures and consistgdobxylation and condensation reactions
involving a metal alkoxide, which lead to the fotina of a three-dimensional inorganic
network. The morphologies and properties of tisailteng materials are controlled by the
reaction conditions and the precursors used. Vanetal (Si, Al, Ti, Zr...) alkoxide
precursors can be used in the sol-gel reactioiviotge corresponding metal oxide
inorganic matrix, whereas the organic part is cloaity linked to the metal atoms (Guizard
et al. 2001). The most prominent inorganic material fednby the sol-gel method is SIO
Contrary to other metal alkoxides, the C-Si bonst&ble with respect to hydrolysis, and
therefore a variety of modifications can be dingaticorporated into the Sghetwork. The
organic groups introduced into the sol-gel precucsm fulfil two functions: (i) modification
of the inorganic network, resulting in improved qmatibility between the two phases,

29



and/or (ii) the formation of a strong linkage betémehe organic and the inorganic phases
via covalent bonds (Kickelbick 2003). Due to theeractions between the polymer and
silanol groups generated during the sol-gel processacrophase separation is avoided, and
the resulting materials have a high degree of h@neigy and optical transparency.

Tetraalkoxysilianes were the most commonly preasrfar the inorganic Sionetwork in
hybrid organic-inorganic materials. Figure 2-6 sBdhe process of the polycondensation
reaction of TEOS (Uraganet al. 2002). In the first step, TEOS was hydrolysethm
presence of an acid catalyst (A), and silanol gsoupre formed. These resulting silanol
groups Yyielded siloxane bonds due to the dehydratiale-alcoholysis reaction (B) with
other silanol groups or ethoxy groups during memérmdrying. These reactions led to

cohesive bodies between siloxane in the membrane.

(hydrolysis) -

\—O-S?i-o—\ + X( H/O\H> _ X( HO}—Si%O/\)4_X+ X< /\OH) (A)
0

(condensation)
JoR
—O-S:i—OH + HO—S:i—O— oH —O—S!i—O—S!i—O— + x<H H)
o o©
—Si-0-Si— (B)
AH o O

—O-Sli—OH +¥o—sli—o— _— —O-S;i-O-S;i-O— + X( /\OH)
| |

Figure 2- 6: Hydrolysis and condensation reaction for TEOS (ldnaggt al. 2002)

During the preparation of PVA/TEOS hybrid membgrbe siloxane is dispersed in the
PVA, and the silanol groups in the siloxane aredhiidroxyl groups in the PVA form
hydrogen and covalent bonds. These bonds are dBslitciking points between polymer
chains, as illustrated in Figure 2-7. It was spat®d that the formation of these hydrogen
and covalent bonds contributed to the increaseembrane density and the decrease in the

degree of swelling of the membrane with increadig®S content (Uraganet al. 2002).
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Figure 2-7: A proposed interaction between PVA aB®DS (Uragamet al. 2002).

In addition to commonly used tetraalkoxysilaneis|koxysilanes with an organic
functionality have also been employed. In the acdgetraalkoxysilane, depending on the
reaction conditions, a highly crosslinked silicawark can be formed, while in the case of
trialkoxysilanes a lower degree of crosslinkingissially observed. In addition, the
functionality of the trialkoxysliane can be used tloe formation of a covalent linkage
between the polymer and the silica species (KidkklB003). For example,
aminophenyltrimethoxysliane was used as a bridggent which reacts with the phthaloyl
chloride end-capped polyamide to link the inorgaarid organic phases (Ahmaeichal.

1997).

The parameters employed for the sol-gel process havrucial influence on the morphology
of inorganic species in the resulting material vahdérectly influences its properties
(Kickelbick 2003). The morphology of materials degs on several factors including the
type of metal alkoxide precursor, the nature ofgbkrent, type of catalyst, and the
hydrolysis and pH conditions (Kickelbick 2003, Celinset al. 2001).

2.7 PVA based membranes

Poly(vinyl alcohol) (PVA) is hydrophilic in natund contains pendant hydroxyl groups.
Its aqueous solution can form transparent filmse ifierent hydrophilicity of PVA makes
it an attractive polymer for water treatment memiesa(Boltoet al. 2009, Boltoet al. 2011).
Table 2-4 lists the main characteristics of PVA rbeames. PVA membranes have many
advantages: thermal and chemical resistance aighahti-fouling potential are
accompanied by high water permeability. Howeverause of its unstable and large
swelling nature in water, PVA must be adequatebgsiinked to minimise swelling in water

when fabricated for aqueous applications to enthatthe contaminants in water can be
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retained, and that compaction under pressure camrimised. There is a challenge to

achieve this and still obtain economic permeateeftu

Table 2- 4: Attributes of PVA membranes (Bola al. 2009).

Positive Negative

Excellent hydrophilicity High degree of swelling
Permeability to water Permeability to ions

Good mechanical properties Compaction under pressure
Thermal resistance Low flux when highly crosslinked

Resistance to chemicals

Anti-fouling potential

Low operating pressure

Film forming ability

2.7.1 Crosslinking of PVA

In the choice of appropriate membranes for penedpmr, crosslinked PVA is pertinent
because of its very hydrophilic nature (Badtal. 2009). In membrane technology, there are
two reasons to crosslink a polymer. The first reasdo make the polymer insoluble in the
feed mixture and the second reason is to decrbasgegree of swelling of the polymer in
order to derive good selectivity(Smitbal. 2004). This is also the case for PVA
membranes. Extensive literature exists on crossighéf PVA. PVA and crosslinked PVA
membranes have been used extensively for pervapo@hydration of aqueous ethanol.
While the literature on applications as membramesupport material in water treatment is
spasmaodic, there has been a continuing efforterbtbtechnology area to use PVA
membranes for protein recovery (Li and Barbari )99%s well, PVA gels have been
studied extensively as biomaterials for artifidi@mlneys and pancreases, glucose sensors,
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immuno-isolation membranes, artificial cartilagentact lenses and drug delivery systems
(Bolto et al. 2009). Methods of improving the mechanical initygef PVA include
freezing, heat treatment, irradiation, and chengoeasslinking.

Crosslinked PVA has good chemical, thermal and meiclal stability. It is appropriate for
pressure-driven membranes designed for a varietyatdr treatment applications, such as
microfiltration (MF) for removing particulate maiak, microbial cell residues and turbidity,
ultrafiltration (UF) for taking out large orgamigolecules, nanofiltration (NF) for small
organic molecule removal and softening, and revesseosis (RO) for desalination
(Chapmaret al. 2008). The highly polar nature of PVA minimisesiling in such
applications. PVA membranes are also widely usegroduct recovery and for the
separation of organic compounds from one anothaditnally they are also used for
pervaporation of organic-aqueous feeds, where omgonent is selectively transferred
through the membrane on the basis of the polarayyolatility difference (Boltcet al.
2009).

Crosslinking can be performed in three ways. Ongaihemical reaction using a
compound to connect two polymer chains, the setgnidadiation and the third is a
physical crosslinking. A good example of this ie tthemically crosslinked PVA composite
membrane which shows excellent resistance to malrgsts (Smithaet al. 2004). For
chemical crosslinking, all multifunctional compownchapable of reacting with the hydroxyl
group of PVA may be used as a crosslinker of PV, maleic acid (Burshet al. 1997),
glutaraldehyde (McKenna and Horkay 1994,Yeom arel 1296), dicarboxylic acid (Huang
and Rhim 1993). Crosslinked membranes exhibitezideslling, had a higher water
permselectivity, but lower water permeability. tosild be noted that excessive crosslinking
has to be avoided, as it renders the polymer memelyattle with a loss in stability thereby

making it unsuitable for pervaporation applications

PVA membranes were especially suited to dehydrationedures. A wide range of
crosslinking agents such as dialdehydes (McKendaHmmkay 1994, Machet al. 1994),
dicarboxylic acids (Huang and Rhim 1993), and dyainides (Giméneket al. 1996) have
been employed in the fabrication of PVA membrangsiong various crosslinking
reagents, dicarboxylic acid crosslinked PVA haw@ieed the most attention. In addition to

the network structure resulting from crosslinkifd®?&A, the resulting matrix may also
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have un-reacted carboxylic groups which impart gigeselectivity for membrane
applications (Gohikt al. 2006).

Amic acid has been used as a crosslinker for PVdafid and Yeom 1990). Imidisation at
150°C gave an improved membrane for the pervaporati aqueous ethanol when there
was 12 wt% crosslinker present. More crosslinkemsed the reverse effect because of the
dispersion of unreacted crosslinker within the meanb. Separation factors ranged from
70-380 and permeation rates from 30-1,600°g/at 30-75°C, depending on the operating
temperature and feed mixture composition. As thgewconcentration increased, the
separation factor decreased and the permeatioin@tzased. This was explained by the
plasticising effect of water, swelling of the amiops regions of the PVA membrane, and

allowing the polymer chains to become more flexible

Crosslinking of PVA with maleic acid or citric acdigas been used to prepare membranes for
permeation studies of water and lower aliphatioladd mixtures (Burshet al. 1997). Citric
acid gave more selective behaviour than maleic, adgiti the selectivity being highest for
water-isopropanol and water-isobutanol systemds Whas explained by the lower

crystallility of citric acid crosslinked PVA membras. It was believed that higher
crosslinking degree would result in lower cryst@jtiand more compact structure. As a
result, selectivity increased. For the water-ethagstem the selectivity was 80 and the flux
495 g/nth for a 30% aqueous solution at 30°C.

PVA (MW 50 kDa) was crosslinked with poly(acrylicid) or PAA (MW 2 kDa) by heat
treatment at 150°C for 1 h. The products have lbsed for the PV of methanol/methyl tert-
butyl ether mixtures, and later ethanol-water migsu(Leeet al. 2003). For 50 wt% water

ethanol solutions, the separation factor was 6B3E and the flux 2,800 g/.

Fumaric acid, trans-H{€—-CH=CH-CQH, has been employed as the crosslinking agent at
0.05 mole per mole of PVA in multilayer membranesrfed on a polyacrylonitrile support
membrane (Huang al. 2006). In the pervaporation of 20 wt% water inagtol, the
separation factors varied from 779 to 211 overf¢leel temperature range 60 to 100°C, and
fluxes from 217 to 1,511 ghh. The increase in polymer matrix free volume,dffference

in penetrate mobility and the strong water swelkfigct at high temperature were attributed

as the reasons for the increase of the flux andelcecase of the separation factor.
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The dehydration of ethanol and other alcohol/wateitures has been explored with PVA
membranes crosslinked with glutaraldehyde (Yeomla®1996). At 30°C the flux was 50
g/m’h for ethanol of 10 wt% water content, and 130%/mhen the water content was 20
wt%. The corresponding separation factors wereat®D150. The flux increased with
increasing water content, while the reverse wag#se with the separation factor. The flux
also increased with the feed temperature, buteparation factor was lowered. Similarly,
glutaraldehyde crosslinked PVA membranes have begorted and their swelling
properties explored (Praptowidodo 2005). The neoosslinked, less swollen membranes
had lower fluxes but higher selectivities in thevagoration of 10 wt% water in ethanol at
40°C, the fluxes ranging from 249 to 313 giand the separation factors from 69 to 108.
The details are given in Table 2-5. The more didssd membranes were less hydrophilic
as -OH groups were consumed in the crosslinkingtieaand the membranes were more

rigid due to reduced chain movement explored (Prajokodo 2005).

Table 2-5 summarises the types of chemical crdsatimagents that have been used for
PVA. In general, glutaraldehyde was reported ta pgore effective crosslinking agent than
formaldehyde or glycidyl acrylate, which in turrvgs a less swollen product than that
obtained by increasing the crystallinity by heatifigpluene diisocyanate and acrolein gave
similar results in the preparation of reverse osmmembranes, but at an extremely high
applied pressure. Crosslinking with maleic anhyeltinyl methyl ether copolymers gave a

good result, but at even higher pressure.

In general, the high degree of swelling of PVA t&novercome by crosslinking reactions,
but with the consumption of some of the -OH grorgsponsible for the hydrophilicity.
What is really needed is the formation of a netwibik provides a tight restraining without
serious loss of hydrophilic behaviour. To achi#ws, it is best to establish inorganic
crosslinks between the linear polymer chains, sinceganic bonds are known to improve
the toughness of the membrane (Kénhal. 2001). In doing so, with a minimum degree of
crosslinking density, one can retain a higher nunatbé@ydrophilic groups in the polymer
chains, so as to improve the overall pervaporgiemiormance (Kulkarngt al. 2006). In
addition, hybrid organic-inorganic materials haeeib recognised in various studies as
functional materials that have the merits of lighes, pliability, and molding of organic

materials, plus the heat resistance and strengtfoajanic materials (Huarey al. 2006).
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Table 2- 5:Crosslinking agents and crosslinking techniques tisePVA (Boltoet al.
2009).

Freeze-thaw treatment Malic acid

Heat treatment Malonic acid
Acid-catalysed dehydration Fumaric acid
y-Irradiation Poly(acrylic acid)
Persulphate treatment Trimesic acid
Formaldehyde Trimesoyl chloride
Glutaraldehyde Toluene diisocyanate
Glyoxal Glycidyl acrylate
Terephthaldehyde Divinyl sulphone
Acrolein & methacrolein Boric acid

Urea formaldehyde/H,SO, 1,2-Dibromoethane
Citric acid Tetraethoxysilane
Maleic acid & anhydride y-Glycidoxypropyltrimethoxysilane

Maleic anhydride copolymers/vinyl methyl ether  y-Mercaptopropyltrimethoxysilane

2.7.2 PVAl/inorganic hybrid membranes

PVA/silica hybrid membranes with TEOS as the sificecursor are the most studied
PVA/inorganic hybrid membranes. For PVA/silica hgomembranes, the hydroxyl groups
in the repeating units of the polymer are expetdgaroduce strong secondary interaction
with the residual silanol groups generated frond @eitalysed hydrolysis and
polycondensations of TEOS (Bandyopadhgbgl. 2005). Table 2-6 summarises the

pervaporation dehydration of ethanol using PVA/gamic hybrid membranes.
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Table 2- 6:Pervaporation dehydration of ethanol using PVAfgamic hybrid membranes
(Bolto et al. 2011)

Crosslinker Feed, Temp., Separation Flux, Reference

wt% water  °C Factor g/mth
TEOS (160°C) 15 40 329 50 Uragamiet al., 2002
TEOS (130°C) 15 40 893 40
PEG blend & TEOS 15 50 300 46 ¥eal., 2007
Poly(acrylic acid) 15 40 250 18 Uraganet al., 2005
copolymer & TEOS
y-aminopropyl- 5 50 537 36 Zhang al., 2007

triethoxysilane

Sulphated zirconia 5 50 263 10 Kim et al., 2001
10 50 142 105
20 50 86 183
30 50 61 1,036

Membranes made from PVA crosslinked with 25 wt%etfaethoxysilane (TEOS) were
prepared for the pervaporation of aqueous ethaithi,the aim of minimising the swelling
of the PVA (Uragamét al. 2002). The primary reaction was through the hygrgxoup in
PVA, crosslinking with silanol groups occurring \ngdrolysis and condensation of TEOS,
to produce O-Si-O bridges. The hybrids showedb#termal stability and a low degree
of swelling in water. The crosslinking limited theelling of the polymer. It was claimed
that there were strong hydrogen bonds as well @aleot bonds formed, along with a
lowering of crystallinity. FTIR spectrum showed iatense absorption band at ~1072%tm
indicating that a reaction took place between thkgboups in the polymer and the silanol
groups in the crosslinker, to form C-O-Si bondsos8linking makes the polymer chains
in the amorphous regions more compact, resultingss space for species to permeate
through the membrane and making the resistancehfghthe larger species. Annealing of
the membranes under nitrogen at temperatures of1Bl0or 160°C was needed to
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complete the condensation reaction that introdiceltjing and crosslinking, and higher
permselectivity resulted. It was postulated thatdrosslinking reaction took place in the
non-crystalline parts of the PVA membrane, formiggser non-crystalline regions. As
shown in Table 2-6, the best result, for a 15% wauix in ethanol at 40°C, was a
separation factor of 893 and a flux of 40 §irwhen the annealing temperature was 130°C.
This compared to a separation factor of 329 ardxadf 50 g/nfh when annealing was at
160°C. It was postulated that the crosslinkingtiea took place in the non-crystalline
parts of the PVA membrane, forming denser non-aflyse regions.

Annealing also improved the selectivity of similmembranes made from poly(vinyl
alcohol-co-acrylic acid) (Uraganst al. 2005). In one example the separation factor was
250 for a 15% aqueous ethanol at 40°C, with ad@ux8 g/nfh. Blends of PVA and
poly(ethylene glycol) (PEG) have been crosslinkétth WEOS and annealed at 130°C to
produce a membrane with a separation factor off@08 15% water mix in ethanol at 50°C
(Yeetal. 2007). The presence of PEG increased the flusderificed the separation
factor. This was attributed to the decreased ditystg of PVA with the addition of PEG,
which resulted in an increase in the free volurh&avoured the permeation of permeant
molecules through the membranes and resulted imcagase in the permeation flux. On the
other hand, the -OH moieties decreased with therparation of PEG, so the hydrophilicity
of the membranes decreased; subsequently, theatiepdiactor decreased.

Similar membranes made from PVA crosslinked wittOBEwere reported for the
pervaporation separation of water-isopropanol resstwith the observation that too much
crosslinker made the membrane hydrophobic (Kulketrai. 2004). Performance was
enhanced by modifying the membrane by the incotfmraf chitosan (Kulkarnet al.
2006). This was because of increased hydrophilarity intermolecular hydrogen bonding

interaction within the membrane.

PVA membranes crosslinked withaminopropyltriethoxysilane (APTEOS) were examined
for separation of ethanol/water mixtures (Zhanhgl. 2007). When APTEOS was used for
crosslinking PVA, the hydrophilicity of the membemincreased when the silane content
was < 5%, and the permeation increased remarkatlg Whe selectivity increased at the
same time, thus breaking the trade-off betweenwioe With a feed containing 5% water,
the separation factor was 537 and the flux was/88gat 50°C. This anti-trade-off
phenomenon in pervaporation of ethanol/water mexty the hybrid membranes was

38



attributed to the increase of the amorphous regfd?VA and the free volume of the

membrane due to the incorporation of hydrophiliégreopropyl groups in APTEOS.

PVA were crosslinked witl-glycidoxypropyltrimethoxysilane (GPTMS) to produe¥A-
silica hybrid membranes, with the aim of improvimgth permeability and selectivity in
pervaporation separation of benzene-cyclohexantunex (Pengt al. 2005a). Bridges

such as

CH,OH OH OH

—CHCHOCH,CH,CH,O-Si—(0-Si—-0O)-Si—

OH OH

may be formed as links between the oxygen atortiseifPVA. The permeation flux for
benzene from a mixture with cyclohexane increaseuh £20.3 g/rfh for an unfilled PVA
membrane to 137 gfh for the hybrid membrane, while the separationdiaincreased
from 9.6 to 46.9. This was attributed to an ineeen the size and number of free volume

element size and an elongation of the diffusiot pat

A mixture ofy-glycidoxypropyltrimethoxysilane and TEOS has beewployed in the
crosslinking of PVA for dehydration of ethylene gty (Guoet al. 2006). They-
glycidoxypropyltrimethoxysilane facilitated the dexsion of silica particles throughout the
membrane, enhanced the mechanical properties ardtiga best selectivity results. A
more compact crosslinked structure was obtaineld mgmbranes made from PVA apd
mercaptopropyltrimethoxysilane (Gebal. 2007). There was no improvement when the
mercaptol groups were oxidised to sulphonic actigs.

PVA has also been crosslinked with the solid aisutphated zirconia by an acid-catalysed
reaction which affected the degree of swelling tiredcrosslinking density of the membrane
(Kim et al. 2001). For the same duty, both flux and selegtiwiere lower than for the

silane products (Table 2-6). The flux increaseth\ieed water content, while the

selectivity decreased.

As detailed in this section, PVA based hybrid oiganorganic membranes, especially
PVA/ tetraethoxysilane (TEOS) hybrid membranes Heeen prepared through sol-gel
reaction for pervaporation separation of alcohotevanixture. In general, hybrid organic-
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inorganic membranes effectively controlled the $weglof PVA-based membranes in
agueous solutions with film-forming properties, gheal and physical stabilities. Through
chemical crosslinking to control the swelling degrihe permselectivity of the membrane
increased, but the permeation flux and hydroplylisiere generally depressed. Therefore
how to control the degree of swelling of PVA-baseeimbranes, and to increase or retain
the permeation flux is the focus of this work oa thodification to the PVA membranes.
Zhanget al. (2007) and Peng al. (2005a) demonstrated it is possible to enhande fhot
and permselectivity at the same time for pervapamadiy crosslinking PVA with APTEOS
or GPTMS by proper design of the nanostructureybfid membranes.

2.8  Factors affecting pervaporation process

The steady-state mass transport regime for theaperation process depends on several
parameters. It is usually considered with regartthéovariations of membrane properties
and different operating variables, such as the nangbthickness, the feed
composition/concentration, the feed temperatue pgrmeate pressure, and the feed flow

velocity.
2.8.1 Membranethickness

Membrane thickness plays an important role in geovation performance. The influence of
membrane thickness on flux and selectivity in satiag different mixtures has been studied
previously by number of researchers. Binnghgl. (Binninget al. 1961) observed that the
flux of a mixture of n-heptane and isooctane (50/610%) through a plastic membrane was
proportional to the reciprocal membrane thicknessthe selectivity was independent of
the thickness for membrane thicknesses in the rahg@-50um. Similar results were
reported by Villaluengat al. (2005) in studying the pervaporation separation of
methanol/methyl tertiary butyl ether mixtures thgbwcellulose acetate and poly(2,6-
dimethyl-1,4-phenylene oxide) membranes. It wasibtnat the permeate flux through
both membrane types decreased markedly with inicrgése membrane thickness, while
the selectivity remained nearly constant. The figdiat the flux decreased inversely with
membrane thickness was also reported by Quethali and Kantiet al. in studying the
separation of water/ethanol mixtures by using &aito(Qunhueét al. 1995) and blended

chitosan/sodium alginate membranes (Kanél. 2004). In both cases, they reported the
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flux decreased significantly with an increase ie thembrane thickness and the flux was

proportional to the reciprocal of the membranekhess.

The constant selectivity with varying membranekhgss reported by Binnirgg al. (1961)
and Villaluengaet al. (2005) was only observed with thick membranes. @y, when thin
membranes (<15-17 um) were used, it was foundtieagelectivity improved with
increasing membrane thickness. Baial. (1974) studied the influence of the membrane
thickness on selectivity using nitrile rubber mear®s and a mixture of butadiene and
isobutene (60/40 vol%), and concluded that thectigley was constant above a membrane
thickness of 10@um, and a lower selectivity was found when using foemes of 17um.

The selectivity lowering for thin membranes waslakpged by assuming the existence of
micropores in the membrane matrix, which allowesldiffusion of molecules through

them.

Similar findings were also observed when usingtgapolytetrafluoroethylene membranes
to separate water/dioxane mixtures (Agtedl. 1974), polysulfone, poly(vinyl chloride) and
polyacrylonitrile membranes to separate water/aaetid mixtures (Koopet al. 1994), and
chitosan membranes to separate water/ethanol rasx@unhugt al. (1995). Aptelet al.
(1974) observed an increased selectivity with agase of the membrane thickness from 10
to 50 um. Low selectivity of thin membranes waslaited to the swelling of the
membrane. Koopet al. (1994) observed that the selectivity was indepehdéthe
membrane thickness above i, but below this limiting thickness, the seledivi
decreased with decreasing membrane thicknessd&psndence, which could not be
explained by differences in the polymer morphologyby flow coupling, was attributed to
the formation of induced defects in the membranéenduhe pervaporation process. Qunhui
et al. (1995) found that, the selectivity increased with membrane thickness for
membranes with thicknesses lower thamB0 whereas for membranes with thickness

higher than 5@m, the membranes exhibited constant selectivities.

Kanti et al. (2004) reported that the selectivity increasedhwiembrane thickness when
separating water/ethanol mixtures using blendetbsan/sodium alginate membranes with
the membrane thickness varies from 25 to 190 pra.vBniation of the selectivity with the
membrane thickness was related to the existenaalof layer in the membrane on the
permeate side, which was responsible of the peaoed properties of the membrane. It
was explained that the thickness of this dry lagereased with the total membrane
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thickness, causing a rise in the membrane massféraresistance. Therefore, the selectivity

increased when the membrane thickness was increased

In summary, all the studies on membrane thicknese wonsistent. In general, flux
decreased inversely with increasing membrane tegkiby increasing the membrane
resistance, which is in agreement with equationa®@ 2-3. On the other hand, the
selectivity also improved with increasing membré#riekness until the membranes were
very thick. The existence of micropores in the ramops pervaporation membranes would
lead to poor selectivity as defects allow the diffun of molecules through thin membranes.
Therefore, in order to obtain a constant selegtivdh optimal membrane thickness with
uniform structure may be required, and the absdhitkness at which this occurs varies

between systems.
2.8.2 Operating conditions

For polymeric pervaporation membranes, extensigseareh was performed to find an
optimised membrane material having selective icteya with a specific component of feed
mixtures to maximise performance in terms of separdactor, flux and stability (Peivasti
et al. 2008). However, performance of these membranesttasgly influenced by process

conditions such as feed concentration and temperatu

Performance of pervaporation is dependent not optn the membranes but also upon the
operating parameters such as feed concentratimpgi@ture, permeate pressure and feed
flow rate. A number of researchers reported thectif these parameters on various
pervaporation systems (Burséteal. 1997, Jiraratananaat al. 2002, Pinget al. 1990, Marin
et al. 1992, Kitturet al. 2003). Jiraratananaat al. (2002) investigated the performance of
the blended CS/HEC-CA composite membranes on dahgdrof ethanol-water mixtures
as affected by the operating conditions. They aahedl that pervaporation of low water
content feed carried out at high feed flowrate anldw temperature and permeation
pressure was an advantage. In a study using ZS&blge incorporated PVA membranes
for pervaporation separation of water-isopropanstunes, Kitturet al. found that
separation factor and flux were dependent on wateposition of the feed mixture, but
were comparatively less dependent on temperaterené¢ation flux increased with
increasing the amount of water up to 30 wt% infdeal and then, decreased with increasing
water composition (Kittuet al. 2003).
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Feed concentration refers to the concentratioh@htore permeable (usually minor)
component in the solution. A change of feed corre¢ion directly affects sorption at the
liquid/membrane interface, i.e., the concentratbbthe components in the membrane tends
to increase with the feed concentration, as woelduggested by the term partition
coefficient K defined in equation 2-1. Since diffusin the membrane is concentration
dependent, the permeation flux generally increasétsfeed concentration. Mass transfer
in the liquid feed side may be limited by the exteihconcentration polarization. In
principle, an increase of feed flow rate shouldusconcentration polarization and
increase flux due to a reduction of transport tasise in liquid boundary layer
(Jiraratananoet al. 2002). In the water-alcohol system, previous stsidhow a trade-off
relationship between water flux and selectivity (8heet al. 1997). With an increase in

feed water concentration, the flux increased aedstlectivity decreased. This phenomenon
can be explained in terms of the plasticising e¢fedavater. As the water concentration in
the feed increases, the amorphous regions the na@eiivell and the polymer chains
become more flexible thus lowering the ability loé tmembrane for selective transport
(Huang and Yeom 1990).

Flux and selectivity in pervaporation are also etife by feed temperature. The temperature

dependency of flux, generally, follows an Arrhenias:

J = _En 2-10
i—AeXF( ﬁ (_ )

where, Jis the permeation flux of i (g/1s), A the pre-exponential parameter (g R the
gas constant, T the absolute temperature (K) anésEhe activation energy for permeation
(kJ/mol) which depends on both activation energyditfusion and heat of solution. If the
activation energy is positive, then permeation fhoreases with increasing temperature.
This was observed in most pervaporation experim@ussheet al. 1997, Kitturet al.

2003). The driving force for mass transport alssweéases with increasing temperature. As
the feed temperature increases, vapour presstine feed compartment increases, but
vapour pressure at the permeate side is not affetteese result in an increase of driving
force due to increase in temperature and subsdgubkatvapour pressure difference across
the membrane, consequently flux increases (Kétai. 2003). Depending on differences in
flux increment of each component with increasingperature, effect of feed temperature

on selectivity in pervaporation is different. In st@ases, a small decrease of selectivity
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with increasing feed temperature was found (Peiehst. 2008, Pinget al. 1990, Kitturet
al. 2003). However, an increase of selectivity witadéemperature was also reported for
dehydration of ethanol and isopropanol using cedlelacetate membrane, which was
explained by the larger flux increment of water gamed to ethanol with increasing

temperature (Song and Hong 1997).

Permeate pressure is also an important parameta #ie operation at high vacuum is
costly. The maximum driving force can be obtainedesio permeate pressure. The effect of
permeate pressure change on flux was describecematitally and confirmed
experimentally by many investigators (Peivastl. 2008, Jiraratananaat al. 2002,
Greenlawet al. 1977). For selectivity, its variation with permegiressure relies on the
relative volatility of the permeating componenteivRstiet al. (2008) found both permeate
flux and selectivity enhances with decreasing patmeressure (high vacuum) on

pervaporation of methanol/methyl tert-butyl etheéxtores.

As can be seen, process operating conditions sufded temperature and permeate
pressure have strong influence on pervaporatiolopeance of membranes. To optimise
membrane performance for desalination by pervaorai is necessary to study the effect
of process parameters such as temperature, perpreatire and salt concentration on

water flux and salt rejection.
2.9 Summary

As a potential low energy membrane technology, gggovation has been extensively used
for separation of mixtures of aqueous-organic gaaic liquids. However, there are only
limited studies on its application in water desatlion. For its application in desalination, it
has the advantages of near 100% salt rejectiontrenenergy need is independent of the salt
concentration. The main challenge for commercigliaption of desalination by
pervaporation is believed to be the low water fdfixurrent available polymeric

membranes.

Among the commonly used hydrophilic polymers, PVas iound increasing applications as
a pervaporation membrane material due to its sopproperties. However, PVA must be
grafted or crosslinked to minimise its swellingamter. Numerous attempts have been made
to improve the separation capabilities of the membs including crossling PVA with

maleic acid, glutaraldehyde, and phenylene diamiihese membranes yield better
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pervaporation performances, but still fail to askisatisfactory results. In general, there is a
trade-off between permeability and selectivity potymeric membranes. This may account
either for greater degree of crosslinking densitfoo higher degree of swelling due to less
crosslinking density. Hybrid organic-inorganic memartes which bridge organic and
inorganic components is believed to be a convemirdtefficient approach to overcome
these problems. Especially, the “class II” hybridamic-inorganic membranes in which the
inorganic and organic components are linked thraiging ionic/covalent bonding. Such
membranes could provide a solution to overcomertue-off between flux and selectivity
as already been observed for dehydration of ethanblybrid PVA membranes crosslinked
with APTEOS (Zhangt al. 2007).

Based on the solution-diffusion theory and freeunaoé theory which are used to describe
the transport mechanism of pervaporation membranisshelieved that as long as the
hybrid organic-inorganic membranes can be prepargdlarger free volume capacity and
suitable size of the free volume cavities, the pEbility and selectivity will be enhanced
simultaneously. Class Il organic-inorganic hybridterials provide the opportunity to do
this. Successful preparation of such membranessrakavily on the appropriate recipe of
the hybrid organic-inorganic membranes. Furthermiorénprove the compatibility and
mechanical properties of the hybrid membrane, gpate selection of precursor with
sufficient hydrophilicity and ideal structure isalcrucialFor PVA/silica hybrid
membranes, the hydroxyl groups in PVA molecule ddaim hydrogen bonds or become
involved in the condensation reaction with silarmigduced during hydrolysis of the silica
precursor during the sol-gel reactions. The printdjgctive of this work was to develop a
PVA based high performance hybrid organic-inorggm@o/aporation membrane with
transport properties exceeding the performancedioficurrent commercial polymer
membranes for desalination applications. It iseexg@d this work will provide a method to
disperse the inorganic particles uniformly in tlodyper matrix at a nano-scale to improve
the stability. It would also help to gain fundameninderstanding of transport mechanism
of the pervaporation membranes and establish thetste-performance relationship with

respect to water flux and salt rejection.

Pervaporation performance not only depends onyihe @f membrane materials but is also
strongly influenced by operating parameters sudiees concentration, feed temperature,
permeate pressure and feed flowrate. A processeagng model to estimate the energy
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consumption for desalination by pervaporation esibble potentially applications to be
assessed. The results of this research work aectegto offer useful criteria for
development of high performance pervaporation mamis and selection of appropriate
operating conditions for desalination by pervagoraprocess. This will identify potential

applications where pervaporation desalination migghépplicable.
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Chapter 3

Experimental and Methods

3.1 Introduction

In this study, highly dispersed non-porous polyy/@icohole) (PVA) based hybrid organic-
inorganic membranes were developed via an in-sitgal method. Tetraethoxy-silane
(TEOS) was used as the silica precursor with maleid (MA) as an additional crosslinking
agent. This chapter describes the synthesis andatkasation method of hybrid organic-
inorganic membranes based on PVA, maleic acid &#@3. A range of characterisation
techniques were used with the aim to establiststfueture-property relationship of
fabricated PVA/MA/TEOS membranes. The membraneoperdnce testing procedure for

separating agueous salt solution by pervaporatiocgss is also described.
3.2 Hybrid Membrane Synthesis
3.21 Materials

PVA (98-99% hydrolysed, average molecular weiglt,260), tetraethyl orthosilicate
(TEOS, 98%), maleic acid (MA), p-toluene sulfon@da(98.5%, monohydrate), sodium
chloride (NaCl) were obtained from Sigma-AldricHl the chemicals were of reagent grade

and were used without further purification.

Milli-Q de-ionised water (18.1 2-cm@25°C) was used to prepare the PVA and aqueous

salt solutions throughout the study.
3.2.2 Hybrid membrane synthesis

Hybrid PVA/MA/silica membranes were synthesisedamsaqueous sol-gel route. A
schematic drawing of the synthesis process forpmsted hybrid membranes is shown in

Figure 3-1:
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Dissolving PVAin H,O

l 90°C, 2 hr

Adding maleic acid into PVA solution

‘ stirring for 1 hr

Adding TEOS into functionalised PVA
solution

!

Casting and drying the film
l room temp.

Heat treatment of the cast film

Figure 3- 1: Scheme for hybrid membrane synthesis

For PVA/MA/silica membranes, PVA polymer powdergBwas fully dissolved in 100 mL
of Milli-Q deionised water at 90°C. The obtained Wt% PVA solution was allowed to
cool to room temperature and the pH adjusted t&QL1%vith ~0.5 mL concentrated HCI or
0.08 g of p-toluene sulfonic acid. The given amafm1A (the weight content of MA with
respect to PVA = 5-20 wt%) was added to the PVAitsmh and stirred until fully dissolved.
Under steady stirring, a predetermined TEOS ananethmixture (mass ratio of TEOS:
ethanol = 1:9) was added drop wise to the PVA/MAtome. The amount of TEOS was
added in the Si©@weight percentages of 10 and 25 wt% with respetité amount of PVA
in the solution, i.e. the weight content of $Mith respect to PVA = 10-25 wt%. The
reaction was held at room temperature by continlyaisring for 2 hr. The resulting
homogeneous mixture was cast on Perspex Petridlisitbe desired thickness and dried at
50°C overnight and heated to 140°C for 2 hr inraftaced oven. Pure PVA membrane
samples were also prepared as a reference for cmopa

To study the effect of silica nanoparticles on @mijes and pervaporation performance of
hybrid PVA/MA/silica membranes, a series of PVA/MAd PVA/silica membranes were
prepared. In this case, either the step adding T&Gslding MA was omitted during the
synthesis.

To study the effect of heat treatment on pervapangiroperties of hybrid PVA/MA/silica

membranes, the resulting homogeneous mixture wssooaPerspex Petri dishes to the
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desired thickness and dried in air followed by @itharying the heat temperature from 100
to 160°C with 2 hours heating time or varying tleating time from 2 to 24 hours at a
temperature of 140°C. A membrane sample preparezbat temperature (21°C) without
any heat treatment was prepared as a referenceriguarison.

Table 3-1 lists a summary of the synthesis condlitimr all membranes fabricated in this

study:

Table 3- 1: Summary of the membrane synthesis conditions us#tkistudy.

Sample No Sample Heating temperature Heating time
°C hour
S1 PVA 21 0
S2 PVA, 20%MA 140 2
S3 PVA, 20%MA, 10%silica 140 2
S4 PVA, 20%MA, 25%silica 140 2
S5 PVA, 5%MA, 10%silica 21 0
S6 PVA, 5%MA, 10%silica 100 2
S7 PVA, 5%MA, 10%silica 120 2
S8 PVA, 5%MA, 10%silica 140 2
S9 PVA, 5%MA, 10%silica 160 2
S10 PVA, 5%MA, 10%silica 140 2
S11 PVA, 5%MA, 10%silica 140 5
S12 PVA, 5%MA, 10%silica 140 16
S13 PVA, 5%MA, 10%silica 140 24
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3.3 Membrane Characterisation
3.3.1 Physical properties of membrane

Membrane thickness: The thickness of membranes was measured atehtf@ositions

using a Fowler electronic digital micrometer (a@ay +1 pm) and the average thickness of

6 measurements is reported.

Fourier transform infrared spectroscopy (FTIR): FTIR was performed on a Perkin-Elmer

Spectrum 2000 FTIR instrument to assess the fumaitistructure of hybrid membrane
samples. FTIR spectra of thin films were obtainsithg 128 scans with an 8 &mesolution,

from 400 to 4000 cm-1 wavelength.

Differential scanning calorimetry (DSC): DSC was conducted using a Perkin-Elmer Pyris-1

differential scanning calorimeter to assess thesgleansition temperaturedjfof PVA and
its hybrid membrane samples. The analysis was aiedwnder nitrogen with samples of
approximately 5-10 mg at a scan rate of 10°C hiiom 10 to 250°C. The data were
analysed using the Pyris software provided by PelBtiner. The glass transition

temperature, § was taken at the midpoint of the heat capacéy shange.

Thermogravimetry analysis (TGA): Thermal stabilities of PVA and hybrid membranesev

assessed using a Perkin-Elmer Pyris 1 TGA instranieqperiments were conducted on 3-5
mg thin film samples heated in flowing nitrogeradieating rate of 20°C min-1 from 30 to
800°C.

Scanning electronic microscope (SEM): The surface morphology of the hybrid membrane

samples were imaged using a Philips XL30 SEM. Bndigpersive X-ray spectrometry
(EDS) was performed by an EDAX detector on the Skilh a voltage of 15 kV and a
working distance of 15 mm. All samples were codtgdputtering with iridium for imaging
and with carbon for EDS.

Transmission electron microscope (TEM): The morphology of the hybrid membrane sample
was imaged using a TECNAI F30 TEM with an accelegatoltage of 200 kV. TEM
samples were prepared by a focused ion beam (EtBhtque with samples sputter coated

with gold.

50



Wide-angle X-ray diffractometry (WAXD): The crystalline diffraction of PVA and hybrid

membranes were studied at room temperature uddrgkeer D8 advanced WAXD with Cu-
Ka radiation (40kV, 40mA) monochromatised with a driégp sample monochromator.
Dried membrane samples were mounted on zero backdnolates and scanned overta 2

range of 5 to 61° with a step size of 0.02° andunttime of 4 seconds per step.

Swelling properties: The swelling properties or the water uptake ofAPand

PVA/MA/silica hybrid membranes was measured byfthlewing procedures: (i)

immersing the dried membrane in deionised wates@h temperature for 48 h to reach the
absorption equilibrium. (ii) blotting the surfackwet membrane with the cleansing tissue to
remove surface water and quickly weighing the wettrane within 10 set\). (iii)

drying the membrane in a vacuum oven at 50°C fermght and then weighing again to
obtain the mass of dried membraké)). The swelling degree (S) or the water uptake of
membrane was then calculated according to:

S:Ws _Wd
W

d

x100% (3-1)

WhereW; andW; are the weight of wet and dry membrane, respdgtive

Contact angle: The hydrophilic properties of membrane samplesevassessed by a KSV
contact angle meter (CAM200) equipped with an imeg@uring system. Static contact
angles were measured by the sessile drop methodni#num of three drops were measured
and a 6 puL water drop was formed on the levellethsa of the membrane for contact angle

measurements.
3.3.2 Salt transport properties

Salt transport properties of membranes were cheriaet! using the kinetic desorption
method (Lonsdalet al. 1965, Yasudat al. 1968, Juet al. 2010, Saglet al. 2009). A film
membrane sample with thickness of 60 um was immdarsB0 mL of 5 wt% NaCl solution
for 48 hours at room temperature. Following thag, film was taken out of the NaCl
solution and blotted dry with tissue paper. Thefibas then quickly transferred to a beaker
containing 80 mL of deionised water which was strvigorously using a stirring bar to
achieve a uniform distribution of NaCl in the sadatduring desorption. To minimise

solution conductivity change due to g@bsorption by the water, the water in the beaker
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was air-saturated before adding the film sampléutidm conductivity was measured as a
function of time using an Oakton® Con 110 conduttimeter and the data were recorded

at 5 s intervals.

Analysis of the desorption results plottedi/\L.) versus ¥2 The desorption process was
considered to follow a Fickian diffusion model ahd NaCl diffusivity QQ in the membrane
was calculated using (Yasudgal. 1968, Jwet al. 2010, Saglet al. 2009):

_nﬂV{d@M/Mqu

16| d@iYd)

(3-2)

Where M is the amount of NaCl in the solution at time d &, is the total amount of NaCl
desorbed from the membrane into the solution, asdhe thickness of the membrane. The
NacCl solubility, K, is the ratio of NaCl in the membrane (M) per unémbrane volume to
the concentration of NaCl in the original solutioe. 5 wt%). According to the solution-
diffusion model, NaCl permeability ;Hs the product of Dand K (Lonsdaleet al. 1965,
Yasudaet al. 1968, Jwet al. 2010, Saglet al. 2009).

Ps = DSKS (3'3)

3.3.3 Diffusion coefficients of water and global masstransfer coefficients

Diffusion coefficient is an important factor to iesate the diffusion of the penetrants
through membranes and permeation flux. Based ddsHaw, the permeation flux of
component i can be expressed as (Zreiraty 2007, Pengt al. 2006b, Villaluengaet al.
2004)

dC,

J,=-D,— 3-4
=D, (3-4)

WhereJ;, D; andC; are the permeation flux (kgfrhr), the diffusion coefficient (ffs) and
the concentration (kg/fhof component i in the membranes, respectivelg; the diffusion
length (m). For simplicity, the apparent diffusiooefficient can be calculated by the

equation (Villaluengat al. 2004):
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J

8%

D =

(3-5)

O

if

Where J is the permeate flug,is the membrane thickness, &d is the concentration of
component i in the feed.

The global mass transfer coefficient,(kwas determined using the following equation as
explained in (Khayett al. 2008, Grondat al. 2000).

Kov :% n[%j (3_6)

whereV is the initial liquid volume of the feed solutiohjs the membrane are@; is the
initial feed concentration ardis the feed concentration at tirhe

3.3.4 Positron annihilation lifetime spectroscopy (PALS)

PALS analysis of hybrid membrane samples was cdedugsing an automated EG&G
Ortec fast-fast coincidence system at ambient teatpe with a time resolution of 240 ps.
Radioactive isotop&Na, which was sealed between thin Mylar films, wsed as the
positron source. Prior to the wet film measuremtid,samples were immersed in a 0.2
wt% NaCl solution for 2 days, which representedféesl solutions used in pervaporation
testing prior to measurement. The Mylar source tlvaa sandwiched between stacks of wet
films with 2 mm thickness. A minimum of 5 spectrare collected with each containing 1 x
10%integrated counts. The spectra were analysed tisingT v9 software. The longest
lifetime, t3, and its intensity,s] were interpreted as the ortho-positronium (odPsjihilation
signature. The 0-Ps components were used to ceasmcthe sample’s free volume @al.
2010). Assuming that the o-Ps is localised in aesgphl potential well surrounded by an
electron layer of thicknessR of 0.166 nm, the free volume element size, R bmn
calculated using the following equation (Pehgl. 2006, Jwet al. 2010, Yampolskii and
Shantarovich 2006, Tao 1972):

1 R 1 _( 2mr\]"
r,=—|1- +—si
2|7 R+AR 27 \R+AR

The average volume of the free volume elements, &/E&h be calculated as (Pesi@l.
2006, Jwet al. 2010, Yampolskii and Shantarovich 2006, Tao 1972):

(3-7)
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V
3

R? (3-8)

The fractional free volume (FFV) was estimated frttva following equation:

FFV = Vi3 (3-9)

3.4  Membrane testing

The pervaporation experiments were carried out lataratory scale pervaporation unit as
shown in Figure 3-2 and Figure 3- 3. The membraag placed in the middle of a
pervaporation cell with an effective surface arbthe membrane of 12.6 &mAn aqueous
solution containing 2000 ppm NaCl was used asékd Eolution. During the experiment,
the feed solution was preheated in a water batheoequired temperature and pumped to
the pervaporation cell using a Masterflex® pertstgdump. The feed flowrate was varied
from 30 to 150 mL/min. The pressure on the permgite of the membrane cell was
maintained at 6 Torr with a vacuum pump. The petmeas collected in a dry-ice cold
trap. A K-type thermocouple installed in the feddmber was used to measure the

operating temperature of feed solution and the festperature was varied from 21 to 65°C

in the study.
X
Peristaltic pump
oce * %
° > o -] Pervaporation
Cell
stirrer
|
| |
Digital
Manometer Vent
Heater
Vacuum pump
Feed tank
=

Dry ice trap

Figure 3- 2: Schematic drawing of the pervaporation unit.
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Figure 3- 3: Experimental setting up of the pervaporation unit

The desalination by pervaporation performance ofidymembranes were characterised by
water flux and salt rejection. The water flux (Bsadetermined from the mass (M) of
permeate collected in the cold trap, the effeainambrane area (A) and the experimental
time (t).

M

J=—Vt 3-10
AL (3-10)

The salt concentration of the fedtt | and permeated;) were derived from measured
conductivity with an OaktdhCon 110 conductivity meter. Salt rejectid®) (vas determined

by the following equation:

_ Cf,in,i - Cf,fW
B Cf,in,i

R LT x100% (3-11)
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whereC;; andC;; are NaCl concentrations in the feed at the begmaind end of the
experiment, respectively; andW:; are masses of feed at the beginning and enceof th

experiment, respectively.

Each experiment was run for 3 hours. At the endach experiment, the membrane and
membrane housing were inspected to check for i§ealt precipitation or fouling. In this
study, membranes remained clean and there wasid@nee of salt precipitation or
crystallisation occurring in the membrane. The itssduring pervaporation testing were
reproducible, with the variation generally withif.2 kg/nf- hr for water flux and +0.5% for

salt rejection.
3.5 Salt analysis

The salt concentration of the feed and permeat@eglunembrane testing were calculated
based on the relationship between NaCl concentraimal conductivity measured with an
Oaktor? Con 110 conductivity meter. The conductivity meters calibrated using a series
of prepared standard NacCl solutions with known eoi@tion in the range of 0-7700 ppm.
A calibration curve and equation between NaCl catre¢éion and conductivity was then
constructed and used to calculate the NaCl coraigonr(Figure 3- 4).

10000

8000

6000

4000 1

2000

NaCl concentration, mg/L

0 3000 6000 9000 12000 15000 18000

Conductivity, uS/cm

Figure 3- 4: NaCl calibration curve of the conductivity meter.
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Chapter 4
Synthesis and Characterisation of Sol-gel Derived
Hybrid PVA/MA/Silica Membrane for

Desalination by Pervaporation

4.1 Introduction

Pervaporation has been extensively used for separat concentration of mixtures of
agueous-organic or organic liquids. However, thetdétle published information on
application of this technology for water desalinatiln desalination applications,
pervaporation has the advantage of near 100% bifegattion. The pervaporation of an
aqueous salt solution can be regarded as sepaddtiopseudo-liquid mixture containing
free water molecules and bulkier hydrated ions fnm solution upon dissociation of the
salt in water (Kuznetsost al. 2007). Previous studies have demonstrated thebildgsof
applying pervaporation to produce distilled watenf aqueous salt solutions. However, the
water flux reported so far is generally quite law<6 kg/nf-hr (Kuznetsovet al. 2007,
Zwijnenberget al. 2005). One of the main limitations for desalinatigsing pervaporation is
the lack of the high performance membranes with Ipgrmeate flux.

Hybrid organic-inorganic nanocomposite materiaisjhich polymers serve as hosts for
inorganic nano-particles, are promising materiatsthany applications due to their
extraordinary properties. The combination of thtege different building blocks at a
molecular level could provide novel properties thig not obtained from conventional
organic or inorganic materials (Gebal. 2006, Pengt al. 2006b, Tamaki and Chujo 1998,
Ulbricht 2006). The sol-gel method is a common pescto synthesise polymer-inorganic
nanocomposites. It consists of an initial hydridyeaction, a subsequent condensation
reaction followed by removal of the solvents, résglin formation of metal oxides.

Poly(vinyl alcohol) (PVA), a water soluble hydropbipolymer, has been studied
intensively for membrane applications becausesof@od chemical stability, film-forming
ability and high hydrophilicity. High hydrophiligitis critical for desalination membranes to
minimise membrane fouling by natural organic mafBalto et al. 2009). However, PVA
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has poor stability in water. Therefore, it mustelubilised by modification reactions
such as grafting (Nguyeat al. 1993) or crosslinking (Yeom and Lee 1996, Isklad Sanl
2005) to form a stable membrane with good mechaprogerties and selective
permeability to water. Among various insolubiligatitechniques, hybridisation between
PVA and inorganic particles has received signifiaaterest as it not only restricts the
swelling of PVA but also provides the inherent atteges of the organic and inorganic
compounds (Yet al. 2007). Previous studies have shown that introduan inorganic
component derived from Si-containing precursors PVA can form a homogeneous
nanocomposite membrane with enhanced physicochkstatality and separation
performance in pervaporation separation of benzgnhexane mixtures (Uragartial.
2002, Pengt al. 2006b) and aqueous ethanol solution (Uragaral. 2002). However,
there are few published results on applicatiorhf type of membrane for desalination by

pervaporation.

This chapter reports the development of a new ofge/brid polymer-inorganic membrane
based on PVA/MA/silica for desalination by pervagdaon. The hybrid membrane was
synthesised via a sol-gel route by using tetragtisibane (TEOS) as the silica precursor
with maleic acid (MA) as an additional crosslinkiagent. The resulting hybrid membranes
with varying silica and MA contents were charaded with a range of techniques
including FTIR, SEM, WAXD, TGA, DSC and contact déagescribed in previous chapter.
The pervaporation separation of aqueous salt solati hybrid PVA/MA/silica membranes

was examined in relation to the diffusion coeffitief water.
4.2 Membranes

Table 4-1 lists a summary of membranes used irstody. The synthesis method and
conditions have been detailed in chapter 3.
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Table 4- 1: Summary of the membrane synthesis conditions us#tkistudy.

Sample Heating temperature, °C Heating time, hr
PVA 21 0
PVA, 20%MA 140 2
PVA, 25% silica 140 2
PVA, 20%MA, 10%silica 140 2
PVA, 20%MA, 25%silica 140 2

4.3 Results and discussion
43.1 FTIRanalysis

Figure 4-1 shows the ATR-FTIR spectra of PVA/silezad PVA/MA/silica membrane with

a pure PVA sample as a reference. FTIR spectraroted the formation of PVA/MA/silica
hybrid with network crosslinking. The pure PVA sdmfFigure 4-1-a) shows the typical C-
H broad alky! stretching band (2800-3000Yrand the hydrogen bonded hydroxyl band
(3200-3570 crif) (Reiset al. 2006). The peak at 1000-1100 tmas assigned to the C-O
stretching vibration of the secondary alcohol (-OH) of PVA. For the hybrid PVA/silica
membrane (Figure 4-1-b) and PVA/MA/silica membr@rigure 4-1-c), it was noticed there
was an increase in the peak intensity compareldet®VA membrane at these wavelengths.
For the hybrid PVA/MA/silica membrane (Figure 4-14here was also a new peak
observed at 1726 chassigned to the ester group (-CO-O-) (Gehil. 2006).

In preparing the hybrid PVA/silica and PVA/MA/silianembranes, TEOS was initially
hydrolysed in the presence of acid catalyst to feilanol groups which were subsequently
condensed to form a silicon oxide network. Unded aonditions, the hydrolysis reaction is
more rapid than condensation reactions and lineer@lom branches of silica network tend
to form (Orgaz-Orgaz 1988). The resulting silan@ups formed siloxane bonds from
subsequent condensation reactions during membrgiteydThese reactions led to cohesive
bonds between siloxane in the membrane which wispesed in the polymer matrix
(Uragamiet al. 2002, Yeet al. 2007). In fabricating the hybrid PVA/MA/silica mémanes,
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the hydroxyl groups in the repeating units of P&l dhe carboxylic groups in MA were
expected to produce strong secondary interactiatistiiese silanol groups to form
hydrogen and covalent bonds. Therefore, the inerapeak intensity at 1000-1100 ¢m
could be explained by the formation of Si-O-Si bet080 crit) resulting from the
condensation reaction between hydrolysed silan@$igroups, and also covalent Si-O-C
bonds resulting from the crosslinking reaction kew PVA and TEOS (Yet al. 2007). A
new peak at 950 clhmay be attributed to Si-OH bonds resulting from liydrolysis
reaction of TEOS and the hydrogen bonds betweeortianic groups and the silica.
Obviously, introduction of Si-OH and Si-O-Si thrdubydrolysis and condensation
reactions of TEOS has modified the PVA structure.

In addition, PVA and MA go through esterificatiagactions via grafting or crosslinking
under heat treatment to form the ester group. Whisld explain the new peak at 1726tm
for the hybrid PVA/MA/silica membrane (Figure 4-1-tn the hybrid PVA/MA/silica
membrane, MA is also believed to act as an orgemaigganic coupling agent. This idea is
supported by comparing the optical properties diridyPVA/MA/silica and PVA/silica
membranes. The sample with MA (PVA/MA/silica) wdsar and transparent. On the other
hand, the film sample in the absence of MA (PVAdall was dark brown in colour and not

transparent, as shown in Figure 4-2.
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Figure 4- 1: FTIR spectra of pure PVA and hybrid membranes Y&A,B: PVA/silica, 25%
SiO,, ¢: PVA/MA/silica, 20%MA and 10% Sif).
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CSIRO

a: with MA b: with out MA

Figure 4- 2: Optical images of hybrid membranes with and withdd (a: PVA/silica, 25%
SiOy; b: PVA/MA/silica, 20%MA and 25% Si§).

4.3.2 Morphology

In the hybrid polymer-inorganic membrane, the irmonig phase is dispersed in the polymer
phaselt is believed that the inorganic phase, resulfrog the hydrolysis and condensation
of TEOS in the casting solution, changes the mtangture or nanostructure of the hybrid
membranes and consequently leads to the improwesiqath properties and performance.
The uniform dispersion of silica nanoparticles andidance of aggregation in the polymer
matrix is, therefore, critical for the performarafenybrid membranes. The phase
morphology of the hybrid PVA/MA/silica membrane wstadied by TEM. The typical

TEM image and EDS spectra of the hybrid membraaeshown in Figure 4-3. The EDS
spectra confirmed the formation of silica partidieough sol-gel reaction of TEOS. No
particles or agglomeration greater than 10 nm viseiwved in TEM image, indicating that

the silica nanoparticles were well dispersed ingblmer matrix.

Counts
8

Figure 4- 3: TEM image and EDS spectra of the hybrid PVA/MAlimembrane
(membrane containing 20wt% MA and 10wt% Sudth respect to PVA).
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The crystallinity of PVA and its hybrid membres was studied by WAXD analysis and -
results are shown in FiguredFor the PVA film sample, it showed a typical cpa of
semicrystalline materials and a characteristic peaR\6A appeared at approximatelf =
20°. This is in agreement with thesults obtained by Kulkarrat al. (2004) and Uragan
(2002) working with pure PVA films. With the additi of MA and silica, diffractior
patterns of the hybrid membrane samples showedhbantensity of the typical peak
PVA (at 20°) became smallerVA/MA, PVA/silica) and the peak shape became broi
(PVA/silica and PVA/MA/silica). This indicates aaease of crystallinity for hybri
materials and an increase of amorphcharactedue to the crosslinking among PVA, M
and silica. It was also notédere was a slight shift in the peak position diy PVA/silica
and PVA/MA/silica sample. As explained by Kulkaet al. (Kulkarni et al. 2004) and
Bursheet al.(Bursheet al. 1997, this implies silanol groups of TEOS crosslinkwthe
reactive —OH goups of PVA in a crystalline domain, leading tmare compact structt in
the amorphous regiatue to the expansion of the crystal lal. This is supported by tf
higher dspacing value of the crystalline peak of the hylbmeimbrane which increasfrom
4.462 (PVA membrane) to 4.560 (PVA/MA/silica mentieg
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Figure 4- 4: WAXD spectra of PVA and its hybrid membran

4.3.3 Thermal properties of hybrid membranes

Thermal gravimetric analysis (TGA) was carried fuutFVA, PVA/MA, PVA/MA/silica
membrane samples in the temperature range-800°C under nitrogeat a heating rate «
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10°C min?, and the results are shown in Figure 4-5. In gan#itermal stability increased
for hybrid membranes. For PVA/MA membranes (Figdi®b), both the decomposition
temperature and the residual weight increased wberpared with pure PVA membrane
(Figure 4-5a). With the addition of silica (Figuteésc and d), the residual weight of the
PVA/MA/silica membrane increased further as expédiowever, the degradation
temperature became unclear, especially at thediligh content. When the silica content
was increased from 10 wt% to 25wt%, the residuagiiateat 800°C increased by about the
same percentage, from 21.6 wt% to 36.7 wt%.

100

——a: PVA

——hb: PVA, 20%MA

——c: PVA, 20%MA, 10%Si02
——d: PVA, 20%MA, 25%Si02

80 -
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0 200 400 600 800
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Figure 4- 5: TGA curves of PVA and its hybrid membranes.

Thermal properties of these membranes were alsiestby differential scanning
calorimetry (DSC) performed at a heating rate ¢iCLnin™. Figure 4-6 shows the DSC
thermograms of PVA and its hybrid membranes. PVA s&mi-crystalline polymer
exhibiting both a glass transition temperaturg @hd a melting isotherm §J, as evidenced
in the DSC thermogram (Figure 4-6a). The pure P\&nbrane exhibited agbf 84°C and

a Ty of 220°C. The pure PVA had the lowest For the PVA/MA membrane (Figure 4-6b),
the Ty increased to 94°C. The increase jislconsistent with an esterification reaction
between MA and PVA. With the introduction of silicdo the membrane (Figure 4-6¢), the
Tq of hybrid PVA/MA/silica increased to 103°C. As thilica content increased, thg T
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increased furtheiindicating th: polymer chains werbecoming more rigid with th

introduction ofinorganic silica
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Figure 4- 6: DSC curves of PVA and its hybrid membrau

4.3.4 Swelling studies and contact angle

The swelling of any polymer film in a svent depends upon the diffusion coefficient of

solvent, the relaxation rate of the amorphous megif the polymer chain and its degres

crystallinity (Gohilet al. 2006. Table 4-Zhows the swelling properties of pure PVA :

hybrid membranes.

Table 4- 2: Swelling properties of PVA and its hybrid membra

Sample details

Swelling degree, %

PVA

PVA, 20%MA

PVA, 20%MA, 10%SiQ

PVA, 20%MA, 25%SiQ

301+25%

61+5%

22+2%

11+1%
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The PVA used in the study has a degree of hyd®88% and possesses a large number
of hydroxyl group with extensive hydrogen bondiRgre PVA membrane showed a very
high degree of swelling in cold water. This is do¢he relaxation of the amorphous region.
For the PVA/MA membrane, the swelling was greatlgmessed. This could be explained
by the grafting or crosslinking of the PVA polynarains via an ester linkage between
PVA and MA. Esterification of PVA with MA involvethe reaction between carboxylic
groups of MA and the hydroxyl group of PVA chairssulting in intermolecular and
intramolecular type ester linkages (see Figure)4- 7

0 0
/M\ + HOJ—Q‘LOH
n
OH
m n
) OH
)
o
OH

Heat H,0, acid catalysed

[e]
| + |
[e]
Figure 4- 7: Reaction scheme of PVA with MA.

For PVA/MA/silica membranes, the swelling was fertisuppressed with the addition of
silica. This could be explained by the formatiorcbémical bonds between polymer and
silica. Figure 4-8 shows reaction schemes of PVd A with TEOS. The silica, generated
from the hydrolysis and condensation of TEOS, lchtath the organic polymer chains
through the polar hydroxyl group of PVA and carbaxgroup of MA in the polymer. This
results in a dense inorganic network and rigid tdybtructure. Therefore, the extent of the

water absorption for hybrid membranes was greagbpsessed. Similar findings were also
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reported by Kotoky and Dolui (Kotoky and Dolui 2Q00#ho demonstrated that there was a
considerable decrease in the water absorptioreifPthA/silica hybrid films and the swelling

in water was greater for those samples with lessrporated silica.
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Figure 4- 8: Reaction scheme of PVA and MA with TEOS.

Table 4-3 shows the water contact angles of PVAianaybrid membranes. Overall, all
membrane samples were hydrophilic. Pure PVA filns weary hydrophilic, with a water
contact angle of 45.3°. With the incorporation ofAMnd silica, the contact angle increased,
indicating that the surface of the hybrid membraaeame more hydrophobic. When MA
and silica were incorporated with PVA, the croddalig among PVA, MA and TEOS led to
the consumption of —OH group and the hydrophobicityeased.

Table 4- 3:Water contact angle of PVA and its hybrid membranes

Sample details Contact angle, +2 degree
PVA 45.3
PVA, 20%MA, 0% SiQ 59.4
PVA, 20%MA, 10%SiQ 63.5
PVA, 20%MA, 25%SiQ 79.4
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4.3.5 Pervaporation testing

Figure 4-9 shows the desalination performance bygporation with PVA/MA/silica

hybrid membranes with same thickness (5 um) a¢a femperature of 22°C and a vacuum
of 6 Torr. All prepared membranes had the sameuataf MA (20 wt% with respect to
PVA) but various silica contents (0-25 wt% withpest to PVA). Overall, the PVA based
hybrid membranes demonstrated good desalinatidorpgance with high flux while
maintaining a high salt rejection (>95.5%). The sglection increased with the silica
content and achieved >99.5%. The water flux initisdcreased as the silica content was
raised (0-10%) but then decreased with furtheraiasing silica content (10-25%). A high
flux of 5.5 kg/nf- hr. was obtained for PVA/MA/silica membrane conitag 20 wt% MA

and 10 wt% silica.
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Figure 4- 9: Pervaporation testing results of hybrid membraa#<ntaining 20 wt% MA
with respect to PVA, feed flowrate 30 mL/min, feaethperature 21°C, vacuum 6 Torr).

The solution-diffusion model is usually used toa#dse the transport mechanism of the
pervaporation process which involves three stepgti®n at the membrane surface,
diffusion through the dense membrane and desorpttorthe vacuum (Heintz and Stephan
1994). Under the high vacuum used in the studyd#dsarption step on the permeate side of
the membrane is believed to be a fast step andsitiffi is generally considered to be the

controlling step (Kulkarnet al. 2004). In the solution step, the sorption seldgtig¢ more

67



dependent on the affinity between the PVA and #rengant(Uragamiet al. 2002). As
mentioned earlier, all the hybrid mbranes prepared in the study were hydroplTable
4-3). This hydrophilic property provides a strong dniyforce for water affinity and it
sorption. As a resultyater is both preferentially dissolved and transgbin the

hydrophilic membranes due its small molecular size aiaffiniity to hydrogen bon:

(Uragamiet al. 2002).

Another set of experiments was carried out to sthdyeffect of the membrane thickness
the desalination by pervaporation performance okags salt solution. A seriof hybrid
PVA/MA/silica membranes with varying thicknes«110 pun) were prepared and resu

are shown in Figure 40. As the membrane thickness increased from @&um, the salt
rejection remained constantly high (>99%) and tlagewflux gradually ocreased from 6.93
to 0.82 kg/mi-hr. With increasing membrane thickness, the resistacross membra

increases, therefore the water flux decrea
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Figure 4- 10:Effect of membrane thickness on water flux (membicontaining 5 wt% MA
and 10% SiQwith respect to PVA, feed temperatuil°C, feed flowrate 30 mL/mir

vacuum 6 Torr).
According to the solutiowliffusion model, at steady state, diffusion flonc@nstant ani
there is an inverse relationship between tux and membrane thickne@sklan and Sar

2005, Heintz and Stephan 1994, George and Thontds. Figure 411 shows a linee
relationship between the water flux and the redpltof the membrane thickness,
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predicted by the Fick’s law from the solution-dgfon model (Equation 2-2)iklan and
Sanh also reported that the permeation rate was prigpatitto the reciprocal of membrane
thickness on the pervaporation performance of aeeiid-water mixtures through malic
acid modified PVA membraness(klan andSanh 2005). Therefore, for this system,

diffusion through the membrane is the rate limitatgp.

10
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Figure 4- 11: Water flux versus the reciprocal of the membrédmekhess.

The salt rejection remained high for all the memiesaconsidered (Figure 4-9). This could
be due to either of two reasons. Firstly, NaCl imoa-volatile compound. Secondly, water is
preferentially diffused and permeated through tieentorane due to the hydrophilic nature
of the membranes. The PVA/MA membrane with 0% gisbowed a higher degree of
swelling compared to the PVA/MA/Silica membraneal§le 4-2). Therefore, a small
fraction of hydrated salt molecules could possthffuse through the membrane under
swelling conditions, which led to the lower salegion of only 95.5%. With increasing
silica content, the degree of crosslinking increlased the membrane structure became

more compact. Consequently, the salt rejectioregmed to nearly 100%.

As the silica content increased, salt rejectiomaased due to an increase of the degree of
crosslinking. It was expected the water flux wocdthsequently decrease due to lower
sorption selectivity for water resulting from theereased hydrophobicity (Table 4-3) upon
depletion of hydrophilic hydroxyl groups. Howevinvas noted that water flux increased
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for PVA/MA/silica membrane containing 10% SiQrigure 4-9). This may be attributed to
size effect of silica nanoparticles dispersed sngblymer matrix. The incorporation of

silica particles in the polymer chain at the nanaks may disrupt the polymer chain packing
and increase free volume, therefore leading tomarease in water flux. A defining feature
of polymer nanocomposites is that the small sizinefinorganic fillers leads to a dramatic
increase in interfacial area as compared with tiathl composites. This interfacial area
creates a significant volume fraction of interfagalymer with properties different from

the bulk polymer even at low loadings (Balazal. 2006). This is especially important for

enhancing the permeation property of membranesatengeparation applications.

Positron annihilation lifetime spectroscopy (PALs emerged as an advanced and
relatively new approach to investigate the size sind distribution of free volume elements
in polymers (Tunget al. 2009, Donget al. 2008). It can provide an atomic scale probe of the
free volume in polymers. This method is based emtieasurement of positron lifetime and
lifetime intensity in a material. The free volumedel applied to PALS data interpret the
lifetime and orthoPositronium (oPs) located in inend intra-molecular spaces as a
measure of the size of those spaces. Typical &®srles in polymers range from 1 to 3 ns
corresponding to free volume cavity diameters nagdiom 0.3 to 0.7 nm. The annihilation
of positrons in a polymer occurs via several patgsv®ne of the pathways, based on 0-Ps
in the triplet spin state, is typically sensitizeftee volume elements in a polymer, including
their size (characterised by o-Ps lifetimpand concentration (characterised by intenigity
respectively (Dongt al. 2008).

Table 4-4 lists the PALS and Fractional Free Volufi€V) results of various membrane
samples used in the study. As can be seen, whexicazid was introduced into the
network, FFV decreased significantly from 1.8%for PVA sample to 0.7 nirfor

PVA/MA sample. This could be due to the crossligkiraction between PVA and MA
disrupting the PVA polymer chain packing and adjgsthe size and number of free
volume cavities. However, it was noted there wasuniher reduction in FFV when silica
was introduced into the network. In fact, compasgith PVA/MA sample, the FFV for
PVA/MA/silica membrane containing 10 wt% silica aaily increased from 0.7 to 0.9 Am
This confirmed the incorporation of inorganic slicanoparticles did have positive impact
on free volume. Previous study by Pengl. (2006a) also demonstrated that introducing
inorganic silica derived from-(glycidyloxypropyl)trimethoxysilane (GPTMS) into/A
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increased free volume and simultaneously enhanctddermeation flux and separation
factor in pervaporation of benzene/cyclohexane uned. In their study, they also reported
that the remarkable increase in free volume cavdyg only observed at the lower GPTMS
content. Further increase of GPTMS content hadnhauecing effect on free volume and the
small free volume cavity radius even decreased wihenrveight ratio of GPTMS/PVA was
increased from 0.2 to 1.2. As a consequence, tiragate flux increased at first and then
decreased with increasing GPTMS content (Retiay 2006a). This is consistent with our
current finding. The water flux increased first wrglica content was increased from 0 to
10 wt% but then decreased when the silica contastincreased further to 25 wt%. This
could be due to further increases of the silica@ainfrom 10 to 25 wt% reducing the free
volume (Table 4-4). In addition, the increased bytiobicity (Table 4-3) of membrane
would result in reduced sorption of water, thereducing the diffusion rate. Therefore, the

water flux decreased.

Table 4- 4:PALS results and fractional free volume of membsane

T3(ns) 15(%) Rrve (NM) Ve (hm®)  FFV(nm’)
Sample

+0.01 +0.2 +0.002 +0.001 +0.02
PVA 1.916 20.0 0.278 0.090 1.8
PVA, 20%MA 1.759 9.77 0.262 0.075 0.7
PVA, 20%MA, 10%SiQ 1.772 11.7 0.264 0.077 0.9
PVA, 20%MA, 25%SiQ 1.799 9.2 0.266 0.079 0.7

The apparent diffusion coefficients of water throwgrious PVA based hybrid membranes
are shown in Table 4-5. It was noted that the difio coefficients of water increased first
with the addition of silica and then decreased \iutther increase of silica content. The
PVA/MA/silica membrane containing 20 wt% MA and 4% silica had a highest

diffusion coefficient of 7.67 xI& m?/s. It is known the diffusivity is generally depemd

on both the size of the penetrant and the polytnectsire (Villaluengaet al. 2004). As

water has a very small molecular size (0.278 niiffysion of water through membrane is

determined by the nanostructure of the membrand iBA semicrystalline polymer. The
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crystalline region is impermeable to the water sTigiduces the chain mobility and increases
the path length of diffusion. When MA and silica antroduced into the polymer matrix,

the amorphous character of the membrane increase®arosslinking among PVA, MA

and TEOS. This leads to an increase in both numbesize of free volume elements

(Table 4-4) and consequently, results in the irsea diffusion of water molecules when
silica content was increased from 0 to 10%. Furthereasing silica content from 10 to 25%
leads the polymer chains becoming less mobile duieet increased crosslinking density and
reduced swelling (Table 4-2). As a result, numbddree volume elementds) and

fractional free volume (FFV) decreases (Table 4#Breby leading to a reduced diffusion

rate.

Table 4- 5: Apparent diffusion coefficient of water for PVA keshybrid membranes.

Sample details Diffusion coefficient (102 m?s)
PVA, 20%MA, 0% SiQ 5.97
PVA, 20%MA, 10%SiQ 7.67
PVA, 20%MA, 25%SiQ 5.08

4.4  Summary

A new type of PVA/MA/silica hybrid membranes hagbeynthesised via a sol-gel route
and a solution casting method. Tetraethoxy-sildm&S) was used as the silica precursor
for sol-gel reaction and MA was added as an addificrosslinking agent. The prepared
membrane samples were annealed at 140°C for 2dantplete the polycondensation
reaction of TEOS and the esterification between RMA MA. FTIR results confirmed the
crosslinking among PVA, MA and TEOS. The crystatlirof hybrid membranes decreased
as evidenced by WAXD, leading to a more compact brame nanostructure with
increasing amorphous character. TEM images indicguat silica nanoparticles were
uniformly dispersed at less than 10 nm scalesarptiiymer matrix. The thermal properties
of the hybrid membranes were significantly enhanegd increased Jand decomposition

temperature when compared with pure PVA membrarsetei\iptake measurement of
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membranes confirmed that the swelling of hybrid rhemnes in water was greatly

suppressed.

Pervaporation testing results on separating aqua@ solution demonstrated a potential
application of this type of hybrid membrane for alesation. A high flux of 6.9 kg/fmhr

and salt rejection above 99.5% were achieved at@i6vacuum and 21°C for the hybrid
PVA/MA/silica membrane containing 5 wt% MA and 1G@%ca. The hydrophilic nature of
hybrid membranes provides a strong driving foraeafater affinity and its sorption,
consequently water is preferentially dissolved adsported through the membranes.
Incorporation of silica nanoparticles into the pobkr matrix enhanced the free volume of
the membrane and diffusion of water molecule thhotng membrane, thus enhanced both
water flux and salt rejection. However, there isogtimum silica content for achieving the
best pervaporation performance. The PVA/MA/silicamirane containing 20 wt% MA
and 10 wt% silica had the highest water diffusioefticient of 7.67 x18% m?%s and the
highest salt rejection. The effect of membranekiméss on water flux followed the solution-
diffusion model, as the flux was proportional te thverse of the membrane thickness. The
salt rejection remained high with varying membr#riekness due to its non-volatile nature.
Diffusion through the membrane was found to ber#te-limiting step in desalination by

pervaporation process for the hybrid membranesidered.
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Chapter 5
Effect of Heat Treatment on Pervaporation
Performance of Hybrid PVA/MA /Silica

Membrane

51 Introduction

It is well known that heat treatment is an impottstep in controlling the structural
morphology and swelling of the membranes whicheistial to the separation performance
of the hybrid organic-inorganic membranes (Petrg. 2006). For example, Yet al.

(2007) studied the annealing condition of PVA/PEBDIS membranes for pervaporation
separation of an ethanol-water mixture. Increaiiegheating temperature or time made the
water permselectivity increase and the permeationdecrease. Uragarsei al. (2002)
prepared PVA/TEOS membranes for the pervaporafi@goeous ethanol, with the aim of
minimising the swelling of the PVA. Heat treatmerds needed to complete the
condensation reaction that introduced bridging. Whaeer permselectivity in the hybrid
membrane increased significantly with annealingpgerature and time. It was postulated
that the crosslinking reaction took place in the-eoystalline parts of the PVA membrane,
forming denser non-crystalline regions. The impoctaof heat treatment was also reported
by Penget al. (2006) on pervaporation properties of hybrid P¥&PTMS membranes for
separation of benzene/cycloheane mixtures. Witteasing annealing temperature and
time, the permeation flux of benzene decreasedt@deparation factor towards benzene
increased, which was ascribed to the changed ikene under different heat treatment

conditions.

In chapter 4, we have demonstrated that a newdlpgbrid organic-inorganic membrane

could be fabricated via a sol-gel route based oARYA and TEOS. The hybrid membrane
showed significantly improved thermal propertied awelling supression. Incorporation of
silica nanoparticles into the polymer matrix digegthe polymer chains and enhanced the

diffusion of water molecules through the membramé @onsequently enhanced both the
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water flux and the salt rejection. Its performafaredesalination of aqueous salt solution
was demonstrated and a high flux of 6.9 Kghm and salt rejection up to 99.9% at room

temperature and a 6 Torr vacuum were achieved.

This chapter presents the effect of heat treatrmenybrid PVA/MA/silica membranes on
their pervaporation performance. In this study,dfethesised hybrid PVA/MA/TEOS
membranes were subjected to various heat treatroeditions including different heating
temperatures and heating times. Effects of heaéingperature and heating time on
pervaporation separation performance of aqueotisdaltion was studied in relation to
swelling and hydrophilic properties, the free vokioharacteristics, salt transport
properties, and membrane water diffusivity. Thefwvelume of the hybrid membrane under
different heat treatment conditions was charaadrtsy Positron Annihilation Lifetime
Spectroscopy (PALS) and were correlated with thegmoration test results. In addition,
the overall mass transfer of the hybrid membrang also investigated based on the

solution-diffusion model.
5.2 Membranes

The hybrid PVA/MA/silica membrane containing 5 wi# and 10 wt% silica was used in
this study. Table 5-1 lists a summary of variouathieeatment conditions. An un-heated

sample was also prepared for comparison.
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Table 5- T Summary of the membrane heat treatment conditiead in the study.

Sample Heating temperature, °C Heating time, hr
PVA, 5%MA, 10%silica 21 0
PVA, 5%MA, 10%silica 100 2
PVA, 5%MA, 10%silica 120 2
PVA, 5%MA, 10%silica 140 2
PVA, 5%MA, 10%silica 160 2
PVA, 5%MA, 10%silica 140 2
PVA, 5%MA, 10%silica 140 5
PVA, 5%MA, 10%silica 140 16
PVA, 5%MA, 10%silica 140 24

5.3 Results and discussion
5.3.1 Swelling behaviour and contact angle analysis

The swelling behaviour of membranes is generalscdbed by the water uptake results.
Figure 5-1 shows the effect of heating temperabmravater uptake and hydrophilic
properties of PVA/MA/TEOS hybrid membranes. Thetimgatime was kept constant at 2 h
and the heating temperature was increased from teowperature (21°C) to 160°C. When
compared with the un-heated membrane, heat treatmdra significant effect on water
uptake. The water uptake decreased significariynft54 to 43wt% when the temperature
was increased from 21 to 100°C and then gradualtyehsed to 22 wt% when the
temperature was further increased to 160°C. As imead in chapter 4, in fabricating the
hybrid PVA/MA/silica membranes, the hydroxyl groupghe repeating units of PVA and
the carboxylic groups in MA were shown to produtcersy secondary interactions with the
residual silanol groups generated from acid ca¢alys/drolysis and polycondensation of
TEOS to form hydrogen and covalent bonds. In aoidjtPVA and MA went through an

esterification reaction via grafting or crosslinfginnder heat treatment to form ester groups.
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As a result, the hybrid PVA/MA/silica membranesni@d a compact structure with network
crosslinking due to above mentioned reactions anfrng, MA and TEOS. As the heating
temperature increased, it was expected that theslim&ing degree in the hybrid membrane
would increase. In addition, polycondensation t&#rel groups resulting from hydrolysis of

TEOS was also favoured upon heating. Thereforeswhadling was suppressed.

The effect of heating temperature on the hydroplpioperties of hybrid membrane is less
straight forward although the hybrid membrane remadihydrophilic upon the change of
heating temperature. At heating temperatures ess 140°C, the water contact angle
remained almost unchanged at about 45°. This dmeilexplained by the contribution of
hydrophilic —OH groups from silanol that resultedr hydrolysis reactions of TEOS and -
COOH group from MA. At lower heating temperaturihg crosslinking reaction among
PVA, MA and TEOS, and the polycondensation of TE@E/ be incomplete. This will
result in many free —OH and —COOH functional growpsch contribute to the hydrophilic
properties of membranes. As the heating temperatasefurther increased to 160°C, there
was a significant increase in water contact arigicating that the hybrid membrane
became less hydrophilic at the higher heating teatpee. This could be due to the fact that
crosslinking reactions among PVA, MA and TEOS, #repolycondensation of TEOS,
were more complete at higher temperatures. Thidedtl to consumption of hydrophilic

groups, consequently increasing the hydrophobafithe membrane.
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Figure 5-2 shows the effect of heating time on wapgake and hydrophilic properties of
PVA/MA/TEOS hybrid membranes at a heating tempeeati40°C. Compared with un-
heated membranes, the water uptake decreasedysframpl154 to 24 wt% when the
membrane was heat treated for 2 h. Further increfdseating time from 2 to 16 h only had

a marginal effect on the swelling properties of tiembrane.

Unlike heating temperature, the heating time hageretfect on the hydrophilic properties
of the membrane. Although the membrane remainedopylic following the various
heating period, the water contact angle increasaduglly with increasing treatment time
due to the increased extent of crosslinking angiqmridensation of TEOS. This indicates
that long heating time favours completion of thesstinking reaction among PVA, MA and
TEQOS, and polycondensation of TEOS.
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Figure 5- 2: Effect of heating time on water uptake and conéacfle (heating temperature:

140°C).

5.3.2 Freevolumeanalysis

As mentioned in chapter 4, incorporation of sili@oparticles leads an increase in
interfacial area and consequently creates a sogmftivolume faction of interfacial polymer
with properties different from the bulk polymer.i$hesulting FFV change enhanced the
permeation properties of hybrid PVA/MA/silica merabe for water separation. In this
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study, the free volume of this hybrid membrane \Wthias been heat treated under various
conditions was analysed in wet condition as itelpsepresents the operating condition of
membranes used in pervaporation testing for destgdim applications. It is of most interest
to understand how the PALS parameters change upttingzand how the free volume

correlates with the transport properties of hyloneimbranes upon heating.

Table 5-2 shows PALS results of wet hybrid PVA/MEDS membranes including o-Ps
lifetime (z3) and intensitylg), average radius (g), volume of the free volume elements
(Vg) and fractional free volume (FFV) as a functiorheht treatment conditions. The
average radius @g), volume of the free volume elements(\nd fractional free volume
(FFV) were estimated from equation 3-6, 3-7 andr@spectively. As can be seen, the
average radius Re (~0.27-0.28 nm) are typical network pores whioh iarthe range of
0.1-0.3 nm and represents the small cavities betyweb/mer chains constituting the
polymer aggregates. There was a slight decreabe isize of network pores ) and the
average volume of the free volume elementg (ypoon more severe heat treatment
conditions. In addition, concentration of the fiedume elements as characterised by
intensity k decreased significantly upon heating. Consequgitéyfractional free volume
FFV which is characterised by the product efavid  changed significantly upon heat
treatment. Generally, the fractional free volumerdased with either increasing heating
temperature or heating time, indicating changakeénmicrostrcuture of the hybrid
membrane upon heating. At low heating temperatoresiort heating times, the
crosslinking reaction among PVA, MA and TEOS indghgdthe polycondensation of TEOS
may be incomplete. Upon increasing heating tempezair extending heating time, the
crosslinking reaction and the polycondensationtrea®f TEOS proceed towards complete
reaction. This could disrupt the PVA polymer chpatking and accordingly reduce the size
and concentration of free volume cavities, in gatar the concentration of free volume

cavities. As a result, the fractional free voludeereases.
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Table 5- 2:PALS results of wet hybrid membrane at differerdgtiteeatment conditions.

Heating temperature, t3(NS) 13(%) Reve (M) Ve (nm?) FFV
°C

+0.03 +0.3 +0.002 +0.008 +0.03

Un-heated 1.925 19.5 0.278 0.090 1.77

100 1.947 18.9 0.280 0.092 1.75

120 1.925 17.8 0.278 0.090 1.61

140 1.910 17.0 0.277 0.089 1.52

160 1.875 14.9 0.274 0.086 1.26

Heating time, 13(NS) 13(%) Reve(MM) Ve (nm?) FFV
H

+0.03 +0.3 +0.002 +0.008 +0.3

Un-heated 1.925 19.5 0.278 0.090 1.77

2 1.910 17.0 0.277 0.089 1.52

5 1.876 154 0.274 0.086 1.32

16 1.878 14.3 0.274 0.086 1.23

24 1.872 13.2 0.273 0.086 1.13

It is also noted that the average radius,(drof the free volume elements (~0.27-0.28 nm)
is bigger than the radius of water molecules ((wi¥ (Franks 2000) but smaller than the
radius of the first hydration shell of sodium id@s34 nm) and chloride ions (0.38 nm)
(Jardon-Valadez and Costas 2004). This assistsderstanding how high salt rejection is
achieved by the hybrid PVA/MA/silica membrane, laes pores are large enough to pass

water molecules but too small to allow salt to pass
5.3.3 Salt transport properties

The kinetic desorption method is well establish@dcharacterising the salt transport
properties of polymer membranes &lal. 2010, Lonsdalet al. 1965, Yasudat al.
1968b, Saglet al. 2009). A typical NaCl desorption curve from thaddic desorption

experiments is shown in Figure 5-3 by plotting/(#,) versus Y2 Similar to the study of
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PEG-based hydrogel membrane coating bgt ., the NaCl diffusion coefficient, Dfor
each membrane was calculated from the slope dirtbar portion of the desorption curve
using Equation 3-2 (Jet al. 2010).
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Figure 5- 3: Typical NaCl desorption curve for PVA/MA/silica ménanes (membrane
containing 5 wt% MA and 10 wt% silica).

Table 5-3 presents the salt transport properti¢g/bbfid membranes as a function of heat
treatment conditions. NaCl solubility decreasecdwiicreasing heating temperature or time.
The results agree well with the water uptake daigufe 5-1& 5-2). In theory, no salt

(NacCl) is expected to dissolve in a pure polymetrinaso any NaCl in the membrane
phase is assumed to be solvated by the water whkimembrane (Yasudhal. 1968b).
Therefore, the amount of NaCl in the membrane lvglclosely connected to the amount of
water in the membrane. With increasing heatingptnature or time, the swelling degree in
the membrane decreases, and as a result, thetendency to accommodate less NaCl

along with water in the membrane.
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Table 5- 3: Transport properties of NaCl as a function of hesdtment conditions.

Heat treatment NaCl diffusivity NaCl solubility ~ NaCl permeability
temperature, °C (x10° cm?/s) (dimensionless) (x10° cm?/s)
(2 hours)
Unheated 4.96 1.93 9.54
100 2.88 1.82 5.23
120 2.32 1.74 4.03
140 191 0.99 1.90
160 1.04 0.67 0.70
Heat treatment time, NacCl diffusivity NaCl solubility ~ NaCl permeability
hour (xlO6 cmzls) (dimensionless) (xlO6 cmzls)
(140°C)
Unheated 4.96 1.93 9.54
2 1.91 0.99 1.90
5 1.21 0.97 1.17
16 0.70 0.74 0.52
24 0.45 0.43 0.19

It is worth mentioning that the diffusion coeffiats of NaCl in the study were in the range
of 0.45-4.96x10 cnf/s. These are significantly lower than the difeustoefficient of NaCl
in pure water, 1.47x10cn¥/s (Yasudat al. 1968b). As explained by Yasudgal., this
could be due to the effect of concentration potdios at the interface of the membrane
sample and the extraction water during the desmptieasurement (Yasudigal. 1968). A
similar finding was also reported by dual. (2010) in a study of crosslinked poly(ethylene
oxide) hydrogels, and they reported NaCl diffusistin a similar range of 0.3 to 4.4x10

cné/s.
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Compared with the un-heated membrane, both Na@isiNity and permeability decreased
significantly upon heating. With increasing heattagperature or time, NaCl diffusivity
and permeability decreased due to the changesenvislume resulting from the increased
crosslinking degree upon heating. Figure 5-4 shdaG| permeability as a function of free
volume under different heat treatment conditionsCNpermeability data correlated well
with the free volume. In general, NaCl permeabilitgreased exponentially with increasing
fractional free volume, suggesting the salt tranispmperties of the membrane is strongly
influenced by the microstructure of the hybrid meante.
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Figure 5- 4: NaCl permeability versus fractional free volume #yief hybrid
PVA/MA/silica membrane (membrane containing 5 wt% kihd 10 wt% silica).

5.3.4 Pervaporation testing

Figure 5-5 and 5-6 show the effect of heating tenaijpee and time on pervaporation
separation performance of aqueous salt solutiautir hybrid PVA/MA/TEOS membranes

at a feed temperature of 21°C and a vacuum of 6 Tespectively.
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84



The water flux generally decreased with increasieating temperature and time. This
could be explained by the solution-diffusion modedtl free volume theory. Based on the
solution-diffusion model, there are three stepthenpervaporation transport mechanism:
sorption at the membrane surface, diffusion throtnghdense membrane and desorption
into the vacuum (Heintz and Stephan 1994). As maet in chapter 4, under the high
vacuum used in the study, the desorption step ®pé¢hmeate side of the membrane is
believed to be a fast step. Either sorption antleenbrane surface or diffusion through
membrane is the more likely controlling step. la folution step, the sorption selectivity is
more dependent on the affinity between the membaadehe permeants (Uragaehil.
2002). Increasing heating temperature or time iwdiease the degree of crosslinking
among PVA, MA and TEOS, and consequently incredisedhydrophobicity of hybrid
membranes upon depletion of hydrophilic —OH and @Egroups (Fig. 5-1 and 5-2). The
increased hydrophobicity will result in less sooptof water at the membrane surface with
significantly decreased water solubility (Table )5-Bherefore, the sorption of water at the
membrane surface will be significantly decreasdds Would reduce numbe of water
molecules available for diffusion through the meanta. In the diffusion step, the transport
of molecules through the dense membrane is linfdtethe fractional free volume available
in the membrane. At higher fractional free volunmasye water could be accommodated
and consequenly diffused through the membrane xpgmed earlier, increasing heating
temperature or time will change the microstrucffVA/MA/TEOS membrane and
consequently affect the free volume of the memhrlngeneral, increasing heating
temperature or time leads to a more compact streietith decreased fractional free volume
(Table 5-2) and reduced swelling (Fig. 5-1 and 5¥Rjs would result in less
accommodation for water in the membrane duringliffasion step. Combining the effect
of less water sorption on the membrane surfacenduhe sorption step and less fraction

free volume in the membrane for diffusion upon heatthe water flux decreased.

Figure 5-7 shows the relationship of water fluxseey fractional free volume. There was a
linear dependency of water flux on the fractiomakfvolume. As the fractional free volume
increased, the water flux increased. Similar resukre reported by Pemgal. (2006b) for
pervaporation properties of PVA-GPTMS hybrid menmmeréhrough PALS. With increasing
heating temperature and time, the permeation filbeazene decreased and separation
factor towards benzene increased. This was ascribee suitable adjustment of size and
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number of network pores and aggregate pores, astidnal free volume under differe

heating temperatures and tim
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Figure 5- 7: The water flux versus the fractional free volumeVIy of hybrid
PVA/MA/silica membranegémembrane containing 5 wt% MA and 10 wt% sil.

Based on the solutiodiffusion model, there are three mass transfestasces which exi
on the feed side, the membrane and the permeate Sidder the high vacuum used in 1
study, the resistece to mass transport at the permeate side of émelmane was eliminate
Thus, the overall mass transfer resistance coultbht&olled byeitherthe feed side bounda
layer or by the membrane itself (Khaet al. 2008, Gronda&t al. 2000).Table -4 lists the
global mass transfer coefficients and water trarigpoperties of hybrid PVA/MA/TEO:
membrane at different heat treatment conditionse diffusion coefficient of water and tl
global mass transfer coefficient were estimatedgEquations 3-5 and-8 while the water
solubility was estimated usitEquation 21. As expected, both global mass tran
coefficients and water diffusivity generally decsed with increasing heating temperatur:

heating time.
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Table 5- 4:Global mass transfer coefficients and water trarigmoperties of hybrid
membranes as a function of heat treatment condifimembrane containing 5 wt% MA and
10 wt% silica).

Heat treatment temp, °C Kov Water solubility Water diffusivity
(2 hours) (x10° m/s) (dimensionless) (x107 cm?/s)
Un-heated 3.35 382 1.59
100 3.24 105 141
120 2.95 58 1.30
140 2.93 54 1.27
160 2.38 49 1.11
Heat treatment time, hour Average Kov Water solubility Water diffusivity
(140°C) (xlO'9 m/s) (dimensionless) (xlO'7 cmzls)
Un-heated 3.35 382 1.59
2 2.93 58 1.27
5 2.75 52 1.21
16 2.65 41 1.19
24 2.54 40 1.14

Yasudaet al. (1968b) have proposed that the free volume thebdyffusion to interpret the
water and salt diffusion through hydrogel. Basedvasuda’s version of free volume theory,
water or salt diffusion coefficients vary exponafiyi as the reciprocal free volume varies.
Figure 5-8 shows the NaCl and water diffusivityaasinction of fractional free volume. As
can be seen, both water and NacCl difusivity inaedaesxponentially with decreasing 1/FFV.
When 1/FFV increased from 0.54 to 0.91, water diffity decreased about 30% while

NaCl diffusivity decreased about 10 times. Thidaates that changing free volume has
more pronounced effect on changing NaCl diffusititgin water diffusivity. Similar finding
was also reported by Ju et al (2010). These reagteses well with the free volume theory:
the transport properties of the larger penetrantase sensitive to changes in free volume

87



than those of smaller penetrant. In our study, atgdt NaCl is the larger penetrant and
water is the smaller penetrant. Therefore, it jgeeting that increasing free volume will

increase the water flux but decrease water/Na@kseity (i.e., salt rejection).
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Figure 5- 8: NaCl and water diffusivity of hybrid PVA/MA/silicenembranes as a function
of 1/FFV (membrane containing 5 wt% MA and 10 wilics).

Figure 5-9 shows the relationship of global maasdfer coefficients versus the fractional
free volume. Similar to the water flux, the globass transfer coefficients were also
closely related to the fractional free volumes. Tilead in change of the global mass
transfer coefficient is consistent with the trendhe water flux. With fractional free volume
increasing, the mass transfer increases. As teeviskime is directly related to the diffusion
of molecules through the membrane, this close tairoa of pervaporation properties of
membrane and fractional free volumes confirms tivadiffusion through membrane is the

most likely controlling step of the pervaporati@paration of aqueous salt solution.
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Figure 5- 9: Global mass transfer coefficient versus fractidreg volume (FFV) of hybri
PVA/MA/silica membranegmembrane containing 5 wt% MA and 10 wt% sil.

Except for the urheated membrane, the salt rejection remaat >99.5% with eithe
increasedeating temperature or heating t (Fig. 5-5 and 5-6)This wasmainly due to the
nonvolatile nature of NaCl and the rigid structurehgbrid membranes resing from
crosslinking among PVA, MA and TEC(Xie et al. 2010). According tahe solutior-
diffusion model, the sorption selectivity is morepgndent on the affinity between 1
membrane and the permeants in the solution stept®the hydrophilic natu of hybrid
membranes used in this sturig. 5-1 and 5-Pand very dilute solution (0.2 wt% Na
concentration), the water molecules were prefeaéintiliffused and permeated into t
membranes. This is supported by the low Nsolubility (Table 5-3) ad high watel
solutibility (Table 5-5)esults obtained frorthe transport studgf hybrid membranes. Wat
solubility was generally 2 magnitudes higher thaaCNsolubility, eg, for ur-heated
membrane, water solubility was 382 while NaCl sdjutvas only 1.9.The relatively low
salt rejection (95.9%) of uheated membrane could be explained by the highisgaeif the
membrane. Without heat treatment, the crosslink@éagtions among PVA, MA and TEO
and also the polycondensation of TEOS are mosdlylincomplete. Especially, tr
esterification reactions between PVA and MA in #ggieous phase is generally favou

under heating. As a result, membrane tended td siwvelto the lesrigid structurt. This
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resulted in bigger FFV due to higher concentratibfree volume size elements (Table 5-2).
Consequently, some hydrated NaCl was solvateddwdter in the membrane. Therefore,
the salt rejection was lower. Introducing heattireant to the hybrid membrane tended to
form a more rigid structure. This resulted in ardase in free volume size, consequently

reduced FFV and swelling and increased the sactien.
5.4  Summary

In this study, the synthesised hybrid PVA/MA/siliceembranes underwent different heat
treatment conditions and were tested for pervaoraeparation of aqueous salt solution.
Heating temperature and heating time were fourgdramgly affect the microstructure and
pervaporation performance of membranes. Incredsagjng temperature or time favoured
the completion of the crosslinking reaction amoMAPMA and TEOS, and also favoured
the polycondensation reaction of TEOS. This reslltea less hydrophilic membrane with
reduced swelling due to the consumption of hydriapkiOH groups of PVA and —-COOH
groups of MA during the crosslinking reactions.reesing heating temperature or time
changed the microstructure of PVA/MA/silica meml&aRree volume analysis by PALS
indicated that both the size and concentratiomed folume elements decreased, leading to

an overall decrease in FFV upon heating.

Upon increasing heating temperature or time, theemflux reduced but the salt rejection
increased. This was explained by the solution-diin mechanism and free volume theory.
The increased hydrophobicity upon heating led $s Eorption of water at the membrane
surface due to significantly decreased water sbtylim the sorption step. Moreover, the
reduced free volume upon heating led to less accmhation of water in the diffusion step.
Combined together, the water flux decreased witeeincreased heating temperature or

time.

The transport properties of hybrid membranes upatihg were attributed to the free
volume change characterised by PALS. Both NaClveaigr diffusivity increased

exponential with decreasing 1/FFV and changing iedame had a more pronounced effect
on NaCl diffusivity than water diffusivity. This selt agrees well with the free volume theory
and indicates that a trade-off between water pebrgaand salt rejection was present for
hybrid PVA/MA/silica membrane. It is believed tH$aCl was solvated by the water in the
membrane in the hydrate form. The average raditiseofree volume elements (RFVE)
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(~0.27-0.28 nm) was bigger than the radius of watelecules but smaller than that of the
first hydration shell of sodium ions and chlorid@s$ provides a strong evidence for the
mechanism of high salt rejection achieved by theriayPVA/MA/silica membrane in this
study. The increased salt rejection upon heatingattzibuted to a more rigid membrane

structure with reduced free volume.

The close correlation among pervaporation prope(eey., global mass transfer coefficients,
water flux and salt rejection), transport properiie.g., NaCl/water diffusivity and
permability) and fractional free volume of the mear® confirmed that the diffusion through

membrane is the controlling step of pervaporatigpmasation of aqueous salt solution.
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Chapter 6
Effect of Operating Conditions on Pervaporation
Performance of Hybrid PVA/MA /Silica

Membrane

6.1 Introduction

Pervaporation processes are able to separate esxtucontact with a membrane via
preferentially removing one component from the mmgtdue to its higher affinity with,

and/or faster diffusion through the membrane. beoto ensure continuous mass transport,
very low absolute pressures are usually maintagmethe downstream side of the
membrane, removing all molecules migrating to tindage, and thus rendering a
concentration difference across the membrane (&hddduang 2007). The mechanism of
mass transfer of liquids across non-porous polyemagmbranes includes successive stages
of sorption of a liquid and its diffusion throudietfree volume of the polymeric material
(Kuznetsowet al. 2007).

It is well known that the pervaporation performamcaot only dependent on the properties
of membranes, but also the operation conditionk ssdeed concentration, temperature,
permeate pressure and feed flowrate (Jiraratanetradn2002). For scale up, it is important
to design and operate the system under optimunabpgrconditions to make the process

more efficient and also economically viable.

This chapter presents a study of the effect of aipey conditions on pervaporation
separation performance of aqueous salt solutiorsynthesised hybrid PVA/MA/silica
membrane containing 5 wt% MA and 10 wt% silica wested for separation of aqueous
salt solution by the pervaporation process at wargalt concentrations and operating
conditions. The activation energy of permeation easulated from the Arrhenius
relationship. The performance was discussed inioael&o the diffusion coefficient of water

to understand the fundamental transport mechanighimnithe membrane.

92



6.2 Materials

The hybrid PVA/MA/silica membrane used in this stuwdntained 5 wt% MA and 10 wt%
silica relative to PVA. The synthesis method andditbtons has been detailed in Chapter 3.
The synthesised membrane was heat treated 2 hol49<C prior to use.

6.3 Results and discussion
6.3.1 Saltregection

The salt (NaCl) rejection remained high (about 98).@respective of variation in operating
conditions. This is not surprising as NaCl is a+vofatile compound and it is unlikely to
enter the vapour stream on the permeate side.ldwisolatility of NaCl will lead to high
salt rejection in the pervaporation process. Vayyperating conditions could have
significant effect on the transmembrane conceminailriving force for mass transport of
the pervaporation membrane) of water but not on $hkrefore, the operating condition
has little effect on the salt rejection. Secondlygording to the solution-diffusion model, the
sorption selectivity is dependent on the affinigtweeen the PVA and the permeants in the
sorption step. As the hybrid PVA/MA/silica membrarsed in the study is hydrophilic in
nature (Figure 5-1) and the major component irfeéled solution is water, the water
molecules will be preferentially diffused and peatesl into the membrane (Uragaehal.
2002). As a result, the salt rejection remainedh hichirdly, in our previous chapter, we
have mentioned, for hybrid PVA/MA/silica membrantg crosslinking among PVA, MA
and silica resulted in a more rigid, compact sticeetIn particular, the incorporation of
silica nanoparticles in the polymer chain may dsithe polymer chain packing and
therefore lead to reduced free volume radius amdeguently a high salt rejection. In the

following section, only effects of operating conalits on water flux are discussed.
6.3.2 Effect of feed concentration

Figure 6-1 shows the effect of salt concentratiothe feed solution on separation
performance of aqueous salt solution at varioud femperatures. At room temperature, salt
concentration has negligible effect on water flaka higher temperatures (50°C), the water
flux decreases with increasing salt concentrafldris increase became more significant as

the feed temperature was increased further to 65°C.
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Figure 6- 1: Effect of feed concentration on water flux (memlarémckness 20 um, feed
flowrate 30 mL/min, vacuum 6 Torr)

Feed concentration is believed to directly afféet $orption of its components at the
liquid/membrane interface (Jiraratanarebial. 2002). That is, the concentration of the
components in the membrane tends to increase tsithdrease in the feed concentration.
Since diffusion in the membrane is concentratiopetelant, the permeate flux generally
increases with the bulk feed concentration. Asstileconcentration increased from 0.2 wt%
to 5.0 wt%, the water concentration decreased 8618 wt% to 95.0 wt%. At room
temperature, this decrease in water concentrateymot have any effect on diffusion

within the membrane as the majority of the feediaser and there is no major difference of
water vapour pressure in the water concentratingeaf 95.0-99.8%. It is expected that the
diffusivity of the membrane towards water remaigedstant at room temperature.
Therefore, there was no or negligible change orltixe On the other hand, at higher
temperatures, as the vapour pressure is exporigmékdted to the temperature, differences
in bulk feed water concentration would have a puomoed effect on the water concentration
in the membrane surface, and consequently affeadiffusivity and flux. Therefore, it is
expected that, at the higher temperature, incrgastt concentration would lead to a
decrease in diffusivity in the membrane due todeereased water concentration. The trend
in diffusion coefficients of water has been confarby the calculated apparent diffusivity

results as shown in Table 6-1.
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Table 6- 1: Apparent diffusion coefficients of water at variaadt concentrations and feed
temperatures.

Salt concentration Diffusion coefficient of water (18" m?/s)
20°C 50°C 65°C
0.2 wt% 1.45 4.09 6.51
3.0 wt% 1.45 3.56 4.78
5.0 wt% 1.47 3.22 4.42

6.3.3 Effect of feed velocity

Figure 6-2 shows the effect of the feed velocitytlom pervaporation performance of the
hybrid PVA/MA/silica membrane when the feed velgaitiried from 0.01-0.05 m/s at a
feed temperature of 21°C. It seems the feed vgibas little or negligible effect on the
water flux. The water flux remained constant aua?2.5 kg/r hr over the feed velocity
range of 0.01-0.05 m/s.

Mass transfer in the liquid feed side may be kahiby the extent of concentration
polarisation. Generally an increase of feed floer@duces concentration polarisation and
increases flux due to a reduction of transportstasice in liquid boundary layer
(Jiraratananoet al. 2002). However, this positive effect is not obsehin the study. In the
studied feed velocity range (0.01 to 0.05 m/s),ateesponding Reynolds numbers in the
membrane cell are 21-105, indicating that the fiswn the laminar flow regime. This
implies that increasing feed velocity had littiéeet on the turbulence and fluid dynamics of
the feed stream in the laminar flow region, andrttass transfer from the feed to the
membrane was not a rate limiting step. Therefavacentration polarisation was not a

significant issue for these experiments.
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Figure 6- 2: Effect of feed velocity on water flux (membranecmess 20 um, feed
temperature 21°C, vacuum 6 Torr)

Table 6-2 presents the diffusion coefficient of evadt various feed velocity. The diffusion
coefficient remained almost constant over the sifeed velocity range, again confirming
that the rate of pervaporation was not affectethieyfeed velocity and therefore the

transport of water to the membrane surface.

Table 6- 2: Apparent diffusion coefficients of water at varidesd velocity (feed
temperature 21°C, vacuum 6 Torr).

Feed flowrate (mL/min) 30 70 85 150
Feed velocity (m/s) 0.007 0.016 0.021 0.046
Diffusion coefficient of water (18" m?/s) 1.46 1.60 1.54 1.61

6.3.4 Effect of permeate pressure

Permeate pressure is another important operatiragn@der as a high vacuum is directly
related to a high energy cost. Theoretically, treximum flux is achieved at zero absolute
permeate pressure. Figure 6-3 shows the effecrongate pressure on water flux. The
water flux decreased as the permeate pressureaseeFor pervaporation processes, the
driving force of transmembrane concentratiaR] is provided by the vapour pressure
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difference between the feed and permeate sidee membrane. With increasing perme
pressure (i.e. decreasing vacuum), as the feessdsure remains unchanged,
transmembrane vapour pressure difference is reddteslleads to a decreas
transmembrane concentration (i.e. driving force) emniequentlya decreasewater flux

(see equation 2-3).
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Figure 6- 3: Effect of vacuum on water flux (membrane thickn28gum, feed temperatu
21°C, feed flowrate 30 mL/mil

It was observed that the water flux dropped d¢o less than 0.5 kg/frhr when the
permeate pressure increased to >15 Torr. At roompéeature, the saturation vapc
pressure of water is about 17 T(Shakhashiri 1992)When the permeate pressur
increased above 15 Tothe driving force for wat« vaporisation apmaches zerdeading
to near zero net evaporatiand consequently the low mass transport of w Table 6-3
presents the diffusion coefficient of water at vas permeate pressures. Decrea
diffusion coefficient with permeate prere indicates that the permeation process is mi
controlled by diffusion through the hybrid membrarfes permeate pressure increa
above 15 Torr, the diffusion coefficient droppegngiicantly, by nearly 90%, indicating tt

diffusion of water has baegreatly reduce
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Table 6- 3: Apparent diffusion coefficients of water at variquermeate pressure (feed
temperature 21°C, feed flowrate 30 mL/min).

Permeate pressure 2 6 10 15 30 40
(Torr)

AP between permeate  -15 -11 -7 -2 13 23
pressure and saturation
pressure (Torr)

Diffusion coefficient 1.68 1.45 1.05 0.28 0.16 0.16
(10™ nm/s)

6.3.5 Effect of feed temperature

Figure 6-4 shows the effect of feed temperaturéherdesalination by pervaporation
performance of hybrid PVA/MA/silica membrane atad flowrate of 30 mL/min and a
vacuum 6 Torr. For all feed concentrations, theas an exponential increase of water flux
when the feed temperature increased from 21°C 665 high water flux of 11.7 kg/fahr
was achieved at the feed temperature of 65°C.i$mist surprising, as firstly, the driving
force for the pervaporation process is the pavaglour pressure difference of permeant
between the feed and permeate conditions. As #tetEamperature increased, the water
vapour pressure on the feed side increased expaltgnAs the vapour pressure on the
permeate side was held constant, the increasinguvapessure in feed led to an increase in
the driving force and consequently the water flegcondly, an increase in temperature also
raises the diffusion coefficient for transport thgh the membrane, making it easier for the
transport of the water molecules. This is confirmbgdhe diffusion coefficient results as
shown in Table 6-1. As can be seen, there is aeasg trend in the diffusivity coefficient
of water in the hybrid membrane as the feed tempegas increased. In addition, the
mobility of the polymer chains also increased with feed temperature, which could lead to
an increase of the free volume of the membranesoing to the free volume theory, the
thermal motion of polymer chains in the amorphagian creates momentary free volumes
(Bursheet al. 1997). As the temperature increases, the frequandyamplitude of the chain

motion increase and the resulting free volumes imeclarger. Consequently, water
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molecules which have smaller size can diffuse thhathhese free volumes more easily.

Therefore, the water flux increases.
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Figure 6- 4: Effect of feed temperature on water flux (membrdmekness 20 um, feed
flowrate 30 mL/min, vacuum 6 Torr, feed concentrati0.2-5.0 wt% NacCl)

As mentioned in Chapter 2, the temperature deperdehpermeate flux for pervaporation
generally follows an Arrhenius type relationshipepm and Lee 1996, Jiraratanarebal.
2002, Pengt al. 2006b).

J = _Ep'i 6-1
i_AeX ﬁ (')

WhereJ; is the permeate flux of A; is the pre-exponential factdR is the gas constant, T is
the absolute temperature afgl is the apparent activation energy for permeatibrchv
depends on both the activation energy for diffusiad heat of sorption.

Figure 6-5 shows the Arrhenius plot of the watexk fhnd feed temperature at different feed
concentrations. The linear relationship was ob=ghetween fluxes and the reciprocal of
the absolute temperature. The activation energpeaheation of water () in the
membrane was taken from the slope of the Arrhepliois(equation 6-1) and the results are

shown in Table 6-4. There was no significant vasratn activation energy of permeation of
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water as the salt concentration in the feed sotutioreased from 0.2 to 5.0wt%, with the
activation energy only varying from 23.8 to 20.1kikdol. The positive activation energy
implies that permeation flux increases with inchegg¢emperature (Kittuet al. 2003), as
confirmed from the results shown in Table 6-4. Tihdicates that sorption is mainly
dominated by the Henry’'s model of sorption, givargendothermic contribution. Henry’s
law states that the heat of sorption will be pwesifior liquid transport, leading to the
dissolution of chemical species into that site witihe membrane, giving an endothermic
contribution to the sorption process (Kulkaehal. 2006). The relatively low activation
energy could be attributed to the high water canteer the studied feed concentration
range. At the higher water content in the feed sigaificance of the plasticising effect of
water on the membrane can significantly enhanaevoedume and diffusion of water.
Therefore, the activation energy is low. As expdaifby Jiraratanancet al., an increase of
temperature can reduce the amount of water-watsteriJiraratananon et al. 2002). As a

result, the permeation of water is significantiyranced.
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Figure 6- 5: Arrhenius plot of the water flux at various feedcentrations (feed
concentration: 0.2-5.0 wt% NacCl).
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Table 6- 4: Activation energy of permeation of water at difigréeed concentration (feed
flowrate 30 mL/min, vacuum 6 Torr).

NaCl concentration 0.2 wt% 3.0 wt% 5.0 wt%

Activation energy (kJ/kmol) 23.8 21.6 20.1

6.4 Summary

In this study, pervaporation under various opegationditions was carried out to evaluate
the separation performance of aqueous salt solthi@mugh the hybrid PVA/MA/silica
membrane. A high water flux of 11.7 kdfrhr could be achieved at a feed temperature of
65°C and a vacuum of 6 Torr. Under all operatingditions, salt rejection remain high (up
to 99.9%), indicating salt rejection performancédgbrid PVA/MA/silica membrane is
independent of the operating conditions mainly tiuthe non-volatile nature of NacCl. In
the studied laminar flow region, feed velocity hiite or negligible effect on the water flux
and diffusion coefficients of water, and this comied that the sorption of water onto the
membrane surface was not the rate controlling stgervaporation separation of agueous

salt solution. Rather the diffusion through the rbeane was the rate controlling process.

High feed temperature and high vacuum had a sggmfienhancing effect on the water flux
and diffusivity coefficients of water due to theiaased driving force and increased free
volume of the membrane. The activation energy ofneation of water was found to be
around 21.8+1.8 kJ/kmol when the salt concentratidhe feed was increased from 0.2 to
5.0 wt%. The positive activation energy impliedttpermeation flux would increase with
increasing temperature and the relatively low a&tton energy was attributed to the high
water content over the studied feed concentratoge. The effect of feed concentration
had differing impacts depending on the operatimgpterature. At low feed temperatures, the
salt concentration in the feed solution had litttenegligible effect on water flux and
diffusion coefficients. However, at high feed temgiare (50-60°C), feed flux and

diffusivity of water decreased with increasing sahcentration due to the decreased water

vapour pressure and consequently water concemtratithe membrane surface.
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Chapter 7
Process Engineering Modelling for Desalination

by Pervaporation

7.1 Introduction

Increasing population growth and global warmingenexeated greater disparities between
the supplies and demands of reliable fresh waterces. Seawater and brackish water
desalination technologies have been a promisingitdogy to overcome the water scarcity
issue (McGinnis and Elimelech 2007). Among varidasalination technologies used in the
world, RO accounts for >65% of total world desaiioa capacity and distillation accounts
about 30%. As mentioned earlier, the energy requere of RO operation is very high, with
as much as 23% of total water cost for seawaelidasan attributed to energy cost (Figure
1-1). The energy requirement vary between 6 ankMtB/m® and investment costs vary
between 600 and 2000 US$/mh according to the size of the unit and the typprocess
used (Korngoldtt al. 1996). The osmotic pressure for seawater of $@l8s,000 mg/L is
2800 kPa, versus 140 kPa for brackish water ohigpli600 mg/L. This means that for
seawater RO, a significantly higher pressure mastgplied to prevent osmotic transfer of
water through the semi-permeable membrane. Constdyg@mergy requirements are high at
12 kWh/KL if there is no energy recovery and 4 kWhif there is energy recovery
(Cabassud and Wirth, 2003). The survey data shatthie average energy consumption in
Australia is 3-3.7 KWh/KL for sea water RO, 0.7\WH/KL for brackish water and 1.2
kWh/KL for industrial effluent (Hoangt al. 2009).

Despite much progress being made in lowering tleeggnrequirements and cost of RO,
challenges remain to be overcome. The energy cbfE seawater desalination are still too
high for economic widespread application; and ldygee discharge streams continue to
cause concern over the environmental impacts theycause (McGinnis and Elimelech
2007). In Australia, the future production costlekalinated water will be heavily influenced
by the cost of plant construction and the anti@dahcreasing cost of energy due to the
carbon tax (Hoangt al. 2009). In an effort to address some of these ehgés, the

desalination by pervaporation process has beerstigated.
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The pervaporation process has been used extensivedgparation of mixtures of aqueous-
organic or organic liquids. However, there are dmyted studies on application of
pervaporation for desalination although it has ativges of high salt rejection and energy
needs practically independent of the feed conceotralt is believed this is mainly due to the
low water flux associated with current commercigmibranes, as low water flux increases
the amount of membrane area required and consdgureases the capital cost required
for the membranes. For good performance of penajpor, high water flux must be obtained
with moderate energy consumption. The performam@evaporation, like other membrane
processes, mainly depends on: 1) the membranenpiese) the operating conditions; and
3) the module design (Criscu@tial. 2008). There are extensive literatures availabléhe
effect of membrane properties and operating camast(Burshest al. 1997, Jiraratananaat

al. 2002, Pinget al. 1990, Kitturet al. 2003). However, only few studies refer to the gger
requirement and economics of the pervaporationgg®¢Suggala and Bhattacharya 2003, Ji
et al. 1994).

The economy of the pervaporation process can lessad with following parameters: the
specific energy required for heating, the spegbaver required for circulating feed and
vacuum pump operation, and the specific membraee @ilklaibi 2008a). The energy used

in the desalination by pervaporation process inarily heat and electricity.

In this chapter, a process engineering model igldged to evaluate the energy consumption
of desalination by pervaporation process. The gnengsumption considered in this work
refers to the external heating/cooling requiredfémd/permeate stream, as well as the energy
consumptions associated with pumps for re-circodateed and maintaining vacuum. The
energy requirement for pervaporation process wagpaoed to other desalination process
such as reverse osmosis (RO), multi stage flasiH)M8d multi evaporation distillation

(MED) with the aim to identify the potential ap@itons/conditions which would be suitable

for pervaporation.

7.2  Energy Balance and Estimation

Figure 7-1 shows a schematic flow chart of the kilesi@on by pervaporation process in
recirculation mode. The system consists of a feathy a heater, membrane modules, a

cooler/condenser and a vacuum pump. The rejecdrmstfeom the membrane modules are
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recirculated back to the feed tank. It should beeddhat this process engineering model is
focused on the major energy consuming componeras dbntribute to the desalination
performance. The pre-treatment of the feed streadhpmst-treatment of permeate stream
are outside the scope of this study.

Vent

Recirculation i _________
— Vacuum
°
° pump
: Cooler/
Condenser
r  _—==-=-

Feed tank Membrane module
Permeate

Heater
Feed
pump

Figure 7- 1: Schematic flow chart of pervaporation process aircellation mode.

As shown in Figure 7-1, major energy-consuming congmts for the pervaporation process
include the feed stream heating, the permeaterstoemling/condensation, the feed pump
and vacuum pump. Figure 7-2 shows a breakdown erfggrrequirement for pervaporation.

Feed heating () and permeate cooling energyJQ@re classified as the thermal energy
requirement whereas the electrical power associaidfeed pump (B and vacuum pump

(Ev) are classified as the electrical energy requirdmehe latent heat of condensation E
from cooling the water vapour of the outlet permreestteam could be potentially recovered

in the process and used for heating the feed.
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Figure 7- 2: Breakdown of energy requirement for pervaporation.

The overall energy requirement is therefore:

Etota= Qnt+ Qct E+ Ey (7-1)

If the heat recovery option is considered, depemain the heat recovery efficiency (x%),

Etotal could be calculated from:

Etota=OQnt Qct Es +E- X% Ey (7-2)

7.2.1 Heating energy required for heating the feed stream

In pervaporation, permeate is in the vapour phasthe downstream side of the membrane.
The energy for this phase change is supplied bge¢nsible heat of the feed (Howell 1990).
In addition, pervaporation normally operates at eangerature higher than ambient
temperature which is normally the temperature efféed reservoir. In this case, energy is
required to raise the temperature of the feed miréa the pervaporation operating
temperature T;). The energy required to heat the feed stre@m) (n the pervaporation
process can be calculated based on the operatiditioms of the pervaporation (feed flow
rate and feed inlet/outlet temperatures). Whenféleel stream is recirculated (Fig. 7-1), a
one-off heating (@) is required to increase the temperature of tleel f@servoir Tie) tO

the desired operating feed temperature. At stetadg,sa lesser amount of energy is required
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to compensate for the heat loss and boost thecuaimg stream to the desired feed

temperature:
Qnit =m;C (T —Tres) (7-3)
Q,=m;C, (Tfi _Tfo) (7-4)

Wheremis the mass flow rate of the feed (K§,sCy is its heat capacity (J Kg<™), Tres and
Tq are the temperatures of the feed reservoir and ifdet (K), respectively. Lower feed

reservoir temperatures will increase the energuirement for heating and vice versa.
7.2.2 Cooling energy required for permeate condensation/cooling

In pervaporation, the water vapour on the permsigie needs to be condensed. Theoretically
this portion of energy consumption equals the tetargy used to evaporate permeants from
the feed stream (Shao and Kumar 2011). Condensigtimormally carried out at temperature
between 0 and 10°C to achieve the desired operg@mgeate pressure. This condensing
temperature is lower than that of tower coolingexat herefore, further energy is required.
However, this can often be minimised by using l@mperature cooling devices which are
often available on fine chemical sites (Howell 1p90The thermal energy required to

condense the water vapo@J is calculated as:

Q. =m,4 (7-5)

p

Wherem, is the mass flow rate of the permeate (Ry and/ is latent heat of condensation
of water vapour at the permeate temperature €). Ryhen the temperature of condensed
permeate stream is to be lowered, additional headi:1to be removed, thug kEcomes:

T 0
Q. =m,i+m, IT; C,0)dT (7-6)
WhereT, and Ty, are the permeate inlet and out temperatures.
7.2.3 Electrical energy required for circulating the feed stream

The feed side pump is used to circulate the feaist to the membrane module and also
overcome the pressure head loss across the menthaahde. The electrical power

consumption required for circulating the feed strghrough the pervaporation system is a
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function of the pressure drop and the volumetowftate of the feed. It was calculated as
(Alklaibi 2008b):

APV,

E
: ,7p1

(7-7)

whereVs is the volumetric flow rate of feed) is the pump efficiency which is assumed to

be 80%, andIP is the pressure drop on due to friction determimgdunsonet al. 2002):
ap =ttt (7-8)

In the above equatiorf, is the Darcy friction factorL is the channel length, Dis the
hydraulic diameterp is the density, and is the linear velocity of the feed. For stream

velocity in the laminar regiorRe<2100), the following correlation is applied:

64
= 7-9
f = (7-9)

with theRe defined as:

Re= YD (7-10)
u

K is the fluid viscosity and u is the linear velgciThe hydraulic diameterDis calculated

from the geometry of the flow channel.

For turbulent flows (Re>2100), the pressure droplss affected by the changes in the feed

channel such as the expansion, constriction, gmdtvalves.

Y. f=f(Re.0)+X(e) (7-11)

where the first term on the right hand side referghe friction loss due to the material of the
piping or tubing and can be estimated from the Modaart based on the knowledge of the
Reynolds number. For common polymeric materianaoth surface can be assumed. The
second term on the right hand side of the equdggnepresents the friction loss due to the

disturbances in the flow channel. Some common sadwe listed in Table 7-1.
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Table 7- 1:Common values for friction loss factdi8ird et al. 2002)

Disturbances e

Changes in cross-section area:

Sudden contraction 0.45 (1B)
Sudden expansion (1 2
Y

Fittings and valves:

90° round elbows 0.4-0.9
45° elbows 0.3-0.4
Open globe valve 6-10

« _ smaller cross section

larger cross section

7.2.4 Electrical energy required for vacuum pump

In pervaporation, the vacuum pump is generally wsféel a condenser/cooler for start-up
and removal of non-condensable vapours. For dedadm applications, as the permeate
contains water vapour which is condensable, thpgtmn of non-condensable vapour will
be very small. This mainly includes dissolved nomaensable gases from the feed stream
and air leakage from the vacuum system as few vacsystems are completely airtight.
Consequently the power requirement for the vacuumppwill be very low at steady state
as the condenser does most of the job for maimgitiie vacuum by efficient condensation
of the permeate (& al. 1994). The electrical power consumption of a vacyump in the
pervaporation unit can be estimated based on tineiple of adiabatic vapour expansion

and contraction from the following equations (Chdatsakulet al. 2011):

E, =-m,["“C,dT (7-12)
1 -ly
Tout :Tin 1+— (hJ -1 (7‘13)
,7p2 pin
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where my. is non-condensable flow rate (mof")s C, is the heat capacity of non-
condensables at constant pressure (kJ Kriat), Tin and Tou: are the vacuum pump inlet
and outlet temperaturegy, is the vacuum pump efficiency which is assumeth&c80%,
Pout IS the vacuum pump outlet pressure (normally atiesp pressure)i, is the vacuum
pump inlet pressure, ands the adiabatic expansion coefficient defined@soedkiatsakul
etal. 2011):

y=——2 (7-14)

whereR is the gas constant (8.3145 J ol

Assuming that dissolved non-condensable gases frmmfeed and air leaking into the
vacuum system are at a rate of 1% of the permeapouwr, the above equations for
calculating the electrical power consumption of #aguum pump can be simplified to the
following equation (Jet al. 1994, Vallieres and Favre 2004)

1%J RT )
E, = n An 7 ( Pout j -1 (7-15)
M p2 MWy -1/ p;,

where J is the permeate fl(g/m?h), Tin is the absolute temperature of the noncondensable
vapour at the vacuum pump inlet condition (K) amd/ is the molecular weight of the non-
condensable gases (assumed to be air).

7.3 Results and discussion
7.3.1 Specific energy requirement

The pervaporation testing results obtained in Givaphave been used as the basis to
estimate the energy consumption required for tisald®ation by pervaporation process. As
mentioned earlier, the energy requirement for paovation is divided into thermal energy

and electrical energy. The thermal energy includeisl heating of the feed stream from the
feed reservoir temperature to the desired feed teiaperature, intermediate re-heating of the
feed stream to compensate the heat loss and tdaimaihe desired feed inlet temperature
during circulation, and the cooling energy requited@¢ondense and cool the permeate stream.

The electrical energy includes the power assocmattddfeed pump and vacuum pump.
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Figure 7.3 shows a breakdown of the thermal enexgyirement and electrical power
consumption for desalination by pervaporation eirneilation mode using the experimental
water flux of 11.7 kg/rth and an evaporation efficiency of 90% at a fedet lemperature of
65°C, feed velocity 0.05 m/s and vacuum level 6 T8AQ(Pa). The thermal energy required
is significant. 5643 MJ/his required to heat the feed reservoir froMi@1o 65C and 2609
MJ/m® of thermal energy is required to maintain the feedam at 6%C. The heat of
condensation removed in the condenser is almost égjihe intermediate heat required for
permeate evaporation, with 2350 MJ3/raquired for permeate condensation and 201 MJ/m
for cooling the permeate stream. In terms of elegitenergy requirement, the vacuum pump
requires most of the power and its value is abot® kWh/n?. The circulation power
required for the feed pump is negligible (<1% dhtelectrical energy requirement)
compared with the vacuum pump energy. This is beethe feed flow is in laminar region
with a Reynolds number of 220.

6000 5.0
5643

5000 - ® Thermal energy E Electrical energy
- 4.0

%)

4000 A

- 3.0

3000
2609

2350
- 2.0

2000

=
B
w

Thermal energy requirement (MJ/m
Electrical energy requirement (kWh/m  3)

- 1.0
1000 +

184

N\

0.001
0 . 0.0
Initial heating Intermediate Condensation Cooling Feed Vacuum pump
reheating circulation

Figure 7- 3: Breakdown of thermal and electrical energy requéaetior pervaporation
process in recirculation mode (feed temperatur€6&ed velocity 0.05 m/s, vacuum 6
Torr).
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Figure 7-4 shows the effect of feed temperaturégherfeed heating (including initial heating
and intermediate reheating for the feed streanmneate cooling/condensation thermal
energy, and the electrical power required for ojiegethe pervaporation process at a feed
velocity of 0.05 m/s and a 6 Torr permeate pres#Asdhe feed temperature increases from
21 to 65°C at constant feed velocity and permeadssoire, the feed heating required
increases from none to 5643 MJ/to bring the feed from ambient temperature (212C)
65°C. In addition, more heat is transferred from fieed stream, across the membrane and to
the permeate stream resulting in an increase im@ate temperature. Therefore more cooling
energy is required to remove the heat from the patenstream at higher feed temperature.
When the feed temperature increases from 21 to,6&f@ling energy increases from 17 to
184 MJ/n¥. Combined together, more thermal energy is reduii¢h increasing feed
temperature, from 2714 MJ/m3 at°Zlto 8252 MJ/mat 65C.

The feed temperature has less influence on thérielelcenergy requirement. The electrical
energy required includes the power consumptioncatsa with the vacuum pump and the
feed circulation pump. When the feed inlet temperaincreases from 21 to 85, it is found
that the power consumption remains constant fov#oeum pump and reduces for the feed
circulation pump. This is because the power congiomor the vacuum pump mainly
depends on the pump inlet pressure and permeateafi® (equation 7-15). The vacuum
pump directly affects the permeate pressure angrissure affects permeate flowrate. At a
fixed production capacity (i.e. permeate flowraall permeate pressure (i.e. pump inlet
pressure), the electrical power required by theiuacpump per unit of product water
remains unchanged (i.e. it is not a function ofgenature). On the other hand, the electrical
power requirement for the feed recirculation pureprdases with the increasing feed inlet
temperature due to the reduced viscosity and corsely increased Re at higher
temperatures. In this study, the flow remainechalaminar region, with only a marginal
increase of Re from 98 at 21°C to 220 at 65°C. Assalt, the electrical energy required for
the feed circulation pump was negligible comparét whe vacuum pump. Consequently,
the total electrical energy required remains a#3kWh/n? regardless of feed temperature

change.
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Figure 7- 4: Effect of the feed temperature on thermal and etattenergy requirement
(feed velocity 0.05 m/s, vacuum 6 Torr).

Figure 7-5 shows the effect of permeate pressufeanhheating, permeate
cooling/condensation thermal energy, and the etattpower required for operating the
pervaporation process at an ambient feed temper@@C) and 0.05 m/s feed velocity.
The thermal energy (both feed heating and pernteating) remains constant while the
electrical energy required decreases continuouglyincreasing the downstream permeate
pressure. This is because, at a fixed productipaaty, thermal energy is only related to the

feed inlet temperature and permeate temperaturehvare normally constant.

The permeate pressure has negligible influencéemrlectrical power required for the feed
recirculation pump due to the constant feed floeveatd pressure drop. On the other hand, as
permeate pressure increased from 1 to 40 Toreldwtrical power required for the vacuum
pump decreased from 1.97 to 0.87 kWh/As mentioned earlier, the power consumption for
the vacuum pump is only related to the pump intespure at a given production capacity.
Higher permeate pressure indicates that less piswequired to operate the vacuum pump.
However, it should be noted that the water fluxalecreases at higher permeate pressure
due to the lower driving force, especially when pleemeate pressure is above the saturation
pressure. E.g, the water flux at room temperatuwppkd to ~0.29 kg/fah when the

permeate pressure was more than the water satupagssure of 17 Torr (Figure 6-3).
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Figure 7- 5: Effect of the permeate pressure on thermal andradacenergy requirement
(feed velocity 0.05 m/s, feed temperaturéQ)L

As mentioned earlier, the thermal energy requirdrigesignificant in pervaporation
processes. To reduce the process energy requirechative low-grade or waste heat can be
used to provide the thermal energy for heatingeled. In addition, if the heat recovery
option is adopted to recover the latent heat ofleosation gained in the condenser, the total
energy required for the system could be potenti@tuced down to a much improved level.
Figure 7-6 compares the total thermal energy aectrétal energy with or without the heat
recovery option and the use of a waste heat soAg=iming low grade waste heat is readily
available and 100% heat recovery of latent hea fitte permeate stream can be obtained,
the thermal energy is significantly reduced. Tlsabnly the electrical power consumption for
the vacuum pump and small amount of thermal entnggooling the permeate is required if
ignoring any limitation of heat recovery from thermeate stream, e.g. 1.43 kWh/of
electrical energy and 140 MJJrof thermal energy are required at 65°C feed teatpes and

6 Torr permeate pressure in laminar flow regime2 AiC, the required thermal energy
reduces to 140 MJ/while the electrical energy remains constant 48 XWh/nf. It should

be noted that the value of the low-grade thermalgybecomes higher when the feed
temperature is high. It is, therefore, desirablartprove the membrane permeability as it

lowers the required feed temperature and the spesdgmbrane area. Consequently, this
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reduces the required low-grade thermal energy lamanembrane related capital and

operating cost.

12,000 6
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Figure 7- 6: Total thermal and electrical energy requiremenhisithout heat recovery and
alternative heat source (feed velocity 0.05 m/suuan 6 Torr).

Table 7-2 compares the energy consumption of peradipn against other desalination
technologies such as RO, multi stage flash (MSk)tiraffect distillation (MED) and vapour
compression (VC). Except for RO using electricavpoonly, the energy used in other
desalination process such as MSF, MED and VC ctensfghermal and electrical energy. As
can be seen, the energy needed for RO is conslgdoaker than the distillation options.

With the option of a free low grade waste heat se@nd heat recovery, the thermal energy
needed for pervaporation is significantly lowerrtlthstillation technologies and the

electrical energy is generally lower than RO-seawatssuming the fuel cost of 1.5 US$/GJ
and electricity price of 0.03 US$/kWh (Wade 20ahg energy related water production cost
for pervaporation is 0.07-0.25 US$/mvhich is comparable to RO production cost (Table
2). It should be noted use of waste heat can hayvinpact as it is sometimes not practical to
transport heat energy over long distances. Howeévarfree waste heat source and the heat
recovery option are available, the results in TabReindicates pervaporation has advantage
against RO at high salt concentration as its eneegyls for pervaporation is essentially
independent of the salt concentration in the feddti®n. This suggests that pervaporation

could be applied in niche markets where RO hadaditions, such as RO brine concentration.
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Table 7- 2:Energy consumption for various desalination tecbgiels.

Process Thermal® Electrical®  Energy related product
(MJI/m°) (kwh/m®  cost® (USHm®)

Multi stage flash (MSF) 250-300 3.5-5 0.48-0.60

Multi effect distillation (MED) 150-220 1.5-25 0.27-0.41

Vapour compression (VC) —thermal | 220-240 1.5-2

Vapour compression (VC) - mechanicaNone 11-12 0.36-0.39

RO — seawater None 5-9

RO — brackish water None 0.5-2.5 0.05-0.27

Pervaporation 4-140 0.9-2 0.07-0.25

! Thermal and electrical energy of MSF, MED, VC & are extracted from ref. (Khalifa 2010).
2 Hypothesis: fuel cost 1.5 US$/GJ, electricityeprd.03 US$/kWh (Wade 2001).

7.3.2 Specific membrane area requirement

In addition to the energy requirement, specific rhbeane area is the other main factor
influencing the economics of the process, as itomby affects the capital cost but also the
operating cost via membrane cleaning and replacermena typical RO desalination plant,
the capital cost of the system will be approxima&800 US/m membrane area (I. Koyuncu
et al. 2001). Membrane cost usually represents about@®@—¥ the total capital cost and
about13.5% of water production cost (Wade 2001}, iherefore, desirable to keep the
membrane area as low as possible to maximise ptiedy@nd lower the membrane related
capital cost. Figure 7-7 shows the effect of fesdgerature on relative specific membrane
area requirement. With increasing the feed tempezathe specific membrane area required
decreases, as the water flux increases with thheasing feed temperature due to the
increased driving force (Figure 6-4). When feedgenature increases from 21 to 65°C, the

required membrane area decreased by 80%.
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Figure 7- 7: Relative specific membrane area versus feed teryveréieed velocity 0.05
m/s, vacuum 6 Torr).

Figure 7-8 shows the effect of permeate pressurelative specific membrane area
requirement. At the low permeate pressure rangen(ft to 10 Torr), the required membrane
area increases slightly with increasing permeatequre due to a decrease of water flux
(Figure 6-3). However, when the permeate pressurecreased to 15 Torr, which is
approaching the water saturation pressure of 17 atd?0°C, the required membrane area
increases by more than 4-folds due to the sigmfigaeduced driving force. Once the
permeate pressure is increased above the wateatsatupressure (>15 Torr), the required
membrane area is more than 8 times than requiréd atr and remains high when the
permeate pressure is further increased from 30 tbodr. When the permeate pressure is
approaching or greater than the water saturatiesspire, the driving force for water transport
across the membrane becomes very low and conséguent low water flux and high

membrane area requirement.
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Figure 7- 8: Relative specific membrane area versus permeassyme (feed velocity 0.05
m/s, feed temperature 21°C).

To lower the membrane related capital and operatsg, it is therefore advantageous for
the pervaporation process to operate at high femgeérature and low permeate pressure to
maximise the productivity and reduce the membraaa eequirement. This is because the
water flux increases with high feed temperature lamdpermeate pressure. Howell
(Howell 1990) reported that the flux increased pgraximately 50% with every 10°C rise
in temperature. On the other hand, to lower trerggnconsumption required for the
pervaporation process, it is advantage to opehatsystem at low feed temperature and
high permeate pressure (Figure 7-4 and 7-5). Ealbgaf there is no free low grade heat
resource available and no heat recovery optiormatipg at higher temperatures will be too
expensive due to high thermal energy consumptinraddition, there is also a limitation to
lower the permeate pressure due to the increasettiedl power consumption associated

with the vacuum pump (Figure 7-5).

In seawater desalination, current commercial RO branes (e.g. crosslinked full aromatic
polyamide membrane) can achieve up to 41 kdimf water flux with 99.2% salt rejection
operating at 55 bar (Leat al. 2011). Although the energy consumption of pervapon is
comparable to the RO process, the required spengimbrane area is still higher than RO
due to the low water flux in pervaporation. Thidizates that the pervaporation may not be
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able to directly compete with RO technology unlégse is significant improvement in
water flux. This could be possibly done by devehgpthin film composite membranes to
improve the water flux by reducing the membranekihess. In addition, since
pervaporation has the advantage of the energynegant being nearly independent of the

feed concentration, it may be possible to use pemaion for RO brine concentration.
7.3.3 SinglepassVs. recirculation

Whether to operate the system in single pass octgation mode needs also to be
considered in scale up operation. The electricatggnrequired will remain relatively
constant regardless of the mode of operation aBdiws associated with the electrical power
consumption remains stable. However, the mode efatwn will have an impact on the
thermal energy required which varies with the femdperature. In single pass mode, the
reject stream from the membrane module is discldai@a the other hand, this stream is
recirculated back to the feed reservoir in recatioh mode at a higher temperature than the
fresh feed. Therefore, while only initial heateégjuired to bring the feed stream to the
required feed temperature in single pass, extrahleenergy is required to compensate the
heat loss of the feed stream in recirculation mé&tgure 7-9 compares the thermal energy
requirement for single pass and recirculation matdevo different feed inlet temperatures
(21°C and 68C) in the absence of waste heat and any heat recovelow feed temperature
(<30°C), negligible or minimum amount of heating is riggd for the feed stream in single
pass. However, greater heating is required incelation mode as the recirculated feed is
returned at a lower temperature than the fresh éeldtherefore requires additional heating
to compensate the heat loss. E.g, at 21°C, 246tfaf/thermal heating is required in single
pass compared to 5176 MJ/im recirculation mode. On the other hand, the sfipds true

at a higher feed temperature (65°C), more thermatgy is required in single pass mode
than recirculation mode (8194 MJ¥tim single pass versus 5160 MJ/m recirculation

mode). This is because, at higher temperaturesethieulated feed is returned at a
temperature higher than the fresh feed and thexeémuires less heat. On the other hand, the
feed stream always needs to be heated from anmteimperature to the desired feed inlet
temperature in single pass. Therefore, more theemexgy is expected. In addition, large
guantities of fluid also need to be dischargedrdfte membrane module in single pass. Thus,
recirculation mode is the preferred configuratiohigher feed temperatures. Moreover,
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recirculation mode is generally preferred regasligsfeed temperature as discharging large

guantities of reject stream in single pass could\ym@ded in recirculation mode.
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Figure 7- 9: Thermal energy requirement for single pass andaaetion mode (feed
velocity 0.05 m/s, vacuum 6 Torr).

7.4  Summary

A process engineering model was developed to aisespecific energy required for
desalination by pervaporation. The energy requirgrfog pervaporation was divided into
thermal energy and electrical energy. The thermaigy includes feed heating and
permeate cooling/condensation, and the electrioalgy includes the power required for
feed circulation and maintaining vacuum. In pervagion process, the thermal energy
requirement is significant. E.g, 5643 MJ/of thermal energy is required to heat the feed
reservoir from 21C to 65C and 2609 MJ/rhis required to maintain the feed stream at
65°C in recirculation mode. Assuming laminar flow, h@ver required for feed circulation
is negligible. The vacuum pump contributes to tlaanity of the electrical energy, with
1.43 kWh/n of electrical power required at 85 feed temperature.
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The specific energy and membrane area requirenfi¢hé @ervaporation process were
assessed as a function of feed inlet temperatue@armeate pressure. Thermal energy
increases with the feed temperature but remainstanhwith permeate pressure. On the
other hand, electrical energy decreases with isanggpermeate pressure but remains
constant with feed temperature. To reduce the gserergy requirement, the waste heat
sources and heat recovery could be used to provedthermal heating and recover the heat
of condensation in the condenser. The specific mangarea required decreases with
increasing feed temperature and decreasing permpesgsure. When the permeate pressure
is above the water saturation pressure, the speud#imbrane area required increases
significantly due to low water flux. To lower theembrane related capital and operating
cost, it is advantages for the pervaporation pmte®perate at high feed temperature and
low permeate pressure to maximise the productastyhe flux increases with high feed
temperature and low permeate pressure. Howeweth#drmal energy requirement becomes
significant at high feed temperature and the alsdtenergy increases with decreasing

permeate pressure.

With the option of free low grade waste heat soame heat recovery, the thermal energy
needed for pervaporation is significantly lowerrtladher distillation technologies and the
electrical energy is generally lower than RO-seawadissuming the fuel cost of 1.5
US$/GJ and electricity price of 0.03 US$/kWh, tihergy related water production cost for
pervaporation is 0.07-0.25 US$/mvhich is comparable to RO. However, the required
specific membrane area for pervaporation is highan RO due to low water flux in
pervaporation. This indicates that the pervaponati@y not be able to directly compete
with RO technology unless targeting niche markdiene RO has limitations, such as RO

brine concentration or further improving the wédtax of pervaporation membranes.

Moreover, whether to operate the pervaporatioresysh single pass or recirculation mode
will have significant impact on the thermal energguirement. Recirculation is generally
preferred as it has the advantage of reducing digehlarge quantities of the brine stream
and, reducing the thermal energy requirement whghm temperature waste heat is
available. In the absence of a waste heat sout@eat recovery, operating the system in
single pass will provide an advantage at low fesdperatures when the initial heating is

not required.
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Chapter 8

Conclusions and Recommendations

8.1 Introduction

As mentioned in Chapter 1, the objective of thiglgtwas to develop a scalable hybrid
organic-inorganic membrane material with properties exceed the performance
capabilities of current available polymeric memlasifor desalination by pervaporation.
To achieve this, comprehensive works have beeiedanut to establish a framework for
the development of a new type of hybrid organiagamic membranes based on PVA, MA
and TEOS.

By using this hybrid material, transport propergéeseeded the properties obtainable by
polymers alone. The development of this novel meméisystem and characterisation of
the material properties provided several importamiclusions and highlighted the need for
future research in some new areas. This chapteeptethe primary conclusions drawn
from the research objectives of this work and fetwork proposed for further development
of this technology.

8.2 Conclusions

In this study, a new type of PVA/MA/silica hybridembranes with inorganic silica
nanoparticles uniformly dispersed in the polymetrirdas been synthesised via a sol-gel
route and a solution casting method. Tetraethobansi(TEOS) was used as the silica
precursor for sol-gel reaction and MA was addedraadditional crosslinking agent.
Crosslinking among PVA, MA and TEOS led to a masenpact structure with increasing
amorphous membrane character with improved thepnoglerties and suppressed swelling.
Pervaporation testing results on separating aqua@ solution demonstrated a potential
application of this type of hybrid membrane for aesation with improved water flux and
high salt rejection. By adjusting MA and silica temt, both water flux and salt rejection

could be improved.

Heat treatment of membranes strongly affected ticeastructure and pervaporation
performance of membranes. Increasing heating teatyreror time favoured the completion
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of the crosslinking reaction among PVA, MA and TE@S8d also favoured the
polycondensation reaction of TEOS. This resulted less hydrophilic membrane with
reduced fractional free volume (FFV). Transporotigh hybrid PVA/MS/silica membranes
was explained by the solution-diffusion mechansasmd the free volume theory. The
hydrophilic nature of hybrid membranes provideshhigter affinity and water sorption,
and incorporation of silica particles into the poir matrix at the nano-scale enhanced the
free volume of the membrane and diffusion of watetecule through the membrane. The
increased hydrophobicity upon heating led to lespteoon of water at the membrane surface
due to significantly decreased water solubility. diobnally, the reduced free volume upon
heating led to less accommodation of water in iffasion step. Combined together, the
water flux decreased with either increaed heagmgperature or heating time. The close
correlation among pervaporation properties (elgha mass transfer coefficients, water
flux and salt rejection), transport properties (eNaCl/water diffusivity and permability)
and FFV of the membrane confirmed that the diffaglwrough membrane was the
controlling step of pervaporation separation ofeamps salt solution for this unsupported
hybrid membrane. Both NaCl and water diffusivitgrieased exponential with decreasing
1/FFV and changing free volume had a more pronalieffect on NaCl diffusivity than

water diffusivity.

Operating conditions have significant effect onevdlux of hybrid PVA/MA/silica
membrane. Salt rejection remained high (up to 99.83d was independent of the operating
conditions mainly due to the non-volatile naturdNaiCl. In the studied laminar flow
region, feed velocity had little or negligible effeon the water flux and diffusion
coefficients of water. This confirmed that the gmp of water onto the membrane surface
was not the rate controlling step of desalinatigipervaporation. High feed temperature
and high vacuum had a significant enhancing effadhe water flux and diffusivity
coefficients of water due to the increased drivimge. A high water flux of 11.7 kg/rhr
could be achieved at a feed temperature of 65°Gaaratuum of 6 Torr. At low feed
temperatures, the salt concentration in the feadien had little or negligible effect on
water flux and diffusion coefficients. However,hagjh feed temperature (50-60°C), feed
flux and diffusivity of water decreased with incsgay salt concentration due to the
decreased water vapour pressure and consequertdy eaacentration in the membrane

surface.
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A process engineering model was developed to aisespecific thermal energy and
electrical power required for desalination by p@aation. The thermal energy includes
feed heating and permeate cooling/condensationirenelectrical energy includes the
power required for feed circulation and maintaimiaguum. The thermal energy
requirement is significant and the vacuum pump rdoutes to the majority of the electrical
energy in the laminar flow regime. Thermal enemyyréases with the feed temperature and
the electrical energy increases with decreasinmeate pressure. To reduce the process
energy requirement, low-grate or waste heat resgsuand heat recovery could be used to
provide efficient thermal heating and to recovey lieat of condensation in the condenser.
With the option of a free low grade waste heat seand heat recovery, the thermal energy
needed for pervaporation (4-140 MJjris significantly lower than distillation techngjies
such as MSF and MED and the electrical energy 2k¥h/nT) is generally lower than

RO. Assuming the fuel cost of 1.5 US$/GJ and dl@ttrprice of 0.03 US$/kWh, the
energy related water production cost for pervapomas 0.07-0.25 US$/fwhich is
comparable to RO (0.05-0.27 US$Jm

The required specific membrane area for desalindtjopervaporation was also assessd in
this study. The membrane area decreases with siogeéeed temperature and decreasing
permeate pressure. To lower the membrane relajgthtand operating cost, it is
advantageous for the pervaporation process to wpatigh feed temperature and low
permeate pressure to maximise the water productgithe flux increases with high feed
temperature and low permeate pressure. Howevusmdeds to be balanced with the
increased energy requirement. In general, theinedjgpecific membrane area for
pervaporation is higher than RO due to currentwater flux in pervaporation. This implies
a higher membrane related capital cost. To makenbeess competitive, the water flux of
pervaporation membrane needs to be further imprdweaddition, pervaporation could be

used to target niche markets where RO has limitadiach as RO brine concentration.
8.3  Recommendations for Future Work

This study was based on experimental studies ofjusasupported homogeneous and
symmetric membranes with membrane thickness >5 quitisieasy to cast and characterise.
It is known that the permeate flux generally inseeavith decreasing membrane thickness

by reducing the membrane resistance. It is, thezgBxpected that the performance of this
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type of membrane will be improved further by fahting as a thin film composite

membrane.

To improve the water flux achieved in this study attain commercial viability, the
membranes successful on the laboratory scale wodael prepared in an thin film composite
or asymmetric form as shown in Figure 2-4. Morplyads of the thin film composite or
asymmetric membranes offer a possibility of malartgarrier with a thin effective
separation layer, which enables high flux while m&hning desirable mechanical strength.
It is recommended to extend findings from this warkl develop technologies for making
supported thin film composite membranes and gaortical understanding on the
transport phenomena of the species in the commeposite membrane materials via a
range of advanced characterisation technique ssiaim an-depth PALS, XPS and AFM
study. In addition, fractional free volume (FFVasvfound to directly affect membrane
performance in terms of mass transfer and watedg&ision. To improve the water flux, it
is important to develop fundamental understandimghe free volume of polymers which

will assist in conducting molecular design of tledymers which gives ideally FFV.

The process engineering modelling work carriediotlis study mainly focused on
assessing the specific thermal and electrical gnequired for pervaporation process.
Further work on full cost estimation of desalinatiwy pervaporation will be beneficial to
understand the process economics including prazgstal set-up requirements and
ongoing operating costs. This will help to identifympetitiveness of this technology

compared with other desalination processes.

As membrane fouling is an inevitable phenomenoimdunembrane filtration process, it is
also recommended to study the fouling (inorgand arganic) of hybrid membranes in the
future work. The present study has not considesatifg problems which may arise over
the long periods of use and also from dealing Wa#dds with different quality. The future
work could study factors that affecting membrandifa, e.g. (1) membrane properties
such as free volume, hydrophobicity, pore sizerithigtion and membrane material; (2)
solution properties such as concentration, theraaifithe components and particle size
distribution; (3) operating conditions such as ptnperature, flow rate and pressure. Along
with this, autopsy studies of fouled membranes wadlp to gain fundamental
understanding of fouling mechanism. This will hedevelop strategies for minimising

fouling such as appropriate membrane design andelod operating conditions.
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