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Abstract

Fabrication of Thin Film Composite Forward Osmosis Membranes

for Desalination

Forward osmosis is a greener desalination process as compared to reverse osmosis, which
is the most dominant desalination technology in the world. The most dominant membrane
morphology used in forward osmosis is thin film composite (TFC) membranes. TFC
membranes consist of a selective polyamide top layer and a support layer in the
ultrafiltration range. The supports are composed of commercial polymers such as
polysulfone (PSf), polyether sulfone (PES), polyimides (PI), polyamides (PA), and
polyacrylonitrile (PAN). These commercial polymers are derived from fossil fuels. This
research work aimed to replace the commercial polymers with recycled PET (polyethylene
terephthalate), which is a sustainable alternative to commercial polymers and can be used
to fabricate TFC membranes in a more sustainable way. The effects of varying evaporation
time, reaction time and additives on the performance of TFC membranes were studied. The
fabricated TFC membranes showed good performance during a forward osmosis process
to desalinate water. They had a comparable selectivity to conventional TFC membranes
made with polyether sulfone (PES) support. For 1 M NaCl draw solution, they exhibited a
water flux of 10.6 LMH and a reverse salt flux of 4.2 gMH with a selectivity of 0.4 g/L.
The performance of TFC membranes synthesized during the study needs further study to

assess their performance during long term operation.

XVi



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 Introduction

In recent years, due to an increase in population as well as an increase in economic
development, the demand for freshwater has been growing rapidly. Although 70% of the
Earth’s surface consists of water, most of it is seawater. Only 3% of the water in the world
is freshwater, and even most of that is in the form of glaciers, so freshwater is a precious
resource [1]. Logically, desalination will be an attractive option to meet freshwater needs.
Countries in desert climates as well as those that have limited water resources, focus on
desalination and wastewater reuse to meet their needs [2, 3]. Currently, some countries
depend on desalination to meet their freshwater requirements, especially Middle Eastern
countries like Saudi Arabia, Kuwait, and the U.A.E. [4]. Other than these countries, the
United States is also a large user of desalinated water. Actually, it is among the largest
users among industrialized countries. It has desalination facilities mostly in California and
Florida [5]. National water requirements met by desalination in different countries is
presented in Figure 1.1 [6].
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Figure 1.1: Share of National Water Demand Met by Desalination, 2010

Application of membranes for desalination involves synthesis of membranes in the

nanofiltration range by interfacial polymerization (IP). However, the conventional
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supports, i.e., polysulfone, poly acrylonitrile and poly ether sulfone, used in the IP are not
environmentally friendly. Thus, there is a strong need to replace these supports with the
greener ones to achieve the concept of sustainability in membrane fabrication. In addition,
the replacement of expensive polymers with the cheaper alternatives will help to reduce
the overall cost of the membranes. This MS thesis is aimed at developing a green synthesis
method for TFC membranes using recycled polyethylene terephthalate (PET) as a
polymeric material to substitute the harmful conventional supports. Membranes thus
fabricated will be used to achieve high water permeability while maintaining high solute

rejection at low pressure.

TFC FO could be one of the suitable potential options to achieve high water permeability
as well as salt rejection during desalination. However, the high cost of the polymers used
for membranes support and the fact that they are products of environmentally unfriendly
fossil fuel industry, make them costly and unsafe for humans and the environment. Thus,
replacing the current polymeric materials with waste recycled materials such as PET bottles
would be a great contribution towards green membrane synthesis with waste recycled

materials.

1.2 Waste Plastic and its Reuse

Nowadays plastics are widely used and have become a big part of modern life, because of
attributes like production cost is small, ability to be molded into different shapes, and other
unique properties [7]. The applications of plastics includes packaging, electronics,
construction, etc. [8]. Plastics have low biodegradability which leads to a plastic waste
crisis, hence they need to be recycled and reused [9]. The production of plastics was
reported to be around 359 metric tons in 2018, and it is predicted that it will only triple in
the next 30 years [10]. PET (polyethylene terephthalate), because of its properties like:
excellent durability, it is transparent, and has good resistance to gases, is a popular
polymeric material used for food and beverage products packaging. These days it has
become convenient to use single-use PET bottles for packaging beverages like mineral
water, soft drinks, juices, etc. Consequently, now there are millions PET bottles that need
to be disposed of every day, and since these bottles are non-biodegradable, this leads to
environmental pollution [11]. It is estimated that 18% of the world’s plastic production



consists of PET [12]. Only a small amount of the waste PET bottles are recycled, which
means that the PET bottles need to be used in more different ways and not just thrown
away, which causes pollution on the Earth [13]. It is estimated millions of bottles are
thrown in the trash daily and it is projected to double over the many coming years and
many of these bottles are made from PET [14]. It is clear that there is a need to reduce the

pollution caused by these plastic bottles by reusing and recycling them.

Currently the used PET bottles that are recycled are used for the production of new bottles
through various recycling processes. These waste PET bottles are already used to produce
different lower value items such as plastic furniture, more bottles, carpets, etc. There is a
need for processes that use waste PET bottles to produce high-value products like for
example, membranes for waste water treatment or membranes for treatment of sea water
and brackish water. If these waste plastic bottles can be used to make nanofiltration
membranes capable of good salt rejection, this will solve two great issues, one is the
recycling of waste PET bottles as well as provide freshwater form sea water or brackish
water by different membrane processes. Figure 1.2 shows an example of the plastic waste

pollution worldwide [15].

Figure 1.2: Beach in Lebanon littered with plastic waste, 2019

1.3 Desalination

Desalination is the technological process that provides freshwater using saltwater or
brackish water as feed. Usually, seawater is the feed that is purified by the process [16].



All over the world, desalination is used to provide fresh water. There are several

desalination technologies. They can be classified on the basis of their working principles:

e Evaporation and Condensation
e Filtration

e Crystallization

Another way to classify these technologies is based on which type of energy they use either
thermal or electrical. The thermal technologies are multi-effect distillation (MED), multi-
stage flash distillation (MSF), thermal vapor compression (TVC), solar chimney (SC),
humidification dehumidification (HDH), membrane distillation (MD), solar still
distillation (SSD). While the electrical technologies are mechanical vapor compression
(MVC), reverse osmosis (RO), forward osmosis (FO), nanofiltration (NF), electrodialysis
(ED), capacitive deionization (CDI), hydration (HY), secondary refrigerant freezing
(SRF), ion-exchange resin (IXR). The desalination technologies are shown in Figure 1.3.

i

!

Capacitive
Deionization

Humidifieation-
Dehomidification
Ion-Exchange

Reverze QOzmozis

Forward Ommosziz

i

Figure 1.3: Desalination technologies based on the energy type used



1.3.1 Multi-Effect Distillation (MED)

The multiple effect distillation, MED, plant consists of the following equipments: a boiler
for supplying the steam, condensers, evaporators in series called as effects, recovery heat
exchangers. The pressure inside each evaporator, now called as effects, is reduced using
dedicated vacuum systems. Only in the first effect is heat provided from the boiler to boil
the feedwater. The tubes are sprayed by the feedwater for fast heat transfer. The vapors
formed in the first effect are transferred to the next effect. The internal pressure of the
consecutive effects becomes lower when compared to the preceding effect so this results
in the boiling points of the constituents of every evaporator to be lowered. Using the
previously mentioned evaporators, the seawater feed will be boiled multiple times without
any additional heat while condensing the vapors from the previous chamber. This process
allows the production of more and more vapors at lower pressure. Finally, the vapors from
the effects are entered into a condenser (in which the cold stream is the feed water) and
condensed to provide freshwater [4, 16]. A simple schematic diagram of a MED plant is

presented in Figure 1.4.

Condenser
‘—
L Saline
VaCLLUm vacuu Feed
l—'vacuum p
0
P T A= A a
2
Steam In
P T a a i _
E = =1
Condensate *
Back to
Beiler
i Brine ‘_I Brine ‘_‘
Brine Discharge Discharge
Discharge Freshwater
Condensate

Figure 1.4: Schematic of a Multiple Effects Distillation plant
1.3.2 Multi-Stages Flash Distillation (MSF)

An MSF process is similar to the MED process that it also requires initial heat supply from
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steam from a boiler and that the pressure is reduced for vapor production. Two plant

sections are:

e Brine heating section, where feedwater is heated by an external supply

e Heat recovery section, where heat is recovered to preheat the feedwater

The saline feedwater is used to cool the condenser and as the raw feed to produce
freshwater. The feedwater temperature is progressively increased while flowing inside the
heat exchanger pipes of the flash stages. Initially steam from a boiler or some other source
such as a power plant is used to preheat feed seawater. The saline feedwater is then
introduced into the first flash chamber. The vapors produced are then condensed inside the
heat exchanger pipes inside of the chamber where the cold stream is feed seawater. This
condensate which is freshwater is collected. Inside these chambers the heated seawater is
also sent to other flashing chambers which have their pressures being decreased using
either steam ejectors or by vacuum pumps. The pressure drop causes the brine to boil
rapidly producing a flashing effect [4, 16, 17]. The schematic of the workings of MSF plant
is shown in Figure 1.5 [17].

Heat Saltwater

Fchange | ? ljﬂ__ ! 'jﬂ__ ! ljﬂ__
St% —:I v w v Fresbwater

B = B
Brine

Figure 1.5: Schematic of a Multiple Stages Flash Distillation plant

1.3.3 Different Vapor Compressions

There is a desalination technology known as vapor compression desalination, which is

based on liquid—vapor phase transition. There are two types:

e Mechanical vapor compression (MVC)

e Thermal vapor compression (TVC)



In mechanical vapor compression (MVC), initially the feedwater is preheated by a recovery
heat exchanger and then it is sprayed onto heat exchange pipes inside of a chamber to
produce vapors, which are then compressed using mechanical compressor so their
temperature and pressure, and compressed vapors are entered into the main heat exchanger,
where they are condensed by transferring heat to the feedwater. The brine is collected at
the bottom of the chamber and is recirculated. The outflow of the main heat exchanger is
further condensed by the recovery heat exchanger and freshwater is obtained [16, 17]. A

simple schematic diagram of a MVC plant is depicted in Figure 1.6.

Salt water

1 - _, Freshwater

Heat Exchange

Compressor

Brine

Figure 1.6: Schematic of a MVC plant

Thermal Vapor Compression (TVC) works on the basis of a similar approach. The only
difference between TVC and MV C is that in TVC a steam powered compressor is used for
increasing the pressure of the vapor. The high temperature steam for operating the
compressor is obtained from a boiler or recycled steam from a turbine. Other than the
compressor used instead of a mechanical compressor, otherwise the procedure is the same

[16, 17]. The schematic of a simple TVC plant is presented in Figure 1.7.

1.3.4 Use of Solar Stills (SSD) and Solar Chimneys (SC) for Distillation

An SSD uses a black tank full of saline water covered with inclined glass. Solar radiation
evaporates the water and then it condenses on the glass surface. The condensate is then
collected. This only has small scale application [16]. Figure 1.8 shows the schematic of a

simple solar still. A solar chimney plant (SC) is made up of many smaller stills where



freshwater is collected into. The chimney is a large plastic sheet fashioned into a specific

shape [18]. Figure 1.9 shows the schematic of a basic solar chimney.

Salt water
= sy
1 | _, Freshwater
Steam
| Heat Exchange
Thermal
Compressor Brine

Figure 1.8: Schematic of a Thermal vapor compression (TVC) unit

Sunlight s

Saline feed | T T T

— -

Freshwater

Brine Discharge

Figure 1.7: Solar Still

1.3.5 Desalination by Electro-dialysis

This electrochemical desalination technique. The technique is composed of the electrical
field between two electrodes to attract the ions and a semipermeable membrane is installed
between the electrodes to stop the motion of either cations or anions depending on the

membrane [16]. Figure 1.10 depicts the basic schematic of electrodialysis process.

1.3.6 Desalination by Capacitive Deionization

In capacitive de-ionization desalination (CDI), there are two electrodes, one positively
charged and one negatively charged, and the ions are attracted towards their respective
charge and then trapped in micropores in the electrodes. The electrodes need to be

regenerated which limits the efficiency of this process [16]. Figure 1.11 demonstrates the



working principle.

Chimney
Sunlight

—~ Collectors

Figure 1.9: Solar Chimney desalination

Semipermeable

membranes Saline Water

Anode

:::> Cathode

, Freshwater

Figure 1.10: Schematic of an Electrodialysis desalination unit

Current Collector

Porous Anode

Anion Exchange Membrane

) Freshwater

Cation Exchange Membrane

Porous Cathode

Current Collector

Figure 1.11: Schematic of an Electrodialysis desalination unit
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1.3.7 Hydration (HY)

In hydration (HY)) desalination, gas hydrates are formed, which consist of a host molecule
(water) and a guest molecule (gas), and are crystalline solids [19, 20]. It can be seen that 1
m? of hydrates dissociates to give 164 m? of gas and 0.8 m® of water [21]. In this process
seawater is refrigerated and mixed with propane and CO> and then crystallized to form
hydrates. The hydrates are decomposed to form freshwater and gas, which is then recycled

[21]. Figure 1.12 shows a basic schematic of hydration desalination [22].

Gas
hydrates

Hydrate N Treated
Water

Dissociation

. Residual water

Figure 1.12: Schematic of a Hydration desalination unit

Gas In

Seawater
In

1.3.8 Desalination by Secondary Refrigerant Freezing

The desalination technique that utilizes solid-liquid phase transition of seawater is known
as desalination by SRF, secondary refrigerant freezing [23]. The process involves the
refrigerant freezing the sea water. The heat is transferred from one chamber to the other to
melt the frozen saline water. Saline water refrigerated and frozen and then melted to
produce freshwater. The main problem in this process is cleaning the ice [18]. Figure 1.13

shows a schematic of SRF desalination [24].

1.3.9 Humidification—Dehumidification (HDH)

HDH consists of a humidifier and a dehumidifier. Inside the humidification chamber, the
sea water is nebulized to promote evaporation. The vapors that are produced then move to
the dehumidification chamber. In this process a refrigerant refrigerates the saline water and
then the cold sea water induces condensation of the air humidity in the dehumidification
chamber and freshwater is obtained [25]. Figure 1.14 shows a basic schematic of HDH
[26].
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Figure 1.13: Schematic of Secondary Refrigerant Freezing desalination unit
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Figure 1.14: Schematic of HDH unit

1.3.10 Desalination by lon Exchange

In desalination by ion exchange, saline water passes though acidic or basic resins,
adsorption occurs and the ions are captured to give freshwater. To completely remove all
ions an amphoteric resin is used which consists of a mix of acidic and basic [16, 24].
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Figure 1.15 represents a schematic of this process.

Saline Water st Freshwater
ron Stron
Weak Acid ) s Weak Base 2 Mixed Bed
—¥ i + Acid + . + Base + ) —
Cation . Cation _ Resin
Cation Cation

Figure 1.15: Schematic of an lon-Exchange Resin desalination unit

1.3.11 Membrane Distillation (MD)

MD utilizes hydrophobic membranes since water vapors are able to pass while salts are
rejected [27]. A major disadvantage is the heat energy used in the phase change and
incomplete latent heat recovery in the MD process [28]. MD consumes less heat than MSF
and MED, and operates at lower pressure than other membranes-based technologies such
as RO. The drawbacks of MD are fouling and wetting which are mitigated by pretreatments
[29], by surface modification [30], by increasing turbulence [31], and periodical cleanings
[32-34]. Figure 1.16 shows the different configurations of MD [35].

In DCMD, the two solutions are directly in contact with the membrane. The vapors
produced on the surface of the hot solution cross through the membrane into cold solution
due to the pressure difference [16]. In AGMD, there is an air gap in between the membrane
and the cold solution. The vapors cross from the hot solution into the cold solution then the
vapors are stopped by a buffer layer of air which aids the vapors in not losing excess heat
and reduces heat loss in hot solution at expense of lower mass flow rate [16]. In SGMD,
there is a sweeping gas that flows between the layers of the cold side and the membrane.
This process works similarly to AGMD. Only difference is that sweeping gas increases the
mass flow rate of the vapors while increasing the thermal efficiency [16]. In the VMD
configuration, there is vacuum in between the layers of membrane and the cold side which
greatly increases the configuration, there is vacuum in between the layers of membrane

and the cold side which greatly increases the thermal efficiency [16].
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Figure 1.16: Different configurations of a Membrane Distillation (MD) unit

1.3.12 Reverse Osmosis (RO)

RO is a pressure driven membrane process. During the RO process, pressure is applied to
overcome the osmotic pressure so that the water flows against the gradient across the
membrane leaving a greater concentration of salt on one side [4]. The permeate obtained
is freshwater while the retentate (brine) is discarded. Figure 1.17 shows the basic schematic
of RO.

1.3.13 Nanofiltration (NF)

Among the pressure driven membrane processes, nanofiltration removes all contaminants
including multivalent ions such as Ca?*, Mg?", etc. as well as organic material and produces
soft water. It is called nanofiltration because the pore size of the membranes ranges from
1 to 10 nm, which is a smaller pore size than other water treatment membranes. Only the
pore sizes of reverse osmosis membranes are smaller [16, 24]. Figure 1.18 shows the basic

schematic of nanofiltration.
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Figure 1.18: Schematic diagram of a nanofiltration unit

1.3.14 Forward Osmosis (FO)

Forward osmosis (FO) is a membrane-based separation technique that uses the osmotic

-—— Brine

pressure difference as a driving force. During the process the lower osmotic pressure side,
called the feed solution (FS), is concentrated, and the higher osmotic pressure side, called
the draw solution (DS), is continuously diluted by water. In contrast to RO, no additional
pressure is required [36]. The main membrane morphology used in FO is the TFC
membrane. The major drawback of FO is internal concentration polarization (ICP). The
fouling of the pores of the support by salt particles due to the reverse salt flux leads to ICP.
ICP is basically when the inside of the membrane active layer becomes diluted and the
diffusion gradient decreases which leads to decrease in mass transfer and FO performance
[37]. Figure 1.19 shows the basic schematic of forward osmosis [36].

1.4 Comparison of Technologies

The most dominant desalination technology used worldwide is RO. The installed global
capacity for various technologies is as follows: 68.7% RO ,17.6% MSF, 6.9% MED 3.4%
NF, 2.4% ED, and 1% others out of a total 95.37 x 10 m3/day [38]. Figure 1.20 shows the

energy consumption of different technologies [39].
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Figure 1.19: Energy Required for Different Technologies

Fesd Solution Draw Solution

FO Membrane

Figure 1.20: Working of a basic forward osmosis desalination unit

Figure 1.20 clearly shows that forward osmosis (FO) consumes less energy than the
dominant commercial technologies. Furthermore, pressure-driven membrane technologies
all face the same drawbacks, i.e., membrane fouling, pretreatments and high energy
requirement. FO is an osmotic pressure-driven membrane process that has the potential to
mitigate these drawbacks.FO has been gaining interest mainly due to its low fouling
tendency and lower energy consumption [40, 41]. FO is widely used in desalination and
waste water treatment because of its lower energy demand [42]. Different desalination

technologies are compared in Table 1.1 [16].
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Table 1.1: Comparison of Desalination Technologies

Technique Advantage Disadvantage
Multiple . . .
Requirement of energy Scaling on the pipes
effects i :
is relatively low
distillation
MSF Maintenance is easier
than MED with high High investment
quality product and with greater energy
higher capacity demand
Needs to be stopped for
maintenance and has
corrosion problem
MVC High quality product Low production capacity

RO

NF

FO

ED

and requires less
energy

Low capital investment
and only uses
electricity

Modular design and
can be coupled

Less energy needed

Lower energy demand

High quality product
with energy
requirement is
proportional to feed
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Lower water quality
Fouling and high cost of

membranes

Produces soft water (a
diluted saline solution)
Fouling and internal
concentration polarization

Bacteria are not removed
Brackish feed only



CDI Greater efficiency than Brackish feed only
ED
HY Could be more efficient High costs
than other technologies
in the future
SRF Has energy efficiency Uses large amount of
potential electricity
Not easily operatable
Membrane Operation with no Needs pretreatments
Distillation pressure requirement Fouling
IXR Only need to pump Brackish feed only
water
SSD Runs off sunlight and Small scale
inexpensive
SC Runs off sunlight Small scale
HDH Low temperature Needs optimization

requirement

1.5 Thin Film Composite Membranes

The dominant morphology used in nanofiltration (NF) and reverse osmosis (RO) processes
is thin film composite membrane. TFC membranes are primarily composite membranes
made up of a polymeric support layer (usually made of polysulfone (PSf), polyether sulfone
(PES) or polyacrylonitrile (PAN)) followed by a selective ultrathin top layer. The support
layer is in the ultrafiltration range and phase inversion process makes it. The polyamide
top layer is deposited during IP, interfacial polymerization [43]. Figure 1.21 depicts the
structure of TFC [43].

1.6 Interfacial Polymerization

A polymerization reaction that occurs between two very reactive monomers at the interface
of two immiscible solvents after which a very thin layer is deposited upon the porous
support. Typically the support layer is immersed in an aqueous solution containing an
amine monomer and is then contacted with an immiscible organic (typically hexane) acyl

chloride solution [43]. Figure 1.22 shows a typical IP reaction [44].
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Figure 1.21: Structure of a thin film composite (TFC) membrane
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Figure 1.22: Typical Interfacial Polymerization Reaction

1.7 Phase Inversion

Phase inversion by immersion precipitation is widely used for the preparation of
microfiltration (MF) and ultrafiltration (UF) membranes. The process involves the
transformation of polymer solution into a solid porous sheet by immersion in nonsolvent.
During immersion the pores are formed by the demixing of solvents. During the
solidification phase the demixing leads to pores forming in the polymer matrix [45]. There
are multiple factors affecting phase inversion.

1.7.1 Polymer Solution Concentration

The polymer solution concentration determines the amount of polymer present at the
interface and consequently higher weight fraction of polymer will lead to lower porosity
and higher membrane thickness [45].
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1.7.2 System of the Solvent Combination

Nonsolvent miscibility in the solvent is important during the demixing stage. The polymer
must be completely miscible in the solvent and must not be miscible in the nonsolvent. The
solvent and nonsolvent must also be miscible with each other. The degree of miscibility

will determine the rate of demixing which will affect amount of porosity obtained [45].

1.7.3 Evaporation Time

When using a volatile solvent or cosolvent, the amount evaporation time after casting
solution is casted onto a sheet of metal or glass determines the amount of polymer present
at the interface during the immersion step. This will affect the thickness of membrane and

the porosity [45].

1.7.4 Composition of Polymer Solution

The solvent used in the polymer solution must be able to completely dissolve the polymer
and also have affinity towards the nonsolvent in the coagulation bath. Additive s may also
be added to the solution such as nonsolvent or pore forming agent. This will affect whether

the demixing will be delayed or instantaneous, which affect the degree of porosity [45].

1.7.5 Composition of Coagulation Bath
The composition and the temperature of the coagulation bath is very important. The choice
of the solvent, addition of another solvent to the coagulation bath and the temperature of

the bath will affect the rate of demixing and ultimately the porosity of the membrane [45].

1.8 PET as Support

Pulido et al. (2019) fabricated ultrafiltration membranes from recycled PET using phase
inversion technique. Commercial water bottles were used as the source of PET. TFA was
used as solvent. The polymer concentration in the casting solution was varied to optimize
the membrane characteristics. PEG use as an additive was investigated. PEG acted as a
pore forming additive. The membranes produced were ultrafiltration membranes with a
MWCO of 40,000 g mol™* and able to withstand temperatures up to 100 °C. However,
these membranes are limited to ultrafiltration application [46]. Park et al. (2019) fabricated
sustainable green TFC membranes using supports made from recycled polymer waste

(PET) and conducted interfacial polymerization using plant-based monomers and green
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solvents. The selective layer was ultrathin (30 nm). It had acetone permeance of 13.7
LMBH with a 90% of styrene dimer (235 Da) rejection. The long-term stability was
checked in six different solvents for one week. However, this membrane has very poor
monovalent and divalent salt rejection and pure water permeance was not checked [47].
Kusumocahyo et al. (2021) fabricated ultrafiltration membranes from PET from waste
plastic bottles. PEG 400 as the additive was used as an additive. Increasing the PEG 400
concentration resulted in a membrane with smaller pore size that was more hydrophilic and
more porous. The casting solution was made by dissolving PET in phenol and heating to
100 °C. The coagulation bath contained 1:12 water-ethanol solution as non-solvent. The
best performing membrane had 94% bovine serum albumin (BSA) rejection. These
membranes are limited to ultrafiltration application and their fabrication requires heat,
additives and special conditions [48]. Lu etal. (2021) fabricated eco-friendly ultrafiltration
membranes using polysulfone (PSf) with green solvent mixture of gamma-valerolactone
and PolarClean and recycled PET as an additive. The fabricated membranes with
evaporation time of 30 seconds outperformed conventional polysulfone membranes by
having 3.5% higher permeance (23 LMBH) and 53.2% higher BSA, bovine serum albumin,
rejection of 85%. By increase the evaporation time after casting to 1 minute decreased the
permeance by 32.4% and led to only a negligible solute rejection increase. Using zero
seconds waiting time after casting caused 235% permeance increase. These membranes
also only have ultrafiltration application and the use of PET as an additive had a negligible
role in the membrane performance [49]. Rajesh et al. (2014) fabricated ultrafiltration
membranes using recycled PET and polyvinyl pyrrolidone (PVP) and m-cresol is used as
the solvent. They were fabricated using phase inversion method. PEG was used as additive
and the effect was investigated. Increasing PEG concentration increased the pure water
permeance. These membranes are limited to ultrafiltration application and have low
permeances compared to other membranes. The use of recycled PET does yield membranes

suitable for water separation processes [50].

1.9 Performance Comparison of Forward Osmosis Membranes
The performances of different novel forward osmosis membranes were compared in the

table below.
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Table 1.2: Comparison of performances of different membranes

Water Reverse Js/Jw

FS (feed DS (draw

Type of membrane Filler Flux (Ju)  Salt (L)  solution)  solution) Year Reference
2
LMH) (g/meh,

gMH)
PSf/PA  thin-film 0.1 wt% UiO-66 20.7 4.3 0.21 Dl 1M NaCl 2017 [51]
nanocomposite MOF (deionized
(TFN) membranes water)
PSf/IPA  thin-film 6.5 wt% UiO-66 24.5 4.4 0.18 DI 1M NaCl 2017 [52]
nanocomposite MOF
(TFN) membranes
TFC formed using  BSA, bovine 54 5 0.09 DI 2 M NaCl 2018 [53]
glass nanofiber serum albumin,
support layer and loading at

bovine serum
albumin (BSA)-
embedded PA

active layer

0.2 wt%
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PSf/PA  thin-film
nanocomposite
(TFN) membranes

PSf/IPA TFC

membranes

PES/PA  thin-film
nanocomposite
(TEN) membranes

PES/PA  thin-film
nanocomposite
(TFN) membrane

0.05 wt%

ZIF-8@PDA

Polydopamine
over graphene

oxide interlayer,
0.5g/L GO
0.1 wt%

Ui0-66-(F)a

250 ppm
graphene

quantum dots
(GQDs) @

UiO-66-NH2

20.8

24.296

38.7

59.3

5.2

3.818

11.6

19.1

0.25

0.157

0.3

0.32

23

DI

DI

DI

DI

1M
MgCl>

1 M NaCl

1 M NaCl

1 M NaCl

2019

2019

2019

2020

[54]

[55]

[56]

[57]



PSf/PA  thin-film
nanocomposite

(TFN) membranes

PAN/PA thin-film
nanocomposite
(TFN) membranes

PES/PA  thin-film
nanocomposite
(TFN) membranes

PAN/PA thin-film
nanocomposite
(TFN) membranes

0.5 wt.% titania
nanotubes and
magnetite oxide
hybrid
nanoparticles
(TNT-Fe304)

0.04 wt%
Sulfonated
graphene oxide
(SGO) @

UiO-66

0.0005 wt%
Size-controlled
graphene oxide
(SGO)

nanosheets

0.01 wt%
PDA/MOF-801

2.54,

2.82

14.77

39

16.5

0.15,

0.19

2.95

6.24

3.3

0.06,

0.07

0.2

0.16

0.2

24

10 mg/L
Pb?",

10 mg/L
Cd**

Dl

Dl

DI

1 M NaCl

1 M NaCl

1 M NaCl

1 M NaCl

2020

2020

2020

2020

[58]

[59]

[60]

[61]



PES/PA  thin-film
nanocomposite

(TFN) membranes

PES/PA thin-film
nanocomposite
(TFN) membranes

0.1 wt%
PVA/PDA
@ZIF-8

0.5 wt%
Charcoal-based
carbon
nanomaterial
(charcoal-CNM

14.2

12.08

6.1

2.97

0.43

0.24

DI

DI

1M
MgCl;

1 M NaCl

2021

2021

[62]

[63]
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Ma et al. (2017) incorporated UiO-66 nanoparticles into the active layer of TFC to
fabricate TFN membrane which resulted in a 52% increase in water permeability over
pristine TFC membrane while maintaining salt rejection levels at ~95% [51]. Then later
Ma et al. (2017) incorporated UiO-66 nanoparticles into active layer as well as support to
investigate ICP mitigation. They found that 50% increased water flux over the pristine
membrane and observed no significant degradation of water permeability is observed over
72-h operation [52]. Zhao et al. (2018) prepared a TFC with support membranes made from
glass fibers and employed the strategy of increasing the hydrophilicity of the top layer by
using BSA as an additive in the interfacial polymerization. The prepared membranes
fulfilled the application of forward osmosis and rejection of heavy metals was also tested
[53]. Qiu et al. (2019) used polydopamine (PDA) to modulate ZIF-8 nanoparticle to
increase the compatibility of the MOF with the membrane. Compared with pristine TFC
membrane, the membrane exhibited a increase of the water flux (80%) without losing of
selectivity (ratio of Js/Jw) [54]. Hyeon-gyu et al. (2019) made a TFC with PDA and
graphene oxide (GO) interlayer on a PSf support. This interlayer improved the membrane’s
hydrophilicity and the water flux improved 56% [55]. Bagherzadeh et al. (2019)
synthesized UiO-66-(F)4 and incorporated it into active layer. Due to hydrophilic property
and owning specific pore size, the utilized MOF improved the water permeability by 85%
while maintaining selectivity [56]. Bagherzadeh et al. (2020) modified UiO-66-NH, MOFs
to increase their hydrophilicity by using graphene quantum dots, GQD. Incorporating the
modulated MOFs in the top layer of TFC improved permeability by 102% as well as the
selectivity by 150% [57]. Soo et al. (2020) synthesized (TNT—Fes04) nanoparticles and
made TFN with them. This increased the hydrophilicity of the TFN. The incorporation of
nanoparticles did not impact the selectivity but increased the flux by 100% [58]. He et al.
(2020) developed a sulfonated graphene oxide modulated MOF to make a TFN for forward
osmosis application. Compared to unmodified TFC and the TFN made with UiO-66 MOF,
the pure water flux of SGO@UiO-66 TFN was increased by 41% and 8% and the reverse
salt flux was reduced by 49% and 51% [59]. Lim et al. (2020) incorporated size-controlled
graphene oxide (SGO) into the top layer of TFN. The membranes had increased resistance
to fouling and when compared to TFN with bulk GO, results showed flux increased by
30% with same selectivity [60]. Miaolu et al. (2020) made a PDA modulated MOF-801 to
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make a TFN and the results showed that the 30% increased flux while the selectivity
increased by 56% as well as 94% heavy metal rejection [61]. Fu et al. (2021) added
polyvinyl alcohol/polydopamine coated ZIF-8 into active layer of TFN membrane. This
increased the resistance to fouling and the flux increased by 100% with same selectivity
and showed great antifouling property as well as a permeation recovery ability of greater
than 95% [62]. Hadadpour et al. (2021) added charcoal-based nanomaterial (CNM) to the
support layer and prepared a TFC. The TFC had reduced ICP (internal concentration
polarization) and the flux increased by 300% and the selectivity increased by 82% [63].
The above-mentioned membranes face the same challenge of achieving high water
permeability and salt rejection along with controlling internal concentration polarization
(ICP). All of them either used nanomaterials or an interlayer to increase the membranes’
hydrophilicity, water flux and selectivities as well as modifying the support layer to
mitigate internal concentration polarization (ICP) and increase hydrophilicity. However,
these membranes were fabricated using environmentally harmful commercial polymeric
supports, such polysulfone, poly acrylonitrile and poly ether sulfone. There needs to be
focus on making the process of fabricating TFC more sustainable and cost effective. This
can be achieved by using recycled polyethylene terephthalate (PET) as a polymeric
material to substitute the harmful conventional supports. Membranes thus fabricated will
be used to achieve high water permeability while maintaining high solute rejection at low

pressure while reducing overall cost of the membranes.

1.10 Problem Statement

TFC FO could be one of the suitable potential options to achieve high water permeability
as well as salt rejection during desalination. However, the high cost of the polymers used
for membranes support and the use of toxic solvents during IP make them costly and unsafe
for humans and the environment. Thus, replacing the current polymeric materials with
waste recycled materials such as PET bottles and conventional solvents with green solvents
such as deep eutectic solvents would be a great contribution towards green membrane

synthesis with waste recycled materials and environmentally friendly solvents.

1.11 Research Objectives

This MS thesis is aimed at developing a green synthesis method for TFC membranes using
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recycled polyethylene terephthalate (PET) for desalination using the green process of
forward osmosis and performance of these membranes will be competitive with

membranes prepared through conventional means. The objectives of this study are to:

e Fabricate high performance thin-film composite forward osmosis membranes for
desalination using a more sustainable method.

e Fabricate the support layer using waste polymer from recycled PET bottles.

e Physiochemical characterization and performance assessment of the fabricated

membranes.
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CHAPTER 2

FABRICATION OF THIN FILM COMPOSITE
MEMBRANES FOR DESALINATION USING
FORWARD OSMOSIS
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2.1 Introduction

Nowadays plastics are widely used and have become a big part of modern life, because of
attributes like production cost is small, ability to be molded into different shapes, and other
unique properties [7]. The production of plastics was reported to be around 359 metric tons
in 2018, and it is predicted that it will only triple in the next 30 years [10]. It is estimated
that 18% of the world’s plastic production consists of PET [12]. Only a small amount of
the waste PET bottles are recycled, which means that the PET bottles need to used in more
different ways and not just thrown away, which causes pollution on the Earth [13]. It is
estimated millions of bottles are thrown in the trash daily and it is projected to double over
the many coming years and many of these bottles are made from PET [14]. It is clear that
there is a need to reduce the pollution caused by these plastic bottles by reusing and

recycling them.

Currently the used PET bottles that are recycled are used for the production of new bottles
through various recycling processes. These waste PET bottles are already used to produce
different lower value items such as plastic furniture, more bottles, carpets, etc. There is a
need for processes that use waste PET bottles to produce high-value products like for
example, membranes for waste water treatment or membranes for treatment of sea water
and brackish water. If these waste plastic bottles can be used to make nanofiltration
membranes capable of good salt rejection, this will solve two great issues, one is the
recycling of waste PET bottles as well as provide freshwater form sea water or brackish

water by different membrane processes.

Application of membranes for desalination involves synthesis of membranes in the
nanofiltration range by interfacial polymerization (IP). However, the conventional
supports, i.e., polysulfone, poly acrylonitrile and poly ether sulfone, used in the IP are not
environmentally friendly. Thus, there is a strong need to replace these supports with the
greener ones to achieve the concept of sustainability in membrane fabrication. In addition,
the replacement of expensive polymers with the cheaper alternatives will help to reduce
the overall cost of the membranes. This MS thesis is aimed at developing a green synthesis
method for TFC membranes using recycled polyethylene terephthalate (PET) as a

polymeric material to substitute the harmful conventional supports. Membranes thus
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fabricated will be used to achieve high water permeability while maintaining high solute

rejection at low pressure.

TFC FO could be one of the suitable potential options to achieve high water permeability
as well as salt rejection during desalination. However, the high cost of the polymers used
for membranes support and the fact that they are products of environmentally unfriendly
fossil fuel industry, make them costly and unsafe for humans and the environment. Thus,
replacing the current polymeric materials with waste recycled materials such as PET bottles
would be a great contribution towards green membrane synthesis with waste recycled

materials.

2.2 Materials and Methods
2.2.1 Chemicals

All chemicals and solvents for the procedure were analytical grade. Tri-mesoyl chloride
(TMC) from Shanghai Greenearth Chemicals (China). Sodium chloride, Ethanol, and
Acetone were bought from Sigma Aldrich (Germany). Other solvents such as Di-
chloromethane (DCM), Trifluoroacetic acid (TFA) and NMP were provided by DaeJung
Chemicals & Metals (South Korea). Sodium carbonate were purchased from Penta
Chemicals (Czech Republic). Piprazine was provided by Oakwood chemicals.
Polypropylene non-woven supports provided Freudenberg Filtration Technologies

(Germany).

2.3 Extraction of PET

The method for PET extraction was adopted from Pulido et al. (2019), with little changes.
The PET was extracted from unpigmented transparent waste plastic bottles. The waste
plastic bottles were first washed with dish soap and then washed with acetone. Then the
bottles were cut into smaller pieces and then followed by air drying. The pieces were then
dissolved in a 1:2 solution of in TFA (trifluoroacetic acid) and DCM (dichloromethane) to
make 20 wt% PET solution. 32 g of PET were dissolved in a mixture of 30 mL of
trifluoroacetic acid (TFA) and 60 mL of dichloromethane (DCM). The solution was stirred
for 24 hours using a magnetic stirrer. The PET was then precipitated in ethanol and then

dried at 70°C for 24 hours. The pure PET obtained was like white fibers and was further
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used for membrane fabrication [46]. Figure 2.1 gives a visual representation of the process.
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Figure 2.1: Extraction of PET

2.4 Fabrication of Support

The extracted PET was then dissolved in TFA to make a 16 wt% solution, followed by 24
hours of stirring using magnetic stirrer. The ideal concentration of 16% was determined
from a previous study. The extracted PET fibers and the washed and air-dried PET pieces
were used interchangeably, since from a previous study, it was found that this does not

affect the membrane performance [46]. The supports were fabricated by phase inversion.

A non-woven polypropylene support was taped onto a glass plate. The polypropylene
supports were soaked in NMP and the excess NMP was removed from the surface using
paper towels. The polymer solution was cast onto the support using Elcometer 4340
automatic film applicator device. After casting, evaporation time of 0 seconds was given,
then immersed in a water bath for 15 minutes. The prepared membrane was rinsed with
water and then stored in DI water for further use. Figure 2.2 shows the support preparation

process and figure 2.3 shows the prepared membrane.
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Figure 2.2: Fabrication of Membranes by Phase Inversion Method

Figure 2.3: Synthesized PET Membrane
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2.5 Fabrication of Thin film Composite Membrane

The PET supports were taped onto the interfacial polymerization membrane module and

the soaked in 2% (w/v) aqueous piperazine solution for 10 minutes followed by air drying

for 5 min. Excess amine solution was dabbed off using foam. They were then contacted

with 0.1% (w/v) TMC solution in hexane for 2 minutes followed by air drying for 5 minutes

and then were cured at 80°C for 5 minutes to obtain thin film composite (TFC) membrane.

The prepared membrane was rinsed with water and then stored in DI water for further use

[64]. Figure 2.4 shows the TFC preparation process and figure 2.5 shows the prepared

membrane.

Soaked with
Piperazine

T e -

=

Contacted
with TMC

Cured at
80°C

Figure 2.4: Preparation of TFC

Figure 2.5: Fabricated TFC
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2.5 Characterization techniques

2.5.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy, FTIR, is the technique for determining the
functional groups of a sample. Fourier transform infrared spectroscopy (FTIR) shows the
absorption of the infrared spectrum of the sample. Due to the bending and stretching of
different functional groups different wavelengths are absorbed. Thus, corresponding
functional groups are identified by comparing the absorbance. Thermo-Nicolet 6700 P
FTIR Spectrometer (USA) was used to obtain results for the PET sample.

2.6 Testing membrane performance

2.6.1 Dead-end Filtration
The membranes were tested using dead end filtration system (Sterlitech HP 2950, USA).

The experimental setup is shown in figure 2.6.

Pressure
contral valve

Dead-End
Filtration d__ﬂ__ﬂ_ﬂ-FE ed solution
Cell stir b
ir bar
__'_,__,-o—"
Mitrogen ( ) |_~tembrane coupon
Gas ] Permeate
Permeate—/ —
) l Collected
Cylinder
Magnetic Stirrer

Figure 2.6: Dead-end Filtration Setup

A circular membrane coupon with, effective area of 0.008 m?, was cut a placed at the
bottom of the dead-end filtration cell and held in place using a porous disc. The cell was
filled with about 250 ml of feed solution. Then pressure was applied using the nitrogen gas
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cylinder and regulated using the control valve. The membranes were compacted for 10
minutes after which permeate was collected at regular intervals at constant pressure.
The pure water permeances and salt rejections of various membranes were calculated using

the formulas given below [65].

\'%

P =—
ermeance ATAP

Where,

V = permeate volume (L)

A = effective membrane area (m?)
AP = applied pressure (bar)

t = time elapsed (hr)

Cfeed - CPermeate

x 100

Salt Rejection(%) = C
feed

Where ,
Creeq = Teed conductivity (uS/cm)

Cpermeate = Permeate conductivity (uS/cm)

2.6.2 Forward Osmosis Experimental Setup
The prepared membranes were investigated under two modes:
e Forward osmosis (FO) mode i.e., active layer towards feed solution
e Pressure retarded osmosis (PRO) mode i.e., active layer towards draw solution

Figure 2.7 shows a visual representation of these different orientations.

Draw Feed Draw Feed
Solution Solution Solution Solution
g ; @ o
bl d

=
e

Water Flux

Reverse Reverse
Salt Salt
| Fluxc Flux

PRO Mode FO Mode

Figure 2.7: Forward Osmosis Operating Modes
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Figure 2.8 below shows experimental setup used for conducting the experiments. The feed

solution was DI water and draw solutions of different concentrations of NaCl solutions of

0.5, 1.0 and 2 M were used. All experiments were performed at 25 °C. The total

experimentation time was 1.5 hours and the change in weight of the feed solution and the

conductivity of the feed solution were measured at 30 minute intervals. The FO water flux

Jw (LMH) and the solute reverse flux Js (gMH) were calculated using formulas given

below [56].

Membrane
cell

Draw
solution

Conductivity
Meter

Figure 2.8: Forward Osmosis Setup

AV

Water flux (J,,) = A At
m

Where,

AV= change in volume of feed solution (L)
An= effective membrane area (m?)
At=time elapsed (hr)

(Cfinalvfinal - CinitialVinitial)
A At

Reverse Salt Flux (J,) =

Where,
Crina1 = final concentration of salt (g/L)

Viina1 = final feed solution volume (L)
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Cinitiay = Initial concentration of salt (g/L)

Vinitial = initial feed solution volume (L)

An= effective area membrane (m?)

At= time elapsed (hr)

The NaCl concentrations were obtained from conductivity-concentration calibration curve
drawn by measuring conductivities at different NaCl concentrations. It is presented in
Figure 2.9.

Conductivity (uS/cm)

y =1641.3x
R? =0.9982

0 0.2 0.4 06 0.8 1 12
NaCl Concentration (g/L)

Figure 2.9: Conductivity-Concentration Calibration Curve

Selectivity = ] /],
Where,

Js= reverse salt flux (gMH)
Jw= water flux (LMH)

2.5 Results & Discussions

2.5.1 Characterization of PET

The characteristic peaks of the ATR-FTIR spectra are at 2964, 1712, 1408, 1241, 1094,
1017, 871, and 722 cm. The stretching of carbonyl of the ester group is shown by the peak
at 1712 cm™. The peak at 2964 cm™ is due to aliphatic CH stretching. The peak at 1408
cmtis due to the vibrations of the phenyl ring. The peak at 1241 cm™is due to the stretching
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of CO bond from the ester group. The peak at 722 cm™ is due to ethyl group stretching
[46].
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Figure 2.10: PET support FTIR spectrum

2.5.2 Optimization of PET support

The effect of casting speed on the PET support was studied. The casting solution consisted
of 16 wt% PET with TFA as a solvent. TFA is a highly volatile solvent so the evaporation
time after the membrane was casted played a big role in morphology of the final membrane
formed. During phase inversion process, the evaporation time controls the membrane
porosity, membrane thickness and its permeance [66]. More evaporation time resulted in
the formation of denser membranes. For desalination, more porous support membrane are
preferred. Faster casting speeds resulted in lower evaporation times and more porous
membranes were formed. Three membranes, M1, M2 and M3 were prepared at 5, 6, 7
cm/sec casting speeds respectively. The results are shown in figure 2.11. The optimal

support membrane was obtained at 7 cm/sec with a performance of 13 + 2 LMBH.

2.5.3 Effect of Curing Temperature

In a TFC membrane, the polyamide top layer is responsible for majority of salt rejection.
During the process of fabricating TFC, the polyamide top layer was cross-linked due to

heat of the oven. A higher curing temperature would result in a higher degree of cross-
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linking of the polyamide layer which would result in greater salt rejection [67]. The results
of varying the curing temperature are shown in Figure 2.12. The optimal curing
temperature of 80 °C was obtained with a permeance of 10.6 + 0.4 LMBH and a NaCl
rejection of 22 £ 2 %.
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Figure 2.11: Effect of Casting Speed of Support Performance

£
1

—Ml - Permeance
—l- NaCl Rejection

‘ 2 min reaction time‘

40
14 -
. L35
N
N
N

12 N %
z L25
E c
: * o
L2 ©
. Q2
8 [0]
: 15 &
] 0
@ ° ?
; L10 Z

4 H 5

./
, Lo

50 60 70 80

Oven Temperature (°C)

Figure 2.12: Effect of Curing Temperature on TFC Performance

2.5.4 Effect of Reaction Time

During TFC membrane fabrication process, the reaction time plays a big role in the
formation of the top layer. The polyamide top layer is responsible for majority of salt

rejection during the filtration process. Therefore, greater reaction time would provide more
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time for the monomers to interact with each other and lead to the formation of a more cross-
linked top layer [67]. For desalination applications, greater salt rejection of the membrane
would be a desirable trait. The results of varying the reaction times are shown in the Figure
2.13. From these results, an optimal reaction time of 4 minutes was obtained with a
permeance of 2 + 0.1 LMBH and a NaCl rejection of 33 + 2 %.
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Figure 2.13: Effect of Reaction Time on TFC Performance

2.5.5 Effect of Additives

During TFC fabrication, additives can be added to the aqueous solution of amine monomer
to enhance membrane performance. Some common additives are TEA (triethylamine) as
an acylation catalyst and SDS (sodium dodecyl sulfate) as a surfactant. TEA captures the
hydrogen chloride side product of condensation polymerization reaction between TMC and
piperazine, while SDS facilitates transportation of piperazine monomers inside the support
membrane pores. Addition of SDS or TEA alone does not significantly improve the
membrane performance, however the combination of both TEA and SDS can improve the
membrane performance [65]. In the case of TFC made with PET support the additives
resulted in an increase in the permeance by 250% but greatly decreased the rejection by
68%. This can be explained by the increase in the rate of reaction due to TEA which

resulted less cross-linking of the polyamide layer [68]. The results are shown in figure 2.14.
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2.5.6 Forward Osmosis Results

The optimal membrane selected for forward osmosis operation had a permeance of 2 £ 0.1
LMBH and a NaCl rejection of 33 + 2 % during dead-end filtration tests. The water fluxes
and the reverse salt fluxes were obtained at different draw solution concentrations during
forward osmosis testing. The higher NaCl concentrations in the draw solutions had higher
osmotic pressures which led to greater water fluxes as well as greater reverse salt fluxes.
Lower selectivity value indicates higher salt rejection in the membranes. The results
obtained had similar selectivity to conventional TFC made with PES support [56]. The
results of the testing conducted in forward osmosis orientation are shown in table 2.1 and
figure 2.15.
Table 2.1: FO Orientation Results

Draw Solution Water flux (LMH) | Reverse salt flux Selectivity (g/L)
Concentration (gMH)
05M 48+04 24+0.7 0.49 £ 0.02
1M 10.6 £ 0.5 42+0.1 0.4+0.01
2M 13.8+0.1 58+04 0.42 £ 0.04
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Figure 2.15: Forward Osmosis Results

The PRO mode results are shown in table 2.2 and figure 2.16. They showed a similar trend
as compared to the FO results. Th e water fluxes and the reverse salt fluxes increased as
the draw solution concentration increased. Increasing concentration of the draw solution
led to an increase in osmotic pressure which resulted in higher water fluxes and reverse salt
fluxes. When the results of operation in FO mode and PRO mode are compared, PRO mode
showed greater water flux and reverse salt flux as well as a lower selectivity value at 0.5
M draw solution concentration. This was due to the lower tendency of internal
concentration polarization (ICP) in PRO mode [36]. It was also noted that PRO mode had
greater fouling tendency as compared to FO mode.

Table 2.2: PRO Orientation Results

Draw Solution Water flux (LMH) | Reverse salt flux Selectivity (g/L)
Concentration (gMH)
0.5M 12.8+0.1 4.26 +0.01 0.33+£0.05
1M 15.7+0.3 6.7+0.7 0.43 £ 0.05
2M 20.6+0.4 10.7+0.6 0.52+0.01
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Figure 2.16: PRO Results

Figure 2.17 shows a comparison of the changing selectivities of both FO and PRO modes
at different draw solution concentrations. PRO mode exhibited a lower selectivity value at
0.5 M draw solution concentration as compared to FO mode. The selectivities of both
modes were more or the same at 1 M draw solution concentration. At 2 M draw solution
concentration, PRO mode showed little higher selectivity value as compared to FO mode.
Greater selectivity values indicate greater reverse salt flux for every liter of water that
passes through the membrane [56].
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Figure 2.17: Selectivity of Membranes
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CHAPTER 3

CONCLUSION AND FUTURE WORK
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3.1Conclusion
PET bottles were carefully selected and purified into pure PET fibers. The purified PET
was used to successfully to fabricate supports for TFC membranes. The various parameters
governing permeance and salt rejection of TFC were optimized. The effect of increasing
the casting speed of support membranes from 5 cm/s to 7 cm/s resulted in a 190% increase
in the pure water permeability. Increasing curing temperature during the TFC fabrication
process to 80 °C from 50 °C increased the NaCl rejection from 2% to 22%. Furthermore, it
was found that increasing the reaction time from 2 minutes to 4 minutes increased the NaCl
rejection from 22% to 33% with a permeance of 2 Lm2bar*h™. The addition of TEA and
SDS to the amine monomer solution worsened the membrane performance by decreasing
the NaCl rejection by 68%. In this way an optimized TFC was obtained using optimal
reaction time of 4 minutes and optimal curing temperature of 80 °C. The FO performance
of the optimized TFC was tested by using varying draw solution concentrations of 0.5 M,
1 M, and 2 M NaCl and using different operating modes.
The following results were obtained from this research work:

e TFC membranes were successfully fabricated using recycled waste PET supports

e The TFC membranes had FO performance of 10.6 LMH and a selectivity of 0.4 g/L

for 1M NaCl draw solution concentration.
e The fabricated TFC had comparable selectivity in FO performance compared to
conventional TFC membranes

In summation, this research showed the potential for transforming waste plastic bottles into
viable forward osmosis membranes. The effects of different parameters were investigated
in order to optimized the fabrication of membranes however the long-term performance of

these membranes could not be tested.

3.2 Future Work

There is a great potential for further study such as employing a modulated interfacial
polymerization approach to fabricating the TFC using different additives and solvents.
Nanoparticles could also be incorporated into the TFC to make thin film nano-composite
membranes. Nanoparticles could also be incorporated into the PET support to make mixed
matrix membranes. Membrane fouling studies could be conducted. The rejections of other
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salts, dyes and heavy metals could also be checked. The effect of adding hydrophilic
additives, co-solvents and pore forming agents to the casting solution could be tested. Long
term performance of membranes as well as long term stability in different solvents could
be tested.

3.3 Research Limitations

The fabricated membranes had a hydrophobic nature owing to the fact that they were
fabricated using inherently hydrophobic PET, so they are better suited to organic solvent
nanofiltration rather than desalination application. The fabricated membranes also had
greater fouling tendency than conventional TFC membranes, which could greatly limit

their long term performance.

During the fabrication of PET supports, some amounts of material was wasted due to the
presence of pin hole defects in the formed membranes. These pinholes were caused by
entrapped air bubbles in the casting solution as well as the interaction between NMP and
the casting solution. NMP, which was used to wet the polypropylene supports prior to

casting, was not the ideal option and a better option could be investigated.

3.2 Practical Implications of Study

Recently, Pakistan has resolved to adopt the 17 sustainable development goals set forth in
agenda 2030. Goal 12 of the agenda is to ensure sustainable consumption and production
patterns. 4 out of the 11 targets of this goal are concerned with reducing waste and
managing it in a sustainable way. Target 5 is concerned with reducing and recycling waste
[69]. This study could help in the fulfillment of this goal.
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