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A B S T R A C T

The current study assesses the technical feasibility of using a thermoresponsive polyelectrolyte draw solution
(DS) in a Forward Osmosis (FO) desalination pilot scale system of 10m3/day capacity. The FO system utilized a
commercial spiral wound hollow fiber FO membrane and ethylene oxide-propylene oxide copolymer as DS. This
study evaluated the effect of DS flow rate and feed solution flow rates on the net water recovery and product
water flow rates of the system. The osmotic pressure distribution of polyelectrolyte DS at different sections of the
HF module was greatly influenced by DS flow rate. The study revealed that the DS had great potential to
generate the high osmotic pressure (Δπ) difference in the various compartments of the HF module. The reliability
of the FO pilot plant was proved over a long run without any severe FO membrane fouling with total dissolved
solids of product water at 143 ppm and water recovery of 30%. The selected DS showed its potentiality towards
the installation of commercial-scale FO desalination plant by witnessing its low viscosity and easy phase se-
paration at a moderately lower temperature of 85 °C in the coalesce DS regeneration system.

1. Introduction

To tackle the scarcity of fresh water across the globe reverse osmosis
(RO) desalination technologies are currently replacing the thermal-
based technologies especially like multistage flash desalination plants.
The proportion of desalination capacity supplied by RO is increasing

due to its better economics when compared with multistage flash (MSF)
process. However, the future of any desalination technology soon relies
on its easy access for integration with renewable energy [1]. The high-
pressure requirement by the RO membrane process may grab more site
area for the installation of solar panels and large-scale integration with
solar energy. To address the issues of the low energy desalination
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technology like forward osmosis is gaining much attention during the
past one decade. The research studies show that the forward osmosis
(FO) membrane process has a high potential for seawater desalination
applications and can be one of the sustainable solutions for seawater
desalination in near future [2,3]. FO has the potential to lower energy
consumption in the seawater desalination process compared to RO
process due to the absence of high hydraulic pressure pumps [4]. FO is
driven by the osmotic pressure difference between the feed and the
draw solutions and eliminates the need for high hydraulic pressure. In
the FO process, water spontaneously permeates through a semiperme-
able membrane from the feed solution at a lower osmotic pressure to
the draw solution at a higher osmotic pressure. A regeneration process
extracts water from the diluted draw solution and re-concentrates the
draw solution for reuse.

The main problem that restricts the widespread application of the
FO desalination process is the establishment of a viable DS and DS re-
covery system that is potentially capable of continuously and constantly
generating high osmotic pressure required for maintaining the water
flux at desired levels in the FO process, and at the same time to produce
high-quality water with a total elimination of the DS residue in the final
product water [5]. Thus, the development of effective DS along with
effective DS recovery system with energy-saving remains a significant
challenge for FO seawater desalination applications [6–8].

An ideal FO draw solution should meet three main requirements,
namely, high osmotic pressure for high water flux, simplistic re-
generation method with low-energy consumption, and minimum re-
verse solute flux for low replenishment cost [9,10]. Most of the research
studies are limited to laboratory level studies by using conventional
inorganic solutes and polyelectrolyte DS [11]. The conventional in-
organic DS can generate high water flux, but the corresponding reserve
flux of solute is also high [12,13]. Polyelectrolytes with relatively high
molecular weight have been investigated as FO draw solutes and ob-
served that it can reduce reverse flux and can be regenerated using
ultrafiltration and membrane distillation [14]. The polyelectrolyte DS
based on the thermoresponsive property has also attracted increasing
attention due to their high affinity to extract water from seawater,
temperature sensitivity and easy regeneration by phase separation
technique at elevated temperature [15–17].

The thermoresponsive draw solutes possess lower critical solution
temperature (LCST) at which they are miscible with water and show
potential to extract water from lower osmotic feed solution partitioned
by a semipermeable membrane. The extracted water could be easily
separated from the miscible phase by heating the solution to its phase
separation temperature. Since the phase transition temperature of LCST
materials can be controlled by altering the chemical structure, the en-
ergy requirement for the separation of draw solutes can be greatly re-
duced by using an LCST material with a low phase transition tem-
perature [18]. Thermally responsive draw solutes are attracting
researchers due to its simplicity, the absence of using extra chemicals
and, most of all, the possibility of using less expensive and clean energy
sources such as solar thermal energy and low-grade industrial waste
heat for their recycling [19]. TSI has developed a hybrid FO- thermal
separation (FO-TS) pilot-scale system using the thermoresponsive
polymer for seawater desalination. The FO-TS technology is potentially
capable of consuming 87.5% less energy than the conventional RO by
using solar energy or waste heat [20].

FO-TS technology is insensitive to the osmotic pressure since it can
be operated with higher DS concentrations than that of the FO-RO
process. However, there is a potential of having trace amounts of
polymer in the final product water. Therefore, a post-treatment system
using conventional membrane processes, such as NF or brackish water
(BW) RO membrane, may still be needed to polish the product water to
meet the WHO standards. Cai and Hu stated that pilot scale studies on
thermally responsive organic compounds are substantially needed as
there is no information and data on the viability and efficiency of the
FO technology for seawater desalination [21]. Shibuya et al. performed

an experimental and theoretical study to evaluate the performance of a
large-scale hollow fiber (HF) FO module [22]. This study investigated
the operating conditions, such as the inlet flow rate, membrane or-
ientation, salt concentration, and salt type, on the module performance
of a 5-inch-scale HF module with a cross-wound HF configuration. The
theoretical data provided beneficial knowledge not only for predicting
module performance but also HF module design parameters, such as
recovery ratio, operation conditions, and energy consumption, for full-
scale FO processes. A study by Kim et al. analysed the structural fea-
tures of a spiral-wound forward-osmosis (SW FO) membrane module
via an experimental approach and presented the relationships between
the water flux and operating conditions for design and operation of a
large-scale FO process [23]. This study provided the data on the de-
pendence of pressure drop on flow to determine the optimal flow rate
and pressure drop in a commercial SW FO module. In addition, the
relationships between water permeate flow and operating conditions
(such as flowrate, solution temperature, and osmotic pressure) for the
design and operation of a large-scale FO process was demonstrated.
Both the previous studies used NaCl as DS, to the best of our knowledge,
no simulation study is reported in the literature using the combinations
of commercial-scale FO membrane and thermo-responsive polyelec-
trolyte DS at pilot scale level for the real seawater desalination.

In the literature poly(N-isopropylacrylamide) with LCST=32 °C
[24], di(ethylene glycol)n-hexyl ether with LCST=20 °C [25], di(pro-
pylene glycol)n-propyl ether with LCST=20 °C [22], propylene glycol
n-butyl ether with LCST= at all temperature in between 0 and 100 °C
[25], poly(N-isopropylacrylamide-co-acrylic acid) with LCST=70 °C
[26] and copolymer of N-isopropylacrylamide (NIPAM) and 2-acryla-
mido-2-methylpropanesulfonicacid with LCST=55 °C [27] have been
explored as thermo-responsive polyelectrolyte DS for FO process.
However, in the current study a polyelectrolyte DS with an acceptable
osmotic pressure for the specific seawater desalination application with
a cloud point temperature of around 85 °C is used [20]. The solubility of
the draw solute decreases significantly with temperature however, it
has enough solubility at ambient conditions to provide a useful working
osmotic pressure. The draw solute copolymer consists of diol functional
groups which impart the required solution properties. The properties of
the draw solute such as osmotic pressure, cloud point temperature, and
molecular weight desired for the FO application are adjusted by the
controlled polymerization reaction. As presented in Table 1, the DS has
high osmotic pressure above the concentration of 40% to produce high
recovery using seawater feed. The DS was typically selected for the
specific seawater desalination application with a strong solubility in
water at the lower temperature range (e.g., closer to 40 °C) to minimize
the operating temperature of the regeneration steps in the process and
to minimize resulting energy loss. The chemistry (molecular weight)
and the physical properties of the DS of (osmotic pressure and cloud
point temperature) were tailored to attain high rejection in the sub-
sequent post treatment process using NF filtration. Further, the draw
solute polymers are selected to minimize back diffusion of the solute
through a forward osmosis membrane.

This study will provide the initial findings of FO pilot scale seawater
desalination of 10m3/day capacity using commercial hollow fiber FO
membrane and thermoresponsive polymer DS. This study covers the
feasibility of using a thermoresponsive polyelectrolyte DS in a pilot

Table 1
The osmotic pressures and viscosity of DS at different concentrations.

DS concentration (%) Osmotic pressure (atm) Viscosity (cP)

at 25 °C at 25 °C at 85 °C

30 40 49.85 12.85
40 45 69. 07 16.94
50 60 86.90 21.74
70 95 194.48 23.714
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scale FO system, effect of DS flow rates on the distribution of water
recoveries over the membrane module, and scope for the improvements
over the DS physical properties for the improved performance.

2. Materials and methods

2.1. Materials

The FO pilot plant test unit with a capacity of 10m3/d was procured
from Trevi Systems Inc., USA. The Trevi Systems' FO pilot plant is de-
signed for continuous operation. The FO pilot plant is a hybrid unit of
four processes; pre-treatment system and antiscalant dosing; FO pro-
cess; polymer draw solution regeneration process; and the post-treat-
ment system. The pre-treatment side consisted of the feed pump, car-
tridge filters, anti-scalant dosing, pH sensors, temperature sensors and
conductivity recorders (Fig. 1). The FO part consisted of DS pump,
various valves and sensors and the FO membrane module. The DS re-
generation part consisted of three heat exchangers, stainless steel coa-
lescer, heater loop, and various sensors and automated valves. The post-
treatment system comprises of the supernatant pump, nano-filters,
product water polishing tanks, and assorted automated valves and
sensors.

The membrane used was recently developed commercial 10-inch HF
FO membrane from Toyobo, Japan. The HF membrane is made of cel-
lulose triacetate and has a bore diameter of 230 μm, inner diameter
230 μm, outer diameter 375 μm, number of fibers: 230,671, and effec-
tive membrane area of 336m2. The HF FO membrane was specially
designed for FO application with cross-wound structures with high
packing density and preferable flow pattern compared with another
module configuration [22]. The schematic illustration of the tested HF
FO module with cross-wound configuration is shown in Fig. 2. The
packing density was approximately 55% around a central core tube
from which the polymer DS was supplied.

The polymer draw solution used was ethylene oxide-propylene
oxide copolymer (TL-1150-1) developed by Trevi systems Inc. having

phase separation temperature of 85 °C. The general chemical structure
of ethylene oxide-propylene oxide copolymer draw solute is presented
in Fig. 3. The copolymer with a molecular weight of approximately
2000 Da was used. The phase separation temperature of the DS re-
covery system was maintained in a coalescer system connected to heat
exchangers. The osmotic pressure and viscosity of polymer DS at var-
ious concentrations is shown in Table 1. The system was connected to
the nanofiltration post-treatment system to recover any traces of poly-
electrolyte solute from the product water. The NF system consisted of
NF270-4040 membrane from Filmtec™ membranes with molecular
weight cutoff in the range of 200–400 Da. The feed solution used was
seawater obtained from the beach well of Doha Research Plant, located
near the Doha east power generation and water desalination plant of
Kuwait. The physicochemical analysis of the seawater is presented in
Table 6 and it has a steady temperature of around 25 °C.

2.2. Methods

The beach well seawater is passed to the bore side of the FO
membrane at pressure ~2 bar. The direction of the feed flow was in the
axial direction. The DS which is heated to 85 °C is passed to the DS heat
exchanger and cooled to temperatures lower than 40 °C. The DS is then
passed to the shell side of the FO membrane through the centre core.
The direction of the DS flow was in the radial direction between HF
tubes. As the FS and concentrated DS flows through the bore side and
shell side of the semi-permeable membrane respectively. The DS is in-
fused with and diluted by the pure water that has left the FS. The di-
luted DS is then fed to the DS recovery systems consisting of coalescer
and heat exchangers which are set at temperatures higher than the
phase separation temperature of the DS. As a result, the diluted DS is
separated into supernatant water and concentrated DS. The con-
centrated DS is again circulated back to the FO membrane system for
further water production and the process continues. The supernatant
water is then passed through the post-treatment NF system and heat
exchangers and final product water are produced. The flow rates,

Fig. 1. Schematic diagram of the pilot-scale test unit.
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conductivity, pressure, and temperature of all streams were recorded
using a data logging system.

2.3. Osmotic pressure measurement

The osmotic pressures of the concentrated and diluted DS were
measured using a Wescor 5600 vapor pressure osmometer. The os-
molality (m, mol/kg) of DS was measured for DS and then, the osmotic
pressure was theoretically calculated using the following Eq. (1)
[28,29].

=π ρRTm (1)

where π is the osmotic pressure, ρ is the density of water, and R and T
are the ideal gas constant and absolute temperature, respectively. The
theoretically calculated value is then compared with the osmotic
pressure value obtained from the refractive index measurements using
Atago PAL-RI meter.

2.4. Calculation of DS concentration distribution in HF module

For simulation studies, the HF FO module is divided into 10 blocks
into axial and radial directions. The simulation software was developed
and supplied by Toyobo Co, Japan. The DS concentration at any block is

calculated based on the values of the flow rate, concentration, and
pressure of DS and FS of its neighbouring blocks. Fig. 4 presents the
division of FO membrane module into different blocks along the axial
direction (j= 1− n), and radial direction (i=1−m, where m=10),
where m=n=10 in the current simulation study. The volume of
permeation through each small block (i, j) is denoted as V(i,j), while the
volume of salt passing through each block (i, j) is denoted as wsij. The
FS entering into the block (i, j) through the axial direction and its flow
rate is denoted as QFS(i,j−1), concentration as CFS(i,j−1), and pressure as
PFS(i,j−1). The DS entering into the block (i, j) through the radial di-
rection and its flow rate is denoted as QDS(i−1,j), concentration as
CFS(i−1,j), and pressure as PFS(i−1,j). The concentration of DS (CDS(i,j)) at
a block (i, j) is calculated by the Eq. (2). The CDS(i,j) calculations include
the boundary conditions of QDS(in) =QDS(out), (i.e., permeate flow of DS
entering into block (i, j) = permeate flow of DS out from block (i, j)),
CDS(in) = CDS(out), (i.e., concentration of DS entering into block (i,
j) = concentration of DS out from block (i, j)), PDS(in) = PDS(out), (i.e.,
the pressure with which DS entering into block (i, j)) and the pressure
with which DS out from block (i, j), and PFS(out) = 0 (i.e., pressure of FS
moving out from block (i, j)= 0).

=

∙ −− −C
Q C ws

QDS(i,j)
DS(i 1,j) DS(i 1,j) ij

DS(i,j) (2)

Similarly, the concentration of FS in the block (i, j) is calculated by
applying the above-mentioned boundary conditions using the Eq. (3).

=

∙ +− −C
Q C ws

QFS(i,j)
FS(i,j 1) FS(i,j 1) ij

FS(i,j) (3)

where CDS(i−1,j) is the concentration of FS in the block (i− 1, j).

Fig. 2. Schematic of FO HF module with a cross-wound HF configuration.

Fig. 3. The general structure of ethylene oxide-propylene oxide copolymer
draw solute.

Fig. 4. The schematic presentation of the DS concentration distribution influenced by flow rate, concentration and pressure of DS and FS of its neighbouring blocks.
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2.5. Water quality analysis

The pH and conductivity were measured by SI analytics in-
strumentation, Total Dissolved Solids (TDS) were measured by Thermo
Scientific instrument. The other parameters such as calcium, magne-
sium, chloride, and sulfate were estimated by Ion Chromatography
System (ICS), whereas, boron and sodium are estimated by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES). The para-
meters such as nitrate, copper, chromium, iron, silica, phosphate, and
fluoride are estimated by spectrophotometer (DR-6000). All analysis
was done in triplicate and average values were taken for analysis.

3. Results and discussions

3.1. Influence of DS flow rate on system performance

The DS flow rate was varied from 8 to 18 L/min while keeping the
FS flow rate constant. The DS is distributed to the shell side of the
membrane through a central core tube in the membrane module as
shown in Fig. 2. The DS then flows radially through the membrane
module and the concentration of the DS will be the highest at the area
near to the centre tube. As it flows radially through the membrane
between the HF tubes it gets diluted due to permeation of water mo-
lecules from the feed and will be of less concentration as it reaches the
area far to the centre tube. So, with increasing flow rate of DS, it is
possible to have less DS concentration gradient radially across the
membrane. The simulation values of DS concentration in the innermost
and outermost layers of the FO module are shown in Table 2. The lower
concentration gradient across the membrane at higher DS flow rates
resulted in overall high-water flux and product flow rate as shown in
Table 3.

In addition, the higher DS flow rate might reduce the thickness of
the polymer layer on the membrane surface and thus reduces the
concentration polarization effect [30,31]. It was observed that the ef-
fect of DS flow rates on product water flow rate and water recovery is
not linear and this could be due to the limited capacity of the heat
exchangers and, limited separation capacity of coalescer used in the
current system. As the DS flow increases the residual time of the
polymer in the coalescer was reduced, which reduced enough phase
separation time between polymer DS and supernatant water. As pre-
sented in Table 4, as the inflow rate of DS increases from 8.1 and
18.1 lpm, the DS concentration at the innermost layer of the membrane
dropped from 76.6 to 66.0%. Further increase in DS flowrate decreases
the FS concentration gradient in the HF membrane module. The si-
mulated FS concentration in the axial direction of the innermost HF
tubes is shown in Table 5. From literature, an increased flow rate across
the FO membrane will enhance the water flux due to reduced con-
centration polarization (CP) effect and the enhanced mass transfer
coefficient [30,32]. Thus, the increased flow rate of DS increased its
distribution more towards the membrane boundary layer by reducing
the thickness of the CP layer.

3.2. Influence of FS flow rate on system performance

The pilot plant was tested at two FS flow rates, 14 and 16 lpm.
Table 5 revealed that higher FS flow rates are recommended to increase
the product flow rate. The FS is distributed to the bore side of the
membrane and it flows in the axial direction as shown in Fig. 4. As the
FS flows from the inlet to the outlet side, the polymer DS extracts water
and the FS will get concentrated as it reaches the outlet. The DS will be
at a high concentration near the central core tube. Thus, at the FS
outlet, the FS in the HF tubes near the central core tube will be highly
concentrated. Therefore, as the flow rate of FS increases the rate of
dilution of the FS near the centre tube will increase. This will again
increase the osmotic pressure difference between the DS and FS as a
driving force of the process and apparently, both the product water
capacity and recovery ratios increased. From Table 5, the product flow
rate and water recovery were influenced by flow rates of both the FS
and DS. For any increase in the flow rate of DS there was a negligible
hydraulic pressure gradient (ΔP~0) across the membrane, since the DS
coalescer tank was connected to DS re-circulation and NF post treat-
ment systems. However, an increase in hydraulic pressure gradient
across the membrane was observed for the increase in FS flow rate and
its ΔP values are presented in the revised Table 5. A combination of FS
flow rate, 14 lpm and DS flow rate, 14.1 lpm correspond to an optimum
water recovery of 31.3%. In FO, the maximum feed flow is related to
the pressure drop across the membrane module [33]. Therefore, above
mentioned flow rates of FS and DS could be corresponding to the high
osmotic pressure difference across the membrane as driving force of the
process favouring the high product flow rate. There is an also increased
effect of external concentration polarization due to the lower thickness
of the membrane support layer which limit the further increase in flow
rate across the FO membrane.

3.3. Influence of DS concentration distribution on system performance

The concentration of polymer DS was not uniform in the HF FO
module. The distribution of DS concentration for a run with FS and DS
flow rates 16 and 12 lpm respectively is shown in Fig. 5.

The DS concentration is about 76% in the block near to the central
core tube and it gradually decreased to 44% as it reaches the outermost
layer. This shows that osmotic pressure of DS decreases in the radial
direction and hence the water recovery distribution. The HF tubes near
the central core tube will have more water recovery percentage than
those far from the central core tube.

Similarly, for the same test run, the FS concentration distribution is
shown in Fig. 6. The FS concentration at the inlet and outlet of the
innermost HF tube near to the central core tube is 35,316 and 113,159
respectively, whereas, the FS concentration at the inlet and outlet of the
outermost HF tube far from the central core tube is 35,316 and 40,833
respectively. These data clearly validate the fact that water recovery
distribution inside the membrane is not uniform and will be the highest
in the innermost HF tubes which are nearest to the concentrated DS
with high osmotic pressure.

As the DS flow was increased to 16 lpm the DS concentration in the
outermost layer increased to 46% from 44% with 12 lpm DS flow rate.
Further increase in DS flowrate to 18 lpm resulted in boundary layer DS

Table 2
DS concentration distribution in the HF FO module.

FS flow rate
(lpm)

DS flow
rate (lpm)

inner layer DS
concentration (%)

outer layer DS
concentration (%)

16.0 8.1 76.6 38.0
10.1 76.1 40.7
12.1 76.0 42.7
14.1 73.7 46.3
16.1 64.6 43.7
18.1 66.0 48.8

Table 3
Effect of DS flow rate on production capacity and water recovery ratio.

FS flow rate (lpm) DS flow rate (lpm) capacity (m3/d) recovery ratio (%)

16.0 8.1 5.5 23.7
10.1 6.3 28.8
12.1 7.0 31.2
14.1 7.2 31.1
16.1 7.1 29.9
18.1 6.5 28.9

M. Ahmed et al. Desalination 452 (2019) 132–140

136



concentration of 50%. This indicates that with the increase in DS
flowrate, the DS distribution towards the membrane boundary layer
also increases. In FO process, the high difference in osmotic pressure
across the membrane and correspondingly high-water fluxes are gen-
erally considered to cause severe concentration polarization effects
[34]. As a result, the DS concentration gradient across the membrane
reduced with a drop-in water recovery gradient in the innermost layer
of the membrane, however, overall water recovery of the system in-
creased.

3.4. FO pilot plant product water quality

The FO pilot system has demonstrated a great potential to reduce
seawater TDS to 143 ppm in a single stage FO pass over a period of
30 days operation (Table 6). The rejection of boron by the HF FO
membrane is highly noticeable as it was reduced from 2.75 to 0.24mg/
L, which is practically not achievable from a single stage RO. The
leaking of the polyelectrolyte solute into the final product water was
tested by measuring the refractive index values. The results indicated
no traces of the polyelectrolyte solute and demonstrated the suitability
of NF as a post-treatment process for the product water treatment.

3.5. Scope for improving the DS

The current FO pilot scale system utilized a thermoresponsive DS
having property to separate from the diluted water through thermal
treatment. The DS concentration during the FO operation has fluctuated
in the range of 60–70% (correspond to diluted DS) and 80% (corre-
spond to the initial DS concentration). The curves provided in Fig. 7 are
based on the experimental study and are specific regarding the ther-
moresponsive polyelectrolyte DS selected in this study. As presented in
Fig. 7 (blue curve), the phase separation temperatures were measured
by heating the different concentrations of polyelectrolyte DS. For any
concentration, the DS has shown>60 °C of phase separation tem-
perature, however, the actual phase separation temperature applied in
the DS regeneration system was 85 °C for the effective separation of
supernatant water and concentrated DS. This is mainly due to the

Table 4
FS concentration distribution in the innermost HF tubes at different DS flow rates.

FS flow rate, lpm DS flow rate, lpm Innermost layer feed concentration in axial direction

1 2 3 4 5 6 7 8 9 10 11

16.0 8.1 35,209 40,667 47,842 57,553 71,097 90,438 117,922 153,489 187,203 203,298 206,002
10.1 35,270 38,796 43,002 48,080 54,286 61,963 71,560 83,629 98,754 117,277 138,665
12.1 35,316 38,397 41,991 46,222 51,249 57,276 64,565 73,441 84,279 97,450 113,159
14.1 35,331 37,675 40,306 43,274 46,639 50,470 54,853 59,886 65,683 72,368 80,067
16.1 34,429 36,565 38,926 41,544 44,453 47,687 51,286 55,286 59,722 64,620 69,989
18.1 33,044 34,573 36,226 38,014 39,953 42,058 44,347 46,837 49,548 52,501 55,716

Table 5
Effect of FS flow rate on product water flow rate and water recovery.

DS flow
Rate,
(lpm)

product capacity (m3/
d)

recovery ratio (%)

FS flow
rate 14
(lpm)

FS flow
rate 16
(lpm)

FS flow
rate 14
(lpm)

ΔPa (psi) FS flow
rate 16
(lpm)

ΔP (psi)

8.1 5.3 5.5 26.1 4.0–5.0 23.7 6.0–6.5
10.1 6.0 6.3 30.2 4.0–5.0 28.8 6.0–6.5
12.1 6.2 7.0 31.2 4.0–5.0 30.1 6.0–6.5
14.1 6.4 7.2 31.3 4.0–5.0 31.1 6.0–6.5
16.1 5.7 7.1 27.9 4.0–5.0 29.9 6.0–6.5
18.1 5.4 6.5 28.1 4.0–5.0 28.9 6.0–6.5

a ΔP; hydraulic pressure gradient across the membrane.

Fig. 5. DS concentration distribution in HF FO membrane (test conditions: flow rates of FS and DS are 16 and 12 lpm respectively).
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increase in phase separation temperature of the polyelectrolyte DS with
the increase in concentration from 30 to 70% (see Fig. 7). Therefore,
based on the experimental study a red curve is proposed in Fig. 7 re-
presenting the ideal conditions for DS. The ideal conditions represent
the phase separation temperature of> 40 °C for any concentrations of
the DS to reduce the operating temperature of the DS regeneration
system and to avoid any polymer precipitation within the membrane

module. The lower phase separation temperature is better; however, it
should not be too low to occur the phase separation in the membrane
element itself. Such a condition is represented as a non-ideal DS in
Fig. 7 (green curve).

The DS for the selected membrane and coalescer tank capacity have
witnessed an optimum performance at a phase separation temperature
of 85 °C. The phase separation temperature was maintained well above
the actual phase separation temperature (i.e. ~80 °C corresponding to
60–70% dilution) to avoid chances of concentration gradient that could
take place near the membrane surface during mixing process in the
coalescer (Fig. 8). Fig. 7 reveals the phase separation temperature of the
DS used in the current study which is well above 60 °C. However, this
study recommends a further scope for the improvement of the DS and
conditions of the ideal DS as indicated in Fig. 7. This study revealed that
the DS with the phase separation temperature of> 40 °C corresponding
to any of its concentration will further reduce the temperature required
for the process. The lower phase separation temperature is better;
however, it should not be too low to occur the phase separation in the
membrane element itself. Such a condition is represented as a non-ideal
DS in Fig. 7.

3.6. FO pilot plant energy requirement

Among the commercially established desalination technologies, the
energy consumption of a thermal based MSF plant is around
70–78 kWh/m3 [35,36]. The electrical energy equivalent based on
power plant efficiency of 30% is around 23.5 kWh/m3 [35]. The elec-
tricity consumption of the pumps ranges between 2.5 and 5.0 kW h/m3;
therefore, the total equivalent energy consumption of the MSF unit is
around 27.25 kWh/m3 [35]. The multiple-effect distillation (MED)
process also requires two types of energy-low temperature heat for
evaporation and electricity for pumps. The thermal energy consumption
of MED plant is around 62.0 kWh/m3 [35]. The electrical energy
equivalent to this value based on a power-plant efficiency of 30% is
around 19.1 kW h/m3 [35]. The total electricity consumption of the
pumps ranges from 2.0 to 2.5 kW h/m3 [37]; therefore, the total
equivalent energy consumption of the MED unit is around 21.35 kWh/
m3 [35]. The least energy intensive method is RO with nearly 4 to
6 kWh/m3 at 50% recovery [35,37,38]. The membrane-thermal based
membrane distillation (MD) is not commercially available in the market
in large scale and the solar integrated MD has energy consumption in
the range of 150–200 kWh/m3 [35].

In this study, two separate power meters were connected to the FO
pilot plant, one that measures the power requirement for the FO pilot
plant without the heat generator, and the other one for the electrical

Fig. 6. FS concentration distribution in HF FO membrane.

Table 6
Physiochemical analysis of seawater feed, and FO product.

Parameter Unit Seawater Feed FO Product

pH 7.4 7.2
Conductivity mS/cm 55.4 0.29
TDS ppm 35,801 143
Calcium mg/L 824 6.16
Magnesium mg/L 1154 5.83
Sulfate mg/L 3600 0
Chloride mg/L 26,000 38
Sodium mg/L 14,800 65
Boron mg/L 2.75 0.24
Nitrate mg/L 3.5 0.7
Copper mg/L < 0.05 < 0.05
Chromium mg/L <0.05 < 0.05
Iron mg/L < 0.05 < 0.05
Silica mg/L 16.2 0.724
Phosphate mg/L 0.15 0.11
Fluoride mg/L 4.3 0.13

Fig. 7. The Influence of DS concentration on phase separation temperatures
indicating ideal and non-ideal DS for future work.
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heater only. The preliminary calculation of energy required by the
conventional electrical heater for DS recovery in the FO pilot plant is
approximately 35–40 kWh/m3. It is worthwhile to note that the total
energy consumption by the FO pilot plant without the conventional
electrical heater of the DS recovery system was around 2.4 kWh/m3.
However, the PLC and control panel used in the pilot plant test unit was
consuming around 1.4 kWh/m3 and this figure was experimentally
observed. This value is quite high because of the low production ca-
pacity of the tested pilot plant. This value can be drastically reduced by
increasing the permeate capacity of the FO pilot plant. In general, the
very low energy requirement by the FO pilot plant was due to the ab-
sence of high-pressure pumps. The maximum pressure required by the
FS pump, DS recirculating pump, and supernatant pump were< 2, 1
and 3 bar, respectively. It was observed> 90% of the total energy
consumed is used by the conventional electrical heater of the DS re-
covery system of the tested pilot plant. The results from the current
study show that the tested FO pilot plant can produce freshwater with
an energy requirement less than the minimum energy for SWRO, pro-
vided the energy needed for DS recovery is supplied in the form of low-
grade industrial waste heat or solar thermal energy.

4. Conclusion

This study evaluated the feasibility of using thermoresponsive DS
for seawater desalination at pilot scale level. The FO pilot plant over a
continuous operation of 30 days was capable to produce product water
of TDS ~150 ppm at water recovery ratio of ~30%. The performance of
the polyelectrolyte DS mainly relies on the flow rates of the DS and FS
applied in the system. The general assumption made from the study is
that the high flow rate of DS it is possible to have less DS concentration
gradient radially across the membrane resulted in overall high-water
flux and product flow rate. The observed high-water flux with increased
DS flow rate is also due to reduced concentration polarization. The
increased FS flow rate increases the rate of dilution of the FS to increase
the osmotic pressure difference between the DS and FS. As a result, both
the product water capacity and recovery ratios increased. Though the
DS in the current study showed high performance at phase transition
temperature of 85 °C, yet there is a scope for further research to hunt for
the ideal DS with> 45 °C phase transition temperature corresponding
to any of its concentration. The study established the fact that the en-
ergy requirement of FO can be less than the minimum energy for SWRO
by utilizing low-grade industrial waste heat or solar thermal energy for
DS recovery. The values of water quality parameters obtained from the
FO pilot plant are promising and proved that FO technology can be
considered as an alternative desalination process to conventional de-
salination technologies. Overall, this study provides beneficial in-
formation for the implementation of commercial-scale FO desalination
system based on the performance results in terms of recovery ratio, and
operating conditions using a commercial scale FO module in combi-
nation with thermal DS recovery system.
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