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Abstract
Clean water shortage is one of the global major concerns. To overcome this problem, membranebased desalination process, such as reverse osmosis (RO) have been developed in the recent years.
However, this technology operates at a high hydraulic pressure to overcome the seawater osmotic
pressure, making this desalination process still relatively expensive. Recently, forward osmosis
(FO) process has become increasingly attractive over RO since it is capable to produce clean water
by using natural osmotic pressure as the separation driving force provided by draw solution (DS),
which eliminates the usage of high hydraulic pressure. DS is a critical material in the FO process,
playing a key role in determining the separation performance and energy cost. After the FO
process, DS requires a regeneration step to reconcentrate it to its initial state. As a result, the
development of effective draw solution is essential for the advancement of FO technology.

In this master thesis work, the feasibility of light-responsive TiO2 nanoparticles was investigated
as a draw solute in the FO process. Several dispersions of TiO2 nanoparticles in demineralized
water (DI) with different concentration were prepared. These dispersions were tested for their FO
performance with DI and saline water as feed solutions, respectively. The colloidal stability of
TiO2 nanoparticles was achieved by deviation from the isoelectric point of the nanoparticles with
a pH adjustment from 6 to 4.5.

The effects of TiO2 nanoparticle concentration, ultrasonication time, UV irradiation, primary
particle size, and FO membrane orientation were tested using DI water as the feed solution. A
concentration of 20 g / L of TiO2 was found as the optimum concentration for FO performance.
The generated water flux was not linearly dependent on the nanoparticles concentrations but
appeared to be dependent on how well the nanoparticles were dispersed. The effect of UV was
investigated by testing the same amount of TiO2 with and without a UV treatment. The UV treated
and sonicated before and after UV treatment generated a significantly higher water flux than the
pristine one. The effect of the primary size of the nanoparticles was expressed in their response to
UV radiation. In comparison to P5 (=5 nm), P15 (=15 nm), and P25 (= 25 nm), P5 showed the
highest UV response. The effect of membrane orientation, namely pressure retarded osmosis
(PRO) and forward osmosis (FO) mode were tested and the PRO mode resulted in a significantly
ii

higher water flux than FO mode due to its low concentration polarization effect, which
consequently led to higher driving force than FO mode.

The TiO2 nanoparticles draw solutions were also characterized using DLS and FTIR to investigate
the effect of UV on the particle size and hydrophilicity respectively. The DLS result showed a
larger hydrodynamic diameter after UV treatment comparing to the pristine one but after
ultrasonication, the hydrodynamic diameter was significantly decreased. This result confirmed that
UV treatment promoted the agglomeration of nanoparticles. Longer UV irradiation time led to a
moderately more hydrophilic surface than the shorter period as confirmed from the FTIR result.

The highest water flux generated with DI water feed solution by using the optimum concentration
and parameters without any functionalization or capping agent was 15.8 LMH and this is quite
promising.
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Resumen
La escasez de agua limpia es una de las mayores preocupaciones a nivel mundial. Para superar este
problema, en los últimos años se han desarrollado varios procesos de desalinización basados en
membranas, tales como la ósmosis inversa (OI). Sin embargo, esta tecnología requiere de una alta
presión hidráulica para superar la presión osmótica del agua de mar, haciendo que el proceso de
desalinización sea relativamente costoso. Recientemente, el proceso de ósmosis directa (OF) se ha
vuelto cada vez más atractivo, ya que, a diferencia de la ósmosis inversa (OI), puede producir agua
limpia mediante el uso de una solución de alta presión osmótica (DS, por sus siglas en inglés
“draw solution”), sin necesidad de aplicar altas presiones. El agente osmótico DS es un
componente clave en la ósmosis directa, ya que determina el rendimiento de separación y el
consumo energía del proceso. Debido a que esta solución requiere un paso de regeneración para
reconcentrarla a su estado inicial después del proceso de desalinización, el desarrollo de una
solución DS efectiva es esencial para el avance de la tecnología de ósmosis directa.
En este trabajo de fin de máster, se investigó la viabilidad del uso de nanopartículas de TiO 2
sensibles a la luz como un agente osmótico DS para el proceso de ósmosis directa. Para esto, se
prepararon dispersiones de diferente concentración de nanopartículas de TiO2 en agua
desmineralizada (DI). Estas dispersiones se probaron para su rendimiento en ósmosis directa con
DI y agua salina como soluciones de alimentación, respectivamente. La estabilidad coloidal de las
nanopartículas de TiO2 se logró por desviación del punto isoeléctrico de las nanopartículas
ajustando el pH de 6.0 a 4.5.
Los efectos de la concentración de nanopartículas de TiO2, el tiempo de ultrasonidos, la irradiación
UV, el tamaño de partícula primaria y la orientación de la membrana OD se probaron usando agua
DI como solución de alimentación. Se encontró que una concentración de 20 g/L de TiO2 era la
concentración óptima para el rendimiento OD. El flujo de agua generado no dependió linealmente
de la concentración de nanopartículas, pero pareció depender de qué tan bien era su dispersión. El
efecto de los rayos UV se investigó probando la misma cantidad de TiO2 con y sin tratamiento con
rayos UV. El tratamiento con UV y la sonicación antes y después del tratamiento con UV generó
un flujo de agua significativamente mayor que el original. El efecto del tamaño primario de las
nanopartículas se expresó en su respuesta a la radiación UV. En comparación con P5 (= 5 nm),
iv

P15 (= 15 nm) y P25 (= 25 nm), P5 mostró la respuesta UV más alta. Se probó el efecto de la
orientación de la membrana, tanto en el modo de ósmosis retardada por presión (PRO) y de
ósmosis directa (OD). El modo PRO exhibió un flujo de agua significativamente mayor que el
modo OD debido a su efecto de polarización de baja concentración, produciendo, como
consecuencia, a una mayor fuerza de conducción que el modo OD.
Las soluciones DS de nanopartículas de TiO2 también se caracterizaron utilizando DLS y FTIR
para investigar el efecto de los rayos UV sobre el tamaño de partícula y la hidrofilicidad,
respectivamente. El resultado de DLS mostró un diámetro hidrodinámico mayor después del
tratamiento con UV en comparación con el prístino, pero después de la sonicación con ultasonidos,
el diámetro hidrodinámico disminuyó significativamente. Este resultado confirmó que el
tratamiento con UV promovió la aglomeración de nanopartículas. Un tiempo de irradiación UV
más prolongado condujo a una superficie moderadamente más hidrofílica que el período más corto,
según lo confirmado por el resultado de FTIR.
El flujo de agua más alto generado con la solución de alimentación de agua DI, utilizando la
concentración y los parámetros óptimos sin ningún agente de funcionalización o de cobertura, fue
de 15.8 LMH lo cual es bastante prometedor.
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1. Introduction
Freshwater scarcity has become one of the most contemporary challenges of the world,
caused by different factors including fast population growth, intensive urbanization and
industrialization, and climate change[1]. A recent report disclosed that more than 1.2 billion people
lack access to clean potable water [2]. Around 71% of the earth surface is enclosed with water,
however, less than 1% is the freshwater. The rest of the water is either very saline or not accessible.
Researchers have attempted to develop an engineering solution to alleviate water scarcity using
desalination process. Desalination is a process to remove salts from water aquifers such as
ocean/seawater, brackish and produced water.
Desalination has been regarded as a promising technology to mitigate the shortage of potable
water. In general, desalination can be classified into two main groups: membrane and thermal
process. The thermal process is one of the oldest desalination technology that has been used for
many years, and considerably resolved the shortage of water. In this process, thermally energy is
employed to vaporize the water feed solution and then the vaporized water is condensed and
collected to obtain clean water. In the membrane process, a semipermeable membrane, which is
act as a selective barrier, is used to remove salt from seawater. Thermal-based desalination process
includes multiple effect distillation (MED) and multistage flash distillation (MSF) and membranebased desalination includes reverse osmosis (RO), electrodialysis (ED), forward osmosis (FO),
membrane distillation (MD) and pervaporation (PV). The general classification of desalination
technology is presented in Fig.1. For several years, the thermal process was the predominant
desalination technology, where are presently, membrane process is becoming the main means of
desalination technique due to the extraordinary advancement of membrane technology, owing to
high separation efficiency, pleasing operational cost, low chemical and energy consumption
compared to thermal process[3], [4].[5].
Of all the existed desalination technology, MED, MSF and RO take the highest market share
accounting around 93% of the total worldwide desalination installed plants. The MSF process is
one of the earliest methods of water purification, established technology appropriate for industrial
desalination application, however, it's high energy demand and low heat transfer efficiency call
forth for other alternatives [6]. Currently, RO is the most mature and leading desalination
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technology with a share of around 74%, while MED and MSF account 8% and 11% respectively,
of the 93%[7]. RO overtakes thermal processes in the new installation of the plant since RO
consumes less energy and small footprint compared to thermal process [8] .
Reverse Osmosis
Pervaporation

Desalination Technologies

Membran Distillation
Forward Osmosis

Membrane process

Electro-dialysis
Reverse electro-dialysis

Ultrafiltration
Multistage flash distillation
Multiple-effect distillation

Thermal process

Vapor compression distillation
Freeze desalination
Humidification Dehumidification

Fig. 1. The general classification of water desalination technologies
In general, numerous factors should be considering for economic analysis of desalination
technologies. Among the factors are feed water quality, plant capital cost, energy cost and waste
management and others. Among all those aforementioned factors, energy accounts the largest
portion of cost in all desalination system [9]. A substantial extent of the shift toward membranebased desalination has been inspired due its lower energy consumption. The energy requirement
for the commonly used technologies for desalination is provided in table-1. In this report, I made
discrepancy between thermal and electrical energy.
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Table.1. Comparison of specific energy consumption of the common methods of desalination
technologies[10]–[14].
Specific energy consumption(kWh/m3 )
Electrical
Thermal
Total electric equivalent
SWRO
3-6
3-6
ED
1-3.5
1-3.5
EDR
1-2
1-2
FO
20-150
10-68
MD
1.5-4
4-40
3-22
MSF
2.5-5
40-120
21-59
MED
2-2.5
30-120
15-57
MVC
7-15
7-15
SWRO= seawater reverse osmosis, ED=Electro dialysis, EDR= electro dialysis reversal,
Membrane type

FO=forward osmosis, MD=Membrane distillation, MSF=Multi stage effect, MED= multi effect
distillation, MVC=Mechanical vapor compression,
There are around 15,000 desalination plants installed and under operation through the world and
approximately 69% of the total desalination plants are covered by RO plants[15].
In RO membrane process, high pressure is applied to the feed solution to overcome the intrinsic
osmotic pressure so that water can be transported through the membrane. However, if the feed
solution contains high total dissolved solute (TDS) concentrations, RO requires a huge hydraulic
pressure to overcome the osmotic pressure of the feed solution and this is one of the most
challenging issues in RO-based desalination. Moreover, to protect the membrane from fouling,
usually, RO requires an extensive pre-treatment of the feed solution before contacting the
membrane. Therefore, membrane fouling could be also another impediment. The efficiency of RO
water recovery spans from 35% to 85% and also, and the retentate stream which have high salt
concentration is a problem that can cause secondary pollution and hence needs appropriate brine
management system.[5][16].
Forward osmosis (FO) has been considered as a promising alternative membrane technology
for water reuse and desalination because its advantages over classical desalination technologies.
In FO, the main driving force is the osmotic pressure difference between two solutions separated
by a semipermeable membrane. FO utilizes less energy comparing with other desalination
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processes such as RO and distillation since it is operated under osmotic pressure gradient induced
by concentrated draw solutes without providing other external forces such as electrical or
mechanical energy. Furthermore, FO exhibits less fouling tendency compared to other pressure
derive membrane process[4][17][18].
Even though FO has been known as a promising and energy-efficient desalination technology
there are technical problems related to applying FO in large scale process. The draw solution is
the main component of the FO that controls the overall performance since it has to generate enough
osmotic pressure to accomplish high water flux. Moreover, the transferred water through the semipermeable membrane has to be separated easily from the draw solution. The suitable draw solution
must be non-toxic, economical, and able to be regenerated after a long term usage without losing
its performance. Regenerating of draw solution requires considerable energy which made FO be
difficult for large scale application. Thus, it is necessary the draw solution to be recovered as
simple as possible [19], [20].
To develop an energy-efficient FO desalination system, a suitable membrane and draw
solution must be accurately designed and carefully chosen. In the last few decades, different draw
solutions have been discovered including inorganic salts such as MgCl2, MgSO4, NaCl, and
organic salts like 2-methylimidazole, thermolytic agents such as ammonium bicarbonate
(NH4HCO3) [17], [21], [22] and stimuli-responsive materials [20], [23]. However, there is no
report on the draw agent that satisfy the ideal criterial parameters of draw agent for FO such as
attractive osmolality to generate high osmotic pressure and easily regeneration from water.
In this master thesis work, TiO2 nanoparticles which are categorized as light-responsive
draw solution is proposed as a draw solute to extract water from DI water and saline feed stream
across a semi-permeable membrane. Laboratory scale-experiments with a semi-permeable thinfilm composite (TFC) was used to investigate the feasibility of the TiO2 nanoparticles in FO
experiment as a draw solution. The draw solution was characterized using different techniques
such as water flux in FO, DLS, and FTIR.
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1.1 Objective
The main objectives of this master thesis work were;
 To investigate the feasibility of light-responsive pristine inorganic nanoparticle (TiO2) as
to draw agent for forward osmosis (FO) desalination.
 To modify TiO2 draw agent using different parameters (e.g. pH adjustment, size, UV
treatment) and examine its effect in FO water flux.
 To investigate the effect of membrane orientation and nanoparticle primary size in FO
water flux
 To characterize the prepared draw agent using DLS and FTIR.

2. Literature review
Since 98% of the world’s accessible water supply is sea or brackish water, desalination of
these resources is becoming progressively key means to mitigate the shortage of freshwater
resources especially in regions with extreme water resources like North Africa, Middle East,
eastern Australia, parts of Central and South Asia, and the southwestern areas of North America
[24]–[26]. Stem from different parameter such as feed and permeate water quality, energy
utilization and desired capacity various membrane and thermal-based desalination techniques have
been employed to desalinate saline water. At this time, reverse osmosis (RO) and multi-stage flash
(MSF) are the most widely implemented methods. For countless scientists around the planet, the
evolution of a new desalination technique with less energy requirement, infrastructure costs, and
carbon footprint has been a hot research issue.
Forward osmosis is an emerging membrane technology used for desalination, which has a
capacity to alleviate the problems related to high energy utilization of other desalination
techniques. FO needs considerable innovation to develop a draw solution that can achieve a
acceptable water flux and less energy consumption to recover the draw agent. Researchers have
developed different types of draw solution and conducted their performance in FO for desalination.
However, due to the difficult of draw agent recovery and also low water flux, FO is lagging from
commercialization. Therefore, discovering a suitable draw solute material plays a major role in
developing a promising FO process.
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Forward osmosis (FO) is an evolving which is driven by an osmotic pressure gradient
comprising a semipermeable membrane and a draw solution. Theoretically, the semipermeable
membrane acts as a barrier that rejects salts or undesirable components, but permits water to pass
through, while the draw solution (high osmotic pressure) withdraw water across the semipermeable
membrane from the feed solution (low osmotic pressure) side [27], [28]. Since FO functions at
low pressures and low temperatures dissimilar to pressure-driven membrane processes (such as
RO) it provides numerous possible benefits like less energy input and membrane fouling. As FO
utilizes a concentrated draw solution to produce osmotic pressure, which attracts water across a
semi-permeable membrane from the feed solution, the feed stream decreases in volume, raising
the salt concentration, which leads to low permeate flux to the draw solution side [18], [29]. FO
processes follow the second law of thermodynamics where solvent molecules transport
spontaneously from a low concentration solution through a semipermeable membrane to a high
concentration solution so as to counterbalance their overall chemical potential [30], [31]. The
general equation for calculation of water flux of the osmotic processes is given as:
𝐽𝑊 = 𝐴(𝜎∆𝜋 − ∆𝑃)

(1)

Where 𝐽𝑊 is the water flux, A the water permeability constant of the membrane, 𝜎 the reflection
coefficient, and ∆𝑃 is the applied pressure. For FO, ∆𝑃 is zero; for RO, ∆𝑃 >∆𝜋.

In FO desalination, after the withdrawal of water from the feed, a second step (dewatering) is
often required for the production of freshwater and regeneration of the draw solute [32]. This is
the only step that needs energy input, so a suitable draw solute is needed to increase the efficiency
and sustainability of FO operations. A particular FO desalination process is displayed in Fig. 1.
For developing the FO process, the selection of appropriate draw solutes is indispensable. A
correct draw solution helps to advance the effectiveness of the FO process and also to keep the
expenses of the successive stages (retrieving and replacing the draw solute) [30]. Besides, the draw
solute should possess low cost and toxicity, small molecular weight and low in its aqueous solution
and in general, an ideal draw solution should satisfy the following criteria: high osmotic pressure,
low reverse flux, and easy regeneration mechanism.
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Fig.1. Representation of an FO process with pre-treatment and post-treatment
Numerous types of draw agents for FO desalination have been reported in the literature. For
example, Sun et al[33] reported for the first time the suitability of magnetic nanoparticle to be used
for FO as smart draw solution. The prepared MNPs were tested in the FO system for desalting of
brackish water. It was demonstrated that those MNPs are competent in drawing clean water from
brackish which produce high osmotic pressure. Besides, Amy et al[34] reported magnetic
nanoparticles (MNPs) as novel draw solutes in the FO process. This discovery mitigated the
problem associated with salt leakage, however, during recovering/regeneration of the nanoparticle
agglomeration was observed which limits them to be used for large scale application. Besides,
water flux is low. Furthermore, other draw agents such as ethanol[35], thermo-sensitive
polyelectrolyte of poly(N-isopropyl acrylamide-co-acrylic acid) (PNA) [26], polymer-carbon
nanotubes composite hydrogel[36] and others have been developed and tested their performance
in FO technology. Though some of them showed a good feature of recovery from the diluted draw
solution, the water flux achieved is not yet viable for commercialization, the regeneration process
of the draw agent consumes a lot of energy and also some of the dewatered water is not safe for
human consumption, water separated from volatile draw solutes, since it is difficult to completely
eliminates these draw solutes form the pure water. Due to the lack of suitable draw solute, FO
technology has been hindered from commercial implementation.
The state of art review on the recent draw solutes are discussed and provided in table-2. Draw
solutes can be organic, inorganic and hybrid of both materials.
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Nanoparticle were used as novel draw solutes due to their ease recovery and lower energy
consumption Table-2 shows the recent draw solutes (DS) with their respective performance.
Table -2: State of art on the recent draw solutes used in FO process

Poly (sodium styrene-4-sulfonate)-co-poly(N-isopropylacrylamide) = PSSS-PNIPAM
DS = Draw solution

2.1 Concentration polarization and FO operational modes
Despite desirable features of FO for desalination, FO desalination operation is significantly
hindered by concentration polarization (CP) caused mainly as a consequence of sublayer structure
of FO membrane. As a result, the influence of CP need to be taken into consideration.
There are two types of CP for an FO process: internal concentration polarization (ICP) if CP
occurs within the membrane sublayer and external concentration polarization (ECP) if CP occurs
at the membrane surface. Since the feed is always concentrated and the draw solution is always
diluted in the FO process, there exists concentrative CP and dilutive CP at the feed and draw
solution sides, correspondingly [30]. In FO mode (when the feed is on the selective layer), there
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exists concentrative ECP at the feed side and dilutive ICP at the draw solution side (Fig. 2 right).
Likewise, in PRO mode (when the draw solution is facing selective layer), there will be
concentrative ICP and dilutive ECP (Fig. 2 left).

Fig. 2 Illustrations of concentration polarization in FO: (a) PRO-mode (b) FO-mode orientation
(RE-printed from reference [30])
Because of concentration polarization, the effective osmotic pressure across the membranes declines
and 𝜋𝐷,𝑎 − 𝜋𝐹,𝑎 will become lower than 𝜋𝐷,𝑏 − 𝜋𝐹,𝑏 . In Fig. 2, 𝜋𝐷,𝑎 , 𝜇𝐹,𝑎 , 𝜋𝐷,𝑏 and 𝜋𝐹,𝑏 are the
osmotic pressures of the draw solution and the feed at membrane active layer surfaces, and bulky
solutions in draw solution and feed solution, respectively [7]. The modified version of equation (1)
after considering concentration polarization will be:
𝐽 = 𝐴𝜎∆𝜋 = 𝐴𝜎(𝜋𝐷,𝑎 − 𝜋𝐹,𝑎 )

(2)

The impact of ICP cannot be effectively minimized since ICP happens and exists within the porous
sublayer instead of at membrane surface [21]. However, ECP can be alleviated by increasing the
shear rate and turbulence of flow across the membrane [44].

2.2 Potential of titanium dioxide nanoparticles as draw agent
Researchers have found that UV illumination of TiO2 materials can produce a highly
amphiphilic surface. This phenomenon is considered to be due to structural changes of TiO2 itself
[45], [46], which proceed completely different from the conventional photocatalytic oxidation
reactions. UV-irradiation led to reconstruction of hydroxyl groups (Fig 3a-C). As illustrated in Fig.
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3, if the photon has a higher energy than the bandgap (~ 3.2 eV), electrons are excited from the
valence band and holes are formed at the valence band, Ti4+ gets reduced to Ti3+. These
photoexcited electrons and holes can recombine or can diffuse through the material. Photoexcited
holes reaching the surface results in a new hydroxyl groups at the surface by water adsorption,
which makes TiO2 hydrophilic [47]. During the dark storage, hydroxyl groups gradually desorbed
from the surface in the form of H2O2 or H2O + O2.This alternation of irradiation and dark storage
causes the reversible wettability of TiO2 [48].

Fig. 3 Superamphiphilicity of TiO2: (a) (Before UV illumination) the OH group is bound to oxygen
vacancy, (a) (at the transition state) the photoexcited hole is trapped at the lattice oxygen, and (c)
(after UV irradiation) new OH groups are formed [48].

In this study, inorganic nanoparticles (TiO2) were studied as a drawing agent for FO
desalination owing to their stimuli-responsive properties and ease of recovery. The drawing
capability of TiO2 nanoparticles was investigated using both DI and brackish water as feed
solution. TiO2 nanoparticles were chosen in this study due to their easy recovery of the diluted
draw solution, cheap and possesses less toxicity. The result demonstrated that TiO2 nanoparticle
can draw DI water with attractive water flux –reaching >14 LMH and also, it was observed that
they can be used for desalination of brackish water with low feed salt concentration. Moreover,
TiO2 nanoparticle can be easily regenerated from the diluted draw solution by storing the diluted
solution in dark environment, in which the nanoparticles are sediment and the water is filtered, and
then the water could be further purified using ultrafiltration membrane.
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3. Experimental part
3.1 Materials
Titanium dioxide nanoparticles (TiO2 P25 AEROXIDE weight ratio anatase/rutile = 80/20)
supplied from Evonik Industries was used as a draw solution. Commercial thin-film composite
(TFC) FO membrane was provided by Hydration Technology Innovations (HTI, OR, USA).
Sodium chloride with analytical reagent grade (NaCl, ≥99.5%). Ultrapure water was supplied by
a MilliQ ultrapure water system (Millipore, Bedford, MA, USA). HCI (37 %, Fisher Scientific)
used as stabilization agent. All chemicals were used as received without purification.
3.2 Draw solution preparation
The draw solution was prepared using the following protocol. Different content of TiO2
nanoparticles was dispersed in 100 mL of DI water and stirred overnight. After a day, the
homogenous draw solution was sonicated by ultra-sonicator (Branson Digital Sonifier (Branson
Ultrasonics Corporation, USA) at 40% amplitude and at different period of time depending on the
amount of TiO2, to prevent aggregation and disperse the nanoparticles. Then, ultraviolet treatment
takes place, where the TiO2 solution was placed in a UV oven (LZCICH2 photoreactor, Luzchem)
for a different period of time while stirring was kept. LZC-UVA lamps – fluorescent lamps (8
Watt) which comprises the 320 – 400 nm range were used. The UV treatment was intended to
enhance the hydrophilicity of the nanoparticles. To observe the effect of UV on driving force, the
draw solutions were tested in FO experiment with and without treatment of the UV.
The summary of the draw solution preparation process and the FO laboratory set up is provided in
Fig.4.

12 | P a g e

Fig. 4. Draw solution preparation process and the FO laboratory set up

3.3 Characterization
3.3.1 FO experiment
The performance of the prepared draw agent was evaluated in FO laboratory experiment. Fig.5
shows the laboratory scale apparatus of the FO set-up. The different draw solutions were placed
in a custom-made high throughput lab-scale crossflow FO cell with 2 channels, enabling 4 different
variations in feed/draw/membrane condition per run. In this experiment, one of the channels was
used. The cell comprised of a rectangular channel with a 55 mm length, a 15 mm width and a 2
mm depth with an active membrane surface of 8.25 cm2 was used. The commercial HTI-TFC
membrane in PRO mode (Active layer faced to the draw solution) was tested as the default
membrane configuration first with DI Water at different concentration of TiO2 nanoparticles to
select the optimum concentration that yields higher water flux. Then, the performance of the draw
solution was also performed using different feed salt concentration.
Both the draw and feed solutions (100 mL and 150 ml respectively) were circulated under a cocurrent flow by a peristaltic pump at 270 mL/min with a spacer while stirring the draw solutions
(500 rpm).
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Fig.5. Schematic set-up of the FO laboratory experiment
The water flux was measured by recording the mass of the stirred draw solution on a balance
(PB8001-S/Fact, Mettler Toledo). The water flux was in terms of (Liter per Meter square per
Hour, (LMH)) was calculated according to Equation 1.
Jw =

∆m
A. ρ. ∆t

(1)

Where, 𝐽𝑤 water flux (LMH), ∆𝑚 change of mass (g), A is the effective area of the membrane
(m2) and ρ is the density of the feed solution (g/L).

3.3.2 Dynamic light scattering (DLS)
The hydrodynamic diameter of the TiO2 dispersions was determined using particle size analyzer
(Nano Plus 3, Particulate Systems, Micromeritics Instrument Corp.). It gives the particle size
distribution in the solution. The hydrodynamic diameter of draw solutions: 1) without UV
treatment, 2) with UV treatment, 3) With ultrasonication after UV treatment were measured. The
measurement was carried out at room temperature.
3.3.3 Fourier-transform infrared spectroscopy
The chemical composition and hydrophilicity switch of the draw solution at different UV
irradiation time was determined using Fourier-transform infrared spectroscopy (FTIR) (Alpha,
Bruker, USA).
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3.3.3 FO-Desalination
After discovering the optimum concentration of TiO2 NPs that results in higher water flux with DI
water feed solution; its feasibility as a draw solution in FO-Desalination experiment was also
investigated with saline water feed solutions containing NaCl concentration ranging from 100ppm1000ppm in PRO mode. Water flux evaluation was conducted for three types of draw solutions:
1) Pristine, 2) UV treated and 3) Citric acid-modified TiO2 NPs.

4. Result and discussion
4.1. FO experiment
4.1.1. Effect of UV and content of TiO2 on water flux
The draw solution was evaluated its osmotic pressure in terms of water flux. TiO2 nanoparticles
(NPs) are stimuli-responsive materials that can shift their hydrophilicity by exposing to UV
irradiation. The performance of draw solution consisting of TiO2 nanoparticle was evaluated by
varying the period of sonication and UV irradiation. Fig. 6.shows the effect of TiO2 nanoparticle
content on the water flux in FO experiment.

Fig. 6. Effect concentration of TiO2 on water flux in FO experiment
The experimental result shown in Fig. 6 was repeated two times to check its reproducibility and
the result are shown in Fig.7.
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Fig. 7. Reproducibility result: Effect of concentration of TiO2 on water flux in FO experiment
In this experiment, DI water was used as a feed solution and the draw solution was prepared by
mixing of the different content of TiO2 NPs in DI water. Before UV treatment, all the draw
solutions were sonicated for 10 min and then, irradiated for 1 h in UV. It can be seen from the
Fig.6 that different content of TiO2 NPs in the draw solution exhibited a significant difference in
attracting water. For example, at 0.1, 0.5 and 1g/L of TiO2 showed a higher water flux while lower
or higher than of this concentration revealed a lower water flux. This suggests that an optimum
content of TiO2 should be used to obtain high water flux. The rationale for the variation of the
draw solution performance could be attributed to the aggregation of the nanoparticle at a higher
concentration. According to Van't Hoff’s equation [49], higher content of solute implies higher
osmotic pressure. However, a contradicting result was obtained and this could be caused due to
the aggregation of the nanoparticles at a higher amount of TiO2 [50], [51]. This can be corrected
by controlling the dispersion of the TiO2 nanoparticle in the draw solution by applying longer
ultrasonication. To prevent the aggregation of the nanoparticle at a higher amount, longer
ultrasonication accompanied by pH adjustment were performed. The water flux result shown in
Fig.6 was evaluated using the draw solution at a pH of 6. The value of the pH was adjusted to 4.5
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using 0.01M HCl to investigate the performance of the draw solution for the higher content of
TiO2 NPs. Fig.8a and 8b demonstrates the effect of UV irradiation on water flux using 2g/L of
TiO2 NPs draw solution and sonicated for 25 min.

Fig. 8. Effect of ultrasonication on the performance of the draw solution using: (a) 2g/L, and (c) 5
g/L of of TiO2 nanoparticle ultrasonicated for 25 min without UV treatment, (b) 2 g/L, and (d) 5
g/L of TiO2 nanoparticle ultrasonicated for 25 min before 1 h UV treatment. All draw solutions
were adjusted to a pH of 4.5.
It is apparent from Fig.8 that the draw solution sonicated at the aforementioned time it showed a
positive result of water flux, while at the low period of sonication and at pH 6, almost no water
flux was obtained. From Fig.8, it can be seen that the draw solution treated with UV (Fig. 8b)
showed lower water flux than without treatment of UV (Fig. 8a). This result contradicts with the
expected phenomenon where UV treatment increases the hydrophilicity of the stimuli-responsive
materials like TiO2 nanoparticle [52] which endows to enhance the driving force of the osmotic
pressure, consequently lead to obtaining higher water flux. This behavior can be explained with
the behavior of aggregation where UV treatment promotes aggregation of the nanoparticle and
adversely affect the performance of the draw solution, which was also reported in [53].
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Fig. 9. Reproducibility result: Effect of ultrasonication on the performance of the draw solution
This unusual result was also confirmed by using 5g/L of TiO2 NPs and the obtained results are
shown in Fig.8c and 8d. To solve this problem, the draw solution was sonicated after UV treatment
and the results revealed that a higher water flux can be obtained by sonicating before and after UV
treatment for 25min. Moreover, the water flux performance of the draw solutions with lower TiO2
nanoparticles concentrations without UV treatment was also evaluated. But, the results are not
presented here since the values were insignificant.
4.1.2 Effect of ultra-sonication
Fig.10 shows the effect of sonication before and after UV treatment and it is apparent that the
ultrasonication helped to disperse the nanoparticle and leads to higher water flux. It can be seen
that draw solution used for FO without sonication after UV offers lower water flux compared
withdraw solution sonicated before and after the UV treatment. This is due to the aid of the
sonication that results to prevent the aggregation of the nanoparticle and promote the dispersion of
the nanoparticle in the water which strength the driving force of the osmotic pressure. Fig.10.
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demonstrates the effect of sonication of the draw solution on the performance of the water flux
using 5g/L TiO2 NPs. It was also observed that higher sonication does not imply higher water flux
and this suggest that an optimal sonication could prevail.

Fig. 10. Effect of sonication of the draw solution before and after UV treatment ( a) sonicated
before UV (b) sonicated before and after UV for 25 min: 5g/L TiO2 NPs at pH = 4.5
The reproducibility result of Fig.10 is shown below.

Fig.11. Reproducibility result: Effect of sonication of the draw solution before and after UV
treatment
From Fig.12, It can conclude 25 min is the optimum sonication time. This is due to the fact that
at higher sonication, hydrophilicity state of the nanoparticle shifts to hydrophobic state which is
its original state [54]–[56].
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Fig.12. Effect of sonication time after 1 h UV treatment of the draw solution on the water flux in
FO using 5g/L TiO2 NPs sonicated for 25 min before 1 h UV treatment.
4.1.3 Effect of concentration of TiO2 nanoparticle
In the previous section, it was mentioned that the optimum sonication time and UV irradiation
and the pH value. By using these optimized parameters, an FO experiment was conducted to find
out the optimum concentration of TiO2. Fig.13 shows the effect of concentration of TiO2 on the
performance of the draw solution results showed that 20 g/L TiO2 had significantly higher water
flux than 5g/L. During the experiment, we have used 5, 20 g/L and 50 g/L TiO2 and 20 g/L was
obtained as optimum concentration. The data for 50 g/L TiO2 is not presented here since the flux
was very low. At higher concentration of TiO2, the viscosity of the draw solution become very
high and hinder the diffusivity of water in the solution, consequently causes the osmotic pressure
to be lower [57], [58]. The water fluxes of both concentrations (5 and 20 g/L) gradually reduced
along with time, due to the reduced osmotic pressure across the membrane when the draw solution
was diluted by the permeated water from feed solution (Fig.13).
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Fig. 13. Effect of concertation of TiO2 on water flux: sonicated for 25miun before and after 1 h
UV irradiation at pH = 4.5.
The reproducibility of 20 g/L is depicted in the graph below.

Fig. 14. Reproducibility result of 20 g/L
The TiO2 NPs at 20 g/L can yield the highest water flux of 15.8 LMH without any functionalization
or capping agent so that this FO water flux is quite promising (Fig.13). The TiO2 NPs performance
can be improved and exceed that of existing draw solutes with typical concentrations such as
polyelectrolyte-functionalized magnetic nanoparticles [59], [60], [61], Polyelectrolytes [62],
polymer hydrogels [63], Na+- functionalized carbon quantum dots [64].
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4.1.4. Effect of particle size of TiO2
The particle size of the draw solute has a significant effect on the performance of the draw solution.
Fig 15 shows the effect of particle size of TiO2 on the performance of the draw solution in FO
experiment using DI water as feed solution. It was demonstrated that small particle size (5 nm) has
higher water flux than the larger (25 nm). This is due to the fact that the smallest particles have a
larger surface area to volume ratio, leading to a larger contact area and thus to a higher water flux
[65].

Fig.15. Effect of particle size of TiO2 in draw solution performance in FO water flux: (a) P5, (b)
P15, (c) P25 nm size.
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Fig.16. Reproducibility result: Effect of particle size of TiO2 in draw solution performance in FO
water flux

4.1.5 Effect of membrane orientation
In addition to the draw solution, membrane orientation has also a significant effect on the
performance of FO technology. During the experiment, two types of membrane orientation were
used to investigate the effect on the water flux. Fig.17 shows the effect of two membrane
orientation (PRO and FO) on the overall water flux in FO.

Fig. 17. Effect of membrane orientations on the FO water flux. (a) PRO mode, (b) FO mode
The optimized draw solution with 20 g/L TiO2 NPs (P5) sonicated at 25 min before and after UV
treatment without pH adjustment was used to evaluate the water flux performance of the two types
of membrane orientation. Results disclosed that PRO mode (Fig. 17a) has a higher water flux than
the FO mode (Fig. 17b). This is due to the effect of internal concentration polarization, which
significantly reduces the available osmotic driving force [31].
4.3 FO-Desalination
TiO2 solution at 20 g/L without UV treatment was evaluated as FO draw solution using 500 ppm
NaCl as a feed solution. Fig. 18 shows the weight of the feed solution measured in time. The weight
of the feed solution linearly increased with time (Fig. 18) due to the transfer of water from the
draw solution to the feed solution. This indicates that the osmotic pressure of feed solution was
considerably higher than the draw solution osmotic pressure.
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Fig. 18. Feed solution weight versus time profile recorded using 20 g/L TiO2 draw solution without
UV treatment sonicated for 25 minutes before FO experiment with 500 ppm NaCl feed solution.
In order to withdraw water from the 500 ppm NaCl solution the osmotic pressure of the draw
solution should have higher osmotic pressure than the feed solution. To enhance its hydrophilicity
and thereby to increase its osmotic pressure, the draw solution was treated with UV for 1 hour.
Then after an FO experiment was conducted with 500 and 1000 ppm of NaCl feed solutions
respectively. Based on the weight change of the TiO2 solution during FO as shown in Fig. 19 (a)
and (c), the fluxes were calculated. The FO was repeated 2 times and the water fluxes are
summarized in Fig. 19 b and d. An initial FO water fluxes of 4.4 LMH was achieved with the 500
ppm NaCl feed solution. With 1000 ppm NaCl feed solution an initial flux of 1.2 LMH was
obtained, but the rest of the evaluated fluxes were negative (Fig. 19 d).
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Fig. 19. Weight change of the feed solutions and evaluated Water fluxes based on the weight
change of the feed solutions in 2h FO process by employing 20 g/L of TiO2 concentration
ultrasonicated for 25 minutes before and after UV treatment as draw solution. Weight change
measured: (a) 500 ppm and (b) 1000 ppm NaCl solution feed solutions. Water fluxes calculated
by using: (C) 500 ppm, and (d) 1000 ppm NaCl solutions as a feed solution.
To attract water completely from 1000 ppm and more, the draw solution was mixed with citric
acid [66], but unfortunately, the addition of citric acid leads to sedimentation of TiO2 nanoparticles,
as a result, it only withdraw water from 100 ppm NaCl feed solution (Fig 20).

Fig.20. FO desalination with 20 g/L TiO2 draw solution and 100 ppm NaCl feed solution: (a)
weight versus time change of the feed solution, (b) water fluxes evaluated based on the weight
change of the feed solution in time.

4.2 Dynamic light scattering (DLS)
There was a significant effect of UV treatment on the TiO2 nanoparticle size. As it is evident from
Fig 21. The hydrodynamic diameter of the draw solution irradiated for 1 h in the UV oven was
higher than the draw solution without UV treatment. But, after ultrasonication, the UV treated
draw solution its hydrodynamic diameter becomes lower comparing to the pristine and the UV
treated draw solution. The larger particle size leads to lower osmotic pressure since the interaction
between the nanoparticles and the solvent (water) is weak [65].
Since osmotic pressure increases as the solubility of solute are higher and lower osmotic pressure
means lower driving force or lower water flux. This result explains why lower flux was obtained
after UV treatment as discussed in the above.
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Fig. 21. Effect of UV treatment on the hydrodynamic diameter of the nanoparticles (in log to base
10): (a) = P5, (b) = P15, (c) = P25
Table 3. The measured Polydispersity Index (PDI) and Number of counts of the three types of
TiO2 NPS: P5, P15 and P25.

The DLS measurement was conducted two times for each parameters to check the reproducibility
of the results, but still negative values of PDI were observed for the P5 and P15.

4.3 FTIR
UV treatment of TiO2 NPs for 4 h caused to moderately increase the deepness of the – OH peak
whereas as the 1 h and 2 h UV treatment of TiO2 NPs draw solution showed similar - OH stretching
peak as shown in Fig 22. This deeper or strong OH stretching showed after 4 h UV irradiation is
qualitatively an indicative of the presence of a moderately higher amount of adsorbed hydroxyl
groups comparing to 1h and 2 h UV illumination. And a higher amount of adsorbed hydroxyl
groups means more hydrophilic surface [52].
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Fig. 22. FTIR result shows the effect of UV irradiation time on the chemical composition of TiO2
NPs

4.4 Recovery method
The TiO2 NPs can be recovered easily via 2 main consecutive processes: (1) Dark storage, and (2)
low-pressure driven-ultrafiltration processes as shown in Fig 23. The draw solution stored for 2
days in dark place showed less sedimentation of TiO2 nanoparticles, but after 5 days storage, most
of the TiO2 NPs were sedimented or separated from the water (Fig. 23). Then after the remaining
TiO2 NPs can be separated easily via Low-pressure driven-ultrafiltration process followed by
drying of the concentrated TiO2 NPS. This intriguing advantage of the easy recovery of TiO2 NPs
meet the stringent criteria for an ideal draw solute.

Fig.23. TiO2 regeneration process from the diluted TiO2 draw solution via two main consecutive
processes: (1) dark storage, and (2) low-pressure Ultrafiltration processes
27 | P a g e

5 Conclusion
The study revealed that the flux generated by using pristine inorganic TiO2 nanoparticles (P25)
accompanied by low ultrasonication time (≤10 min) were very low but after the colloidal stability
of the draw solution was maintained via pH and longer ultrasonication, the performance of the
draw solution dramatically increases. The performance of the draw solution was also further
enhanced after UV treatment followed by ultrasonication. The highest flux generated with the
optimized concentration of TiO2 nanoparticles (20 g/L) and DI feed solution was 15.8 LMH. This
flux is quite promising since it is obtained without using any functionalization groups. And it is
believed that the water flux can be further increased via modification of the surface chemistry.
Nanoparticles primary size and membrane orientations had a significant effect on the generated
flux. P5 and PRO mode resulted in flux enhanced by more than 50% comparing to P25 and FO
mode due to more contact area as a consequence of smaller particle size and higher driving force
as a result of low concentration polarization respectively. Moreover, the draw solution was also
characterized by DLS and FTIR to analyze the effect of UV irradiation on the particle size and
also UV illumination time on hydrophilicity switch. And it was able to confirm that UV irradiation
increases the hydrodynamic diameter of the nanoparticles unless it was not ultrasonicated after UV
treatment. And the FTIR result revealed that longer UV irradiation (4h) of the TiO2 nanoparticles
slightly increases the strength of OH peak in relative to 1and 2 h UV treatment which was an
indication of the formation of the more hydrophilic surface. TiO2 nanoparticles after being used in
the FO process are readily regenerated via dark storage and low pressure driven-ultrafiltration. The
dark storage facilitates the separation of most of the TiO2 from the water and made the remaining
much diluted draw solution to be separated with low energy consumption. Future studies will be
focused on (1) the optimization of surface chemistry (2) the exploration of their performance in
forward osmosis for brackish water desalination, and (3) the investigation of their sustainability in
forward osmosis processes.
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