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producing clean water. Membrane-based processes such as reverse osmosis, membrane
distillation and Nanofiltration have emerged [or the desalination of water due to their less
energy consumplion, separation performance and eco-friendly. The major challenges
[acing membrane-based technologies are fouling and wetting of the membranes. The air
gap membrane distillation (AGMD) provides wansport of vapor, exhibits  lower
lemperature, higher separation efficiency and low wetling due o its conliguration.
DifTerent  membranes  prepared [rom  polvmers such as polwvinylidene  [uooride,
polvietrafluoroeth viene, polvsulfone and polvimides are used in AGMD process. In this
research, hexa-fluorinated [lat sheet microporous polvimide-based membranes were
fabricated from hexafuoroisopropylidene  diphtalic anhydride (6FDA) and 2,356
tetramethyl-m-phenvlenediamine (TMPD), {i.e.. 6FDA-TMPD polvmer) for desalination
of highly saline synthetic NaCl and real seawater using AGMD technology. 6FDA-TMFD
polvmer was synthesized through apolveondensation reaction between dianh wdride 6FD A
and diamine TMPD at 200 “C for 6 h. The polymer was then dissolved in a solvent 1o
prepare the membrane using a nonsolvent-induced phase invermsion process. The stdy

highlights the importance of inrinsic microporosity  in 6FDA-TMPD  polvimide

R



me mbranes, which has resulted in an excellent pedormance, ensuring high flux and stable
salt rejection without adding pore former or chemical additives. The membrane
characteristics were oplimized by varying the nonsolvent medium {(coagulation bath),
concentration and casting thickness of the dope polvmer solutions. Membranes produced
in an ethanol-based coagulation bath had a sponge-like morphology, a8 opposed o the
finger-like membranes exhibited by a water coagulation bath. The changes in their
morphologies were observed using scanning electron microscopy (SEM ), stomic [orce
microscopy (AFM), water contact angle (WCA ), liquid entry pressure (LEFP), and pore size
analyeer.

Moreso, 6FDA-TMPD membranes were [abricated using the vapor-assisted phase
mnversion and freeze casting methodology o improve the pore siee and hwdrophobicity of
the membrane. Higher hvdrophobicity value and pore size of 1297 and 0.39 pm were
obtained by introducing ethanol vapor o the polymer solution. Finally, the performance
evaluation of the optimized/best 6FDA-TMPD membrane was analvzed in AGMD setup
using key operational parameters such as leed temperature, concentration, flow rate, and
air pap thickness, The influence of these parameters on membrane permeate [Mux and
gained outpul ratio was assessed. These parameters were based on the output of the
membrane fux and gained output ratio (GGOR). The results obtained indicated that the feed
temperature and feed salinity strongly influenced the performance of the membrane.
Increasing the feed temperature from 50 w 80 °C, the membrane [lux, and GOR were

improved by over 1530% and 125%, respectively.
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CHAPTER 1

INTRODUCTION

1.1 Background

The increase in human population, indostrialization and climate change have mesolied in
waler scarcity [1-3]. Therefore, it is essential to provide clean water using processes that
do notundesirabl v afTect the environment. According to reports, approximately 10% of the
global population, which represents 785 million people, lacking access w safe drinking
waler, with this figure increasing vearly [4]. Consequently, numerous technologies have
been developed o meet this water demand by extracting freshwater from seawater,
brackish water, river and wastewater reatment [5]. It is obvious that desalination plants

that use seawater a8 their leed source are dominant, as shown in Fignrel.l below.
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Figure 1.1 Cilobal desalination capacity {nr'Ad) and sousce water type [T



Seawater desalination is a widely recognized solution to water scarcity because of its
unlimited source. Desalination is the mostefficient method of supplying fresh water among
the available water purification methods [6,7]. Desalination plants have been reported 1o
be installed in over 120 countries, with Fignre L2 illustrating the global desalination
capacities and their source water type [7). The figure shows that seawater is generally used

&5 feed source for desalination with about twice the other sources combined.

50 il
DR e Pirackish water
#— Brine
A0 million ,
&— River waler
~ 30 ml Seawater
f. 30 mullvem o Wasiewraier
g
.E 20 milliom
10 million
] R I o e
| Gl [RR] I S pil I E 2006 2ola 2014 Mg
Award year
Flgure 1.2 Profile of ingalled desalination capacity by feed sounce [13]

Currently, desalination plants are mainly based on thermal and membrane processes [8,9].
Thermal-based technologies are mostly based on thermal evaporation and condensation
processes, whereas membrane-based technologies utilize membranes with separations
dependent on driving parameters which is driven by pressure difference, concentration

difference, temperature difference, and electric potential and vapor pressure as illustrated

in Figure L3 [10-12].
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Flgure 1.3 Dvi fTerend diesalination technelogies uwsed for water puriflication.

Membrane technology is one of the most promising methods 0 produce sale drinking
water. Membrane technologies for desalination inclode flwation [14], reverse osmosis
(RO}, electrodialysis [15], forward osmosis (RO [ 16], and membrane distllation (MD)
[17.18]. RO is an exiensively used membrane technology for desalination and water
treatment. This is a pressure-driven process, whereby permeate water is separaled across a
semi-permeable membrane, leaving salt and impurities behind [19.20]. RO membranes
have the advantages of high water permeability, salt rejection, and compliance with

envirommental, and separation standards [21].

1.2 Membrane distillation (MD)

Membrane distillation (MDY} is a thermally driven process used for highly saline water,
including indostrial wastewater, seawaler, brine, and produced water from oil and pas
process [22-24]. In membrane distillation operation, vapor molecules are transferred

through & microporous membrane [3,25].



The mechanism of the membrane distillation process is described in Figure L4, The v apor
generated from the hot solution feed flows through the membrane and condenses at the
condensation surface [26]. The transport mechanism in MD involves the transfer of heat
[rom the [eed solution, the hguid evaporates and forms vapor, and moves through the pores
of the membrane. The vapor transport is driven by the temperature gradient, and the v apor
condenses and collects as permeate [27].

Membranea

I:.
a

g
Iq
i

9

Id
|
.

:-.'

Freshwater

Flgure 1.4 Principle of operation and vapor iransport in membrane distillation

Membrane distillation s wsed [or separation processes due o the low operational
parameters of pressure at | atm and temperature between 30 — B0 "C. Therelore,
membranes in MD require less mechanical strength compared o pressure-driven
membrane processes, such as filration and reverse osmosis. Unlike RO, membrane
distillation operates al atmospheric pressure, making it cost-effective and energy-ellicient
for desalination applications [28,29]. Membrane distillation processes have been used in
several applications, such as, wastewater reatment [30,31], desalination [32,33] and oily

waslewater treatment [34]. Four different conligurations are commonly emploved in MD,



they are: vacuum membrane distillation (VMD), air gap membrane distillation (AGMD),
sweeping gas membrane distillation (SGMD) and direct contact membrane distil lation
(DCMD) [35-37]. Figure LS represents the major confligurations used in membrane
distillation. The hot feed solution is alwavs in direct contact with the membrane in all
configurations, whereas the difference indesign is related to the cold side of the MD sewp.
In DCMD process, there is an exsct contact between the membrane and the liquid phases
(feed and coolant). In the VMD design, a vacoum is maintained below the saturation

pressure for the volatile component o be removed from the hot feed [38].

i) b) <) d)
Hydrophobic Hydrophobic Hydrophobic Hydrophiobi
Porous membrana Porous membrane Porous membrans Powroass. membramse
Out 1 Codd wadsr in Out | Cold wabsr in Ol Swnep gas in Dut
» - . » - = .
e e e I
= == L2E LFE A
Vapor e Vapor = o § Vapor - Vapor :
| | ERPesA |
* X - s - » * .l,
Mol fead Permsale Hirt st Perrwats Hol bea Parstats Haot Teed Wacuum
n o n ot n ot In paETip
Figure 1.5 Diagram of Membrane distillation configurations. a) Direct comact membrane distillation

(ORI, by Adr gap membrane digillation, ¢ Sweeping gas membrane distillation (SGMD, and d)
Wacuum membeane distllation WD) [44]).

Sweeping gas membrane distillation uses a carrier gas to aid vapor transport created on the
leed side of the membrane. The sweeping gas (i.e inert gas) used in the SGMD process
helps to lower heat loss in addition to the vapor tmnsport during the process of separations
[39.40]. Air gap membrane distillation is a method whereby an air gap (usoally 2- 10 mm)

15 crested between the membrane and condensation surface, while the vapor is directed



solar vapor gap membrane distillation. The material gap membrane distillation (MGMD)
configuration uses several materials between the membrane and condensation surface,
resulting in higher transmembrane fuxes than AGMD because ol reduced heat losses. The
MOMD configuration enhances vapor [ow rate, resulting in 200-B00% increase in water
vapor flux, but reduces heat wransfer rate [42]. The permeate gap membrane distil lation
(PGMD) configuration enhances DCMD by adding a third channel of distillate water,
hence, reducing heat losses due to increased heat transfer resistance. The separation of the
distillate from the coolant improves the efficiency of the membrane module in terms of
heat recovery [43]. Table L1 shows an overview of the configurations of major MD

designs.
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Thermostatic sweeping gas membrane distillation combines AGMD and 5GMD, with inert
gas passing across the membrane gap, [ollowed by vapor condensation on the surface and
the remainder is condensed by an external condenser [45]. Vacoum-multi effect membrane

distillation {(V-MEMD) is a one-stage distillation system that combines VMDD and multi-



and optimum pore size. Membrane’s hydrophobicity prevents liquid from entering its pores
during separation process. The welling resistance of the membrane from high liquid entry
pressure 15 essential in order w sustain the membrane during MD testing. Hydrophobic
polvmeric membranes such as FTFE [47, 48], PP [49-52], and PVDF [53-39] have been
used for membrane distillation. Low thermal conductivity helps o reduce heat loss acmss
the membrane. Other requirements include excellent mechanical strength, good chemical
resistance w chemicals, acids and themmal stability. The characteristics of membranes used
for membrane distillation are important, becanse MD is generally a membrane-depend ent
process. The performance of membrane distillation process is directly influenced by the
structural and bulk properties of the membranes used [60]. The optimal energy efliciency
of membrane distillation process is achieved by selecting the correct conliguration based
on the feed salinity, operating temperature, and pressore. MD membranes should optimal
thickness of 30-60 pm, low thermal conductivity, and low mass transfer resistance [or
enhanced vapor ransport and minimized heat losses [61]. During the testing operation,

MD process [aces challenges such as membrane welting, fouling, energy consumplion, low
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