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A B S T R A C T   

Forward osmosis (FO) relying on the osmotic pressure difference across semi-permeable membrane draws 
permeate by the effect of saline draw solution (DS) turning diluted and leaving the feed solution (FS) concen
trated. However, the energy intensive step of DS recovery makes FO a challenging process. The energy benefit of 
FO emerges when recovery step is obviated and FO is applied as an osmotic concentration (OC) process. OC 
implementations for volume reduction are still at bench-scale and the investigation at larger scale is among the 
breakthroughs. In this paper, the performance of hollow fiber (HF) membrane in pilot-scale OC process for 
reducing volume of feed was investigated. The impact of operating conditions such as flowrates and temperature 
was evaluated. FS and DS flowrates of 1.35 and 0.35 L.min-1 respectively are optimum conditions with 75% feed 
recovery and 1.90 LMH water flux. Reverse solute flux increased at higher flowrates. Results indicated the role of 
high DS flowrate and temperature in improving the performance. DS flowrate of 0.35 L.min-1 at constant FS flow 
of 1.10 L.min-1 and 27 ◦C was most suitable for achieving 84.5% feed recovery and 1.82 LMH water flux. Above 
all, the long-term performance of OC pilot-plant was demonstrated through 48 h of continuous operation where 
stable flux trend at an average water flux of 1.66 LMH was successfully achieved. Lastly, the permeability co
efficients of HF membrane were enhanced at higher temperature.   

1. Introduction 

Osmotic concentration (OC) is an application of the low-energy 
membrane-based technology named forward osmosis (FO). Basically, 
FO is featured by the exploitation of natural osmosis phenomenon for 
the water transport across a semi-permeable membrane [1–3]. Through 
the membrane barrier, the fresh water (permeate) is transferred from 
low osmotic pressure feed solution (FS) to high osmotic pressure solu
tion with high solute concentration known as draw solution (DS) [4]. It 
has been claimed that FO process, relying on natural osmosis, consumes 
less energy when compared with pressure driven processes such as 
reverse osmosis (RO) for certain application where DS recovery is 
obviated. As more water permeates through the membrane, DS salinity 
decreases and net driving force reduces demanding the recovery of DS. 
Therefore, FO is described by being two steps process including the 
membrane separation followed by DS re-concentration step as shown in 
Fig. 1. The DS recovery is commonly achieved through reverse osmosis 

(RO), nanofiltration (NF) [5] or thermal separation processes [6]. While 
the separation stage requires small energy amount, the DS recovery is a 
high-energy step making FO a challenging process [7]. Nevertheless, FO 
can beat the pressure-driven processes in terms of costs when FO 
implementation is prioritized to applications where DS regeneration is 
not compulsory [2,8]. 

In the OC process, the volume of feed water is reduced while the DS is 
diluted, as fresh water permeates from the feed stream to the DS stream. 
Therefore, DS recovery step can be eliminated for the OC applications 
when recovering water product is not a concern and the aim is having 
the concentrated feed at reduced volume. FO operating as OC process is 
best suited for volume reduction of wastewater stream from oil and gas 
wells’ drilling activities [9,10]. OC process was demonstrated at 
bench-scale in two research projects for the volume reduction of O&G 
wastewater [11,12]. The investigation of Hickenbottom et al. [11] for 
OC at bench- scale level demonstrated an 80% volume reduction of 
drilling mud and fracturing wastewater. In another bench-scale study, 
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Minier-Matar et al. [12,13] demonstrated the successful implementation 
of OC process for 50% volume reduction of produced and process water 
effluent. In spite of the promising outcomes, OC for the purpose of 
wastewater volume reduction has not been investigated at larger scale. 

The high solute rejection [14], low fouling propensity [15] and low 
energy consumption are all key attributes of FO technology as compared 
to pressure driven process (RO). However, FO process is still facing some 
critical operational problems in the areas of concentration polarization 
inside and around the membrane, reverse solute flux and membrane 
fouling [7]. In fact, concentration polarization incidence is related to the 
difference in concentration between FS and DS across the membrane. 
FO-based processes experience both external and internal concentration 
polarization (ECP, ICP) existing in porous support layer and surface of 
membrane’s active layer respectively [16]. Concentration polarization 
crucially reduces the osmotic pressure gradient across the membrane’s 
active layer and then decreases the water flux (volume of permeated 
water over the membrane area per specific time). Furthermore, the flux 
decline is due to the reverse solute flux (RSF) which is the diffusion of 
salts from DS side through the membrane to FS side [14]. Consequently, 
these challenges might be the reasons for the rarely conducted 
large-scale testing of the technology under conditions representative to 
the real-life applications [4]. 

Despite the growth of interest in FO research in the past 10 years, 
there exists only few pilot and demonstration-scale installations with ten 
identifiable commercial membranes suppliers shown in Table 1 [17]. 
Other studies were reported using RO membranes or bespoke hand-cast 
FO membrane modules [18,19]. Commonly, the FO membranes 
manufacturing materials are either the cellulose triacetate (CTA) or the 
polyamide and polyelectrolyte based thin film composite (TFC) [20,21]. 
The diverse types of FO membranes in the market comprise the flat sheet 
(FSh), plate and frame (PF), spiral wound (SWo) and hollow fiber (HF) 
configurations [22–25]. The flat sheet and spiral wound FO membranes 
manufactured by Fluid Technology Solutions (USA) are featured with 
the high fouling and abrasion resistance rendering them ideal for the 
treatment of complex streams such as landfill leachate, specifically the 
spiral wound membranes manufactured under the industrial standards 
are capable of treating all contamination levels in any wastewater 
streams [22]. Porifera declared that its manufactured plate and frame 
modules are modules operating in co-current and counter current modes 
and of high water flux, efficiency reaching 95% and low head loss [25]. 
Whereas, the HF made membranes produced by Toyobo, Aquaporin and 
Aromatec are described by the high packing density of the fibers stacked 
in a pressure vessel, the increased water permeability and ions rejection 
[26]. Besides, the HF module configuration alleviates the internal con
centration polarization (ICP) problems from the eliminated porous 
support layer [27]. 

Based on the available literature, the mentioned commercial mem
brane configurations along with lab-made FO membranes tailored to 
specific applications were all investigated at bench-scale level for 
various FO applications [28–33]. Moreover, studies on FO membranes 
have included several pilot-scale demonstrations for the purposes of 
seawater and brackish water desalination, membrane bioreactor (MBR) 
effluent, domestic sewage and municipal wastewater treatment 
[34–40]. For produced water treatment, spiral wound configuration was 
tested in four pilot-scale FO-based projects [9,41–43]. Looking at the 
two previously mentioned OC bench-scale studies [11,12], the investi
gation of the process was performed using CTA-FSh membrane, TFC-FSh 
and HF membrane modules. 

Fig. 1. FO process scheme.  

Table 1 
Some of existing FO membranes suppliers.  

FO Membrane Suppliers Origin FO Membrane 
Configuration 

Aquaporin Denmark Flat sheet & hollow 
fiber 

Porifera USA Flat sheet & plate and 
frame 

Trevi Systems USA Proprietary 
membrane 

Toyobo Japan Hollow fiber 

Fluid Technology 
Solutions (FTS) 
(previously 
named HTI) 

USA Flat sheet & spiral 
wound 

Berghof 
Membrane 
technology 

Germany Tubular configuration 
membranes 

Sterlitech USA Flat sheet 

Koch Membrane 
Systems 

Germany Spiral wound 

CSM Membrane 
operated by Toray 
Industries 

USA Spiral Wound 

Oasys Water USA Proprietary 
membrane 

Aromatec Singapore Hollow fiber 
developed by 
Nanyang 
Technological 
University in 
Singapore  
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It is widely recognized that the performance of FO-based processes is 
linked to the operating parameters encompassing feed and draw solu
tions properties and types, osmotic gradient (i.e. driving force), mem
brane orientation, cross flow direction, inlet cross flowrate and 
temperature [44–48]. The influence of these operating parameters can 
be identified by assessing the feed recovery rate, water flux (L. m-2.h-1 

(LMH)) and reverse solute flux (mmol. m-2.h-1) as main performance 
indicators [49,50]. It was proved that there is a positive role of high 
flowrate and temperature on the FO performance by increasing water 
flux which was attributed to the reduced concentration polarization and 
solutions viscosity [45,46,50]. 

Among all the reported studies evaluating the operating conditions 
impact on FO systems, few studies were dedicated to examine effect of 
testing HF membranes on the performance of FO systems under varying 
conditions [12,51–54]. For instance, Majeed et al. [51] studied the in
fluence of changing flowrates, solutions concentration and membrane 
orientation on HF membrane obtained from the Korean company Sam
sung Cheil industries in bench-scale system. They concluded the 
enhanced performance when DS was facing the active layer, feed and 
draw solutions were flowing counter-currently and their flowrates were 
increased. The same study revealed that HF membrane of 0.0396 m2 

achieved 62.9 LMH water flux at the produced osmotic gradient from 
using deionized water as feed and 2 M NaCl as DS. Another three HF 
membranes manufactured by the Japanese company Toyobo of 0.12 m2 

area were investigated in bench-scale FO process under different oper
ating parameters [52]. The outcomes were in agreement with Majeed 
et al. [51] study and the HF membrane was featured with the high water 
flux. Most importantly of all, Sanahuja-Embuena et al. [55] attempted 
formulating a testing procedure for HF membrane in a pilot scale FO 
system at different conditions during operation. Their reported results 
confirmed that DS concentration is the dominant factor on the mem
brane performance and the optimum flowrates will diminish the role of 
membrane orientation. 

To the best of the authors’ knowledge, there is no reported study that 
examined the operational performance of HF membrane in pilot-scale 
OC process for volume reduction of feed water. In this paper, pilot- 
scale osmotic concentration plant was constructed for reducing the 
volume of synthetically prepared FS mimicking the process water stream 
from the oil and gas operations [56]. NaCl solution with salinity com
parable to seawater is used as DS. This work highlights the impact of FS, 
DS flowrates, and operating temperature on the OC operation. DS 

flowrate was changed at constant FS flowrate. Moreover, the synergetic 
effect of altering both DS flowrate and temperature is evaluated. The 
performance of HF membrane at various operating conditions is 
analyzed mainly from the obtained trends for the feed recovery rates, DS 
dilution, water flux and reverse solute flux. Lastly, the temperature role 
on altering the intrinsic properties represented by water and salt 
permeability coefficients of used HF membrane is also evaluated. 

2. Materials and methods 

2.1. Materials 

2.1.1. Pilot-scale osmotic concentration plant 
Pilot-scale FO based osmotic concentration system was constructed 

for the purpose of the volume reduction of synthetic oil/gas field pro
duced and process water. The schematic diagram of constructed pilot 
system is shown in Fig. 2 where four tanks with capacity of 5000 L were 
used for storing the feed solution, draw solution, concentrated feed and 
diluted draw solutions. The level of water inside the tanks was 
controlled by installing pressure transmitters (Omega, UK). Two dia
phragm pumps (Model KNF Liquiport, Sterlitech, Switzerland) of vari
able speed were connected to the feed and draw solution tanks for 
supplying the solutions into the membrane and hence producing the 
crossflow velocity. Thereafter, the pumped solutions were filtered in two 
cartridge filters (ATLAS FILTRI, Italy) before entering the membrane to 
prevent the membrane fouling in case of solid traces existence. The main 
objective of the unit is to investigate the performance of hollow fiber 
(HF) FO membrane. Additionally, the plant was ensuring on-line 
monitoring of flow, pressure and temperature with positioned flowme
ters and sensors (Omega, UK). Digital conductivity meters (Model Orion 
VersaStar Pro, by Thermo Fisher Scientific, US) were used to measure 
the salinity of the two inlet streams (FS and DS) and the two outlet 
streams (concentrated FS and diluted DS). The pilot plant encompasses a 
control panel for all wiring and electrical connections. The system 
operates automatically after complete programming work done using 
LabVIEW software (National Instrument, US). The LabVIEW interface 
screen for operating the system allows the surveillance of pressure, 
temperature, flow and conductivity along with controlling the inlet FS 
and DS flowrates. Lastly, the program considers operational safety by 
setting alarms to detect potential hazards such as high pressure in pipes, 
high water level in tanks or any leak. Whenever one of the mentioned 

Fig. 2. Schematic diagram of pilot-scale osmotic concentration plant.  
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parameter deviates from the allowable limit, the pilot-system is auto
matically switched off. 

2.1.2. FO membrane 
The utilized FO membrane is commercial HF FO membrane manu

factured by Toyobo, Japan. The membrane model is HPC3205 and is 
produced from the cellulose triacetate (CTA) to offer an enhanced 
tolerance to chlorine, high efficiency and lower osmotic pressure loss. 
The tremendous number of fibers placed in the pressure vessel increases 
the surface area of the membrane and leads to superior performance. 
The specifications of the membrane are illustrated in Table 2. 

2.1.3. Feed and draw solutions 
The feed and draw solutions were synthetically prepared from 

industrial-grade NaCl salt dissolution in tap water. The NaCl salt is 
received in pellets shape with 20 mm diameter and 10 mm thickness and 
is manufactured by Concord Overseas in India with 99.62% purity. The 
tap water was filtered using triple filtration stages filter with one acti
vated carbon and two polypropylene cartridges of 5 microns size (ATLAS 
FILTRI, Switzerland). The main aim of passing the tap water to the 
activated carbon cartridge is to assure the removal of chlorine, whereas 
the two remaining cartridges remove all traces of suspended solids from 
the tap water. The chlorine in filtered tap water was 0.04 mg.L-1 

measured using the chlorine kit (HACH, US) and maintained to be lower 
than the tolerated level by membrane module. The FS was prepared with 
a salinity of 2000 mg.L-1 to mimic Qatari’s real process water (PW) being 
pretreated with membrane bioreactor (MBR). The DS was prepared by 
dissolving the same industrial-grade NaCl salt in the tap water filtered 
similarly as in feed solution preparation by (ATLAS FILTRI). The DS 
concentration is made of 40000 mg.L-1 salinity to be comparable with 
the Arabian Gulf seawater. The characteristics of FS and DS streams are 
displayed in Table 3. 

2.2. Methods 

The experiments started by exposing the membrane into counter
current and once-through flow of feed and draw solutions. The mem
brane is positioned horizontally with applying the feed solution to the 
shell side outside the hollow fiber and the draw solution to the bore side 
inside the hollow fiber (outside-in configuration) as in Fig. 3. 

Firstly, the impact of changing the FS flowrate and maintaining 
constant DS dilution rate of 75% by manipulation with its flowrate were 
investigated for 4 h of continuous operation at 27 ◦C. The studied FS 

flowrates are 1.00, 1.35, 1.60 and 2.00 L.min-1. Following that, the 
impact of changing DS flowrate at constant FS flowrate of 1.10 L.min-1 

was examined. The chosen DS flowrates were 0.28, 0.35 and 0.45 L.min- 

1 and the process was operated with each flowrate for 2 hours at 27 ◦C. 
Additionally, the impact of DS flowrate and seasonal temperature were 
studied. The same experiment at different DS flowrates conducted dur
ing summer at operation temperature of surrounding laboratory of 27 ◦C 
were repeated during winter with surrounding temperature of 17 ◦C. 
After each experiment, the membrane flushing was done by replacing 
the inlet DS stream to the membrane with inlet FS stream. Therefore, FS 
was fed to both sides of membrane for 30 min until both sides 
approached the same salinity. Above all, the operational stability of the 
OC pilot-plant was assessed based on conducting long-term experiment 
for 48 hours of continuous operation. Based on the mentioned FS 
flowrates, the OC pilot-plant have the potential to run continuously for 1 
day and 17 hours at 2.00 L.min-1, and for 3 days and 11 hours at 1.00 L. 
min-1. 

The impact of mentioned operating conditions was studied on OC 
performance parameters including: feed recovery, DS dilution, water 
flux and reverse solute flux calculated from the following equations. 

FR % =
QFin − QFout

QFin

× 100 (1)  

DS Dilution% =
QDSout − QDSin

QDSout
× 100 (2)  

where FR% is the feed recovery percentage, QFin and QFout are the 
volumetric flowrate of feed water inlet and outlet streams respectively. 
Feed recovery % is the percentage of permeated water in specific time 
with respect to the initial feed water flowrate and represents the feed 
concentration % or the volume reduction %. QDSin and QDSout are the 
flowrates of the inlet and outlet DS streams. Whereas, DS Dilution % is 
the percentage of DS flowrate change per outlet DS stream flowrate 
including permeated water. 

JW, FS =
QFin − QFout

Am
(3)  

Jw, DS =
QDSout − QDSin

Am
(4)  

where JW, FS and Jw, DS are the FS water flux and DS water flux respec
tively (L. m-2.h-1 or LMH). QFin − QFout is the change in inlet and outlet 
feed flowrates, QDSout − QDSin is the change in inlet and outlet DS flow
rates and Am is the membrane area. 

Reverse solute flux (RSF) resulted from the diffusion of DS solutes to 
the feed side is another parameter of concern during HF membrane 
testing. The conductivity of solutions detected from the conductivity 
detectors was transferred into NaCl mass flowrate and overall mass 
balance assisted in the determination of RSF as: 

Js =
(CFSinQFSin − CFSoutQFSout ) × 60

A Mws
(5)  

where Js is RSF (mmol. h-1.m-2), CFSin and CFSout are the inlet and outlet 
feed mass concentrations respectively (mg.L-1), QFSin and QFSout are the 

Table 2 
HF membrane specifications.  

Membrane 

Membrane Type Hollow fiber 
OD of hollow fiber 175 μm 
ID of hollow fiber 85 μm 
Membrane Surface 
Area 

31.5 m2 

Module 
Vessel material polyvinyl chloride (PVC) 
Dimension Φ D, L 103 mm,830 mm 
Φ d, ℓ1 90 mm, 480 mm 

Operating 
Conditions 

Pressure 
Shell side <0.49 MPa, Bore side <
0.2 MPa 

Temperature 5-40 ◦C 
pH 3-8 
Residual Chlorine ≤ 1 mg.L-1  

Table 3 
Feed and draw solutions characteristics.  

Parameter (mg.L-1) Feed Solution Draw Solution 

TDS 2000 40000 
TSS 1.3 15.2 
Inorganic carbon (IC) 18.75 15.4 
Total Organic Carbon (TOC) 0.324 0.705 
pH 7.90 7.74 
Conductivity (mS/cm) 4.0 64.0 
Turbidity 0.148 0.719  
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volumetric flowrates of inlet and outlet feed streams respectively (L.min- 

1), A is the membrane area (m2) and Mws is the solute molecular weight 
(mg. mmol-1). 

Finally, the influence of temperature on the water and salt perme
ability coefficients of FO membrane was investigated. The membrane 
was tested at temperature of 20.00, 24.70 and 29.30 ◦C. The experi
mental protocol followed to determine the value of coefficient A involve 
using deionized water as FS, pressurizing the system to 4.9 bar and 
collecting permeate for 60 seconds. Coefficient A is found according to 
Eq (6): 

A =
weight of permeate (kg)

Membrane Area (m2) x Pressure (bar) x time (hour)
(6) 

The value of coefficient B was calculated from the coefficient A, 
effective osmotic pressure and salt rejection (RNaCl) correlations. 

B = AΔπeff
1 − RNaCl

RNaCl
(7) 

In addition, the salt rejection (RNaCl) was specified by using 500 mg.L- 

1 FS, pressurizing the system to 4.9 bar, collecting permeate and 
measuring conductivity. 

RNaCl =

(

1 −
Conductivity of permeate

Conductivity of feed

)

x100% (8) 

All sets of experiments were duplicated to check how successful the 
system is in giving reproducible data. Therefore, experimental outcomes 
were reproducible with less than 5% error (i.e. difference between the 
duplicated experiments). 

3. Results and discussion 

3.1. Effect of feed and draw solutions flowrates 

The impact of simultaneous increase of FS and DS flowrate passing 
through the HF membrane on the performance of OC pilot plant was 
evaluated at 27 ◦C. As the aim of the all four conducted experiments at 
different FS flowrates is maintaining no more than 75% DS dilution, the 
dilution rate was controlled by DS flowrate alteration at each experi
ment as shown in Table 4. 

It is evident that increasing the FS flowrate requires higher DS 
flowrate to maintain the 75% dilution. When the initial FS flowrate 
(1.00 L.min-1) was doubled to 2.00 L.min-1, the DS flowrate was elevated 
by 21% from 0.33 to 0.40 L.min-1. Besides, adjusting 35% and 60% 
higher FS flowrate of 1.35 and 1.60 L.min-1 compared to 1.00 L.min-1 

was compensated by 6% and 12% increase in DS flowrate respectively. 
Above all, the FS flowrate increase was much higher than the corre
sponding increase in DS flowrate for preserving the same dilution rate. 

3.1.1. Feed recovery % (feed volume reduction %) 
The achieved feed recovery at each studied FS and DS volumetric 

flowrates during the entire 4 hours of experimental time is demonstrated 
in Fig. 4. The figure illustrates the inverse relationship between flow
rates and feed recovery %, where adjusting higher flowrates lowers the 
rate of feed recovery. This relation can be inferred from the equation 
(Eq. (1)) used to determine the feed recovery. 

Fig. 4 shows that maximum feed recovery of 90% was achieved at the 
lowest studied FS and DS flowrate of 1.00 L.min-1 (LPM) and 0.33 L.min- 

1 respectively. Increasing both flowrates to 1.35 and 0.35 L.min-1 for FS 
and DS respectively descended the feed recovery to 75%. Feed recovery 
% was reduced by 9.3% reaching 68% as a result of FS and DS flowrates 
elevation to 1.60 and 0.37 L.min-1 respectively. At the highest tested FS 
and DS flowrates (2 and 0.40 LPM), the feed recovery was further 
reduced to 60%. The low feed recovery was a consequence of the feed 
flowrate being higher than the permeate flow rate (QFin − QFout ). The same 
finding of the FS flowrate effect on the recovery rate was reported in a 
previous research study using spiral wound FO membrane [46]. 

3.1.2. Water flux 
The impact of changing FS and DS flowrates on the membrane water 

flux (Jw) was studied at 27 ◦C during four hours of continuous operation. 
Fig. 5 (a) clearly illustrates that stable water flux profiles at each tested 
flowrates during the entire operation time of the pilot-scale system. The 
stable water flux profiles indicate that DS concentration was not 
diminished and driving force was maintained throughout the entire 
operation time. However, the observed flux decline in the first few mi
nutes is attributed to the instability of water flow across both sides of 
membrane when FS and DS were adjusted. 

Fig. 5 (b) demonstrates the average water flux obtained at studied 
flowrates when experiments were conducted in duplicate along with 
interpreting the increasing trend with the increase in both FS and DS 
flowrates. It was found that the flux increased from 1.70 LMH at FS and 
DS flowrates of 1.00 and 0.33 L.min-1 to 2.20 LMH at FS and DS flow
rates of 2.00 and 0.40 L.min-1. This 29.40% flux enhancement was 
resulted from 100.00% and 21.21% elevation in volumetric flowrate of 
FS and DS respectively. This indicates that higher volumetric flowrates 
are advantageous in terms of increasing the water permeation across 
membrane surface; however, they lower the rate of feed recovery. The 
29.40% flux increase from 1.70 to 2.20 LMH was accompanied with 
33.33% decline in feed recovery rate from 90.00% to 60.00% as pre
sented in Fig. 4. The obtained flux trend was similar to the trend 
confirmed in the research of Hawari et al. [45], where the effect of 
changing both FS and DS flowrates was studied and high water flux of 
flat sheet thin film composite (TFC) FO membrane was produced at 
increased volumetric flowrates. 

The experimental results have confirmed the direct proportion of 
flux with the flowrates in which increasing the flowrates yields higher 
flux. On the other hand, the low flux at reduced FS and DS flowrates 

Fig. 3. Outside-in configuration for HF membrane module.  

Table 4 
Required DS flowrate for maintaining 75% DS dilution at each specified 
FS flowrate.  

FS Flowrate (L. min-1) DS Flowrate (L. min-1) 

1.00 0.33 
1.35 0.35 
1.60 0.37 
2.00 0.40  
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Fig. 4. Effect of increasing FS and DS flowrates on feed recovery percentage at 27 ◦C.  

Fig. 5. Effect of changing FS and DS flowrates on the water flux at 27 ◦C.  

Fig. 6. Effect of changing FS and DS flowrates on the reverse solute flux at 27 ◦C.  
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during HF membrane testing was attributed to the concentration po
larization (CP) phenomenon. The high flowrates of FS and DS were 
capable to increase the module turbulence and minimize the effect of CP 
[50]. For instance, the high water flux obtained was a results of solute 
accumulation impediment after subjecting the membrane to high FS and 
DS flowrates [57]. The advantageous role of the high flowrate on both 
sides of the membrane on enhancing the mass transfer coefficient and 
increasing the flux was reported and demonstrated by many studies [36, 
48,58]. 

3.1.3. Reverse solute flux 
The impact of pilot-scale osmotic concentration unit operation for 

different feed and draw solutions flowrate on the reverse solute flux 
(RSF, (Js)) was also studied during HF membrane module testing at 27 
◦C during four hours of continuous operation. Actually, the RSF is an 
indication for salts- NaCl in this case- which flow in reverse from DS to 
FS and oppose the conventional water flow direction. Higher RSF is not 
desirable as it reduces the DS concentration, hence accelerates the 
decline of osmotic driving force and water flux [59]. Aside from the 
reduced driving force, high RSF rates elevates the periodical needs for 
replenishing the DS and recovering its high osmotic pressure [60]. 

Fig. 6 demonstrates that low volumetric flowrates of FS and DS allow 
less amount of solutes to be transferred from DS to FS side from the 
shown RSF values. The minimum reverse diffusion of solutes was 39.00 
mmol.h-1.m-2 at lowest FS and DS tested flowrates and at 27 ◦C. How
ever, the operation at the highest studied flowrates of FS and DS was 
characterized by maximum reverse diffusion rate of DS solutes into the 
feed water. The maximum RSF for HF module at 27 ◦C was estimated by 
47.40 mmol.h-1.m-2 that is equivalent to 2770 mg.h-1.m-2 of NaCl 
available in DS reversing their diffusion into FS. This indicates that the 
DS flow at high rate induced the solutes to diffuse through membrane 
into the feed. The operation at highest flowrates produces 21.54% 
higher RSF than the produced at lowest flowrates. Therefore, adjusting 
low flowrates of FS and DS is preferable to minimize the RSF phenom
enon across the HF membrane. 

It is obvious from the demonstrated trends that water flux and RSF 
are directly proportional to each other. It was found that RSF was high at 
higher adjusted flowrates described by elevated average water flux 
rather than at lower flowrates. The relationship of water flux and RSF 
was demonstrated in the research of Heo et al. [61] who studied the RSF 
trend with water flux for several DS of different concentrations and re
ported the linear increase in RSF with the water flux increase. 

3.2. Effect of DS flowrate at constant feed flowrate 

3.2.1. Feed recovery (feed volume reduction) and DS dilution rate 
For the adjusted DS flowrates at each performed experiments, the 

feed recovery rate along with the DS dilution degree were approximated 
as in Fig. 7. The trends presented are based on average values taken for 
the entire duration of each experiment. It is evident that elevated DS 
flowrate has an advantageous influence on increasing the feed recovery 
rate. Higher DS flowrate enables drawing higher amount of feed water. 
This suggests that small positive hydraulic pressure could be evolved in 
the direction of DS rendering higher permeation rate [50]. The experi
mental results indicate that an overall increasing of DS flowrate by 
60.71% contribute to 62.50% increase in feed recovery rate. When FS 
and DS flowrates were adjusted to 1.10 and 0.28 L.min-1 respectively, 
the osmotic concentration process successfully recovered around 
56.00% of feed water. An additional of 50.89% increase in the recovery 
rate was distinguished when DS flowrate was turned higher into 0.35 L. 
min-1 at the same FS flowrate, rising the recovery rate of feed to around 
84.50%. Further increasing the DS flowrate to 0.45 L.min-1, the recovery 
rate was high reaching around 91.00%. 

In addition to the positive relationship demonstrated between the 
feed recovery and the DS flowrate, Fig. 7 shows the effect of changing DS 
flowrate on its dilution rate. Throughout all the conducted experiments, 
the dilution rate of the DS found from Eq. (2) slightly decreased by 
7.74% where DS flowrate increase was around 60.71%. Adjusting the FS 
and DS flowrates to 1.10 and 0.28 L.min-1 respectively resulted in 
diluting the inlet DS stream to have 27.00% of initial salinity (40000 mg. 
L-1). Increasing the DS flowrate to 0.35 L.min-1 decreased the dilution 
where the outlet diluted DS has salinity around 29.50% of initial DS 
salinity. At the highest studied DS flowrate (0.45 L.min-1), the DS dilu
tion rate was the lowest where the diluted DS is with 32.65% of initial 
DS salinity. The slight changes in DS dilution rates and diluted DS 
salinity resulted at the studied DS flowrates were in the range of the 
experimental error and were not caused certainly by the DS flowrate. 

3.2.2. Water flux 
The profiles of water flux with time are shown in Fig. 8 (a) for the 

three experiments where the influence of DS flowrate used to draw feed 
water on the permeate water productivity can be observed. The higher 
the DS flowrate, the higher the permeation rate throughout the entire 
duration of the experiment. This was inferred by the observed remark
able increase in the water flux when DS flowrate was increased by 
60.71% from 0.28 to 0.45 L.min-1. Moreover, the trends illustrate the 

Fig. 7. Effect of increasing DS flowrate on feed recovery and DS dilution rates at 27 ◦C.  
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stable operation of the experiments at the obtained flux during the 2.00 
hours. A negligible flux decline was experienced showing insignificant 
reduction in the osmotic gradient. 

The average flux obtained at DS and FS flowrate of 0.28, 1.10 L.min-1 

respectively is 1.48 LMH and increased by 22.97% to 1.82 LMH when 
the DS flowrate was increased by 25.00% to 0.35 L.min-1 at the same FS 
flowrate as illustrated in Fig. 8 (b). Particular increase in the DS flowrate 
to 0.45 L.min-1 resulted in raising the average flux to 1.95 LMH. 
Therefore, the results show an approximate flux enhancement of 31.76% 
from 1.48 to 1.95 LMH when DS flowrate was increased by 60.71% from 
0.28 to 0.45 L.min-1. 

The increase in the flux is a result to the high permeation rate 
induced by the high DS flowrate. This suggests that high DS flowrate 
generates high cross flow velocity shear force which minimizes the cake 
enhanced concentration polarization (CECP) and dilution effect [36,46]. 
Therefore, the flux increases due to the increased driving force after 
replenishing the concentration of diluted DS at the membrane surface 
and this findings are in good agreement with the research of Hawari 
et al. who studied effect of high DS flowrate on water flux [45]. 

3.2.3. Reverse solute flux 
In a similar behavior to the possessed by the water flux, reverse so

lute diffusion to feed side increases at higher DS flowrates as indicated 
by the solute flux Fig. 8 (b). Changing the DS flowrate from 0.28 to 0.45 
prompted high occurrence of reverse solutes diffusion that was 
increased from 13.13 to 24.80 mmol.h-1. m-2. For a 25% increase in DS 
flowrate from 0.28 to 0.35 L.min-1, the RSF increased by 35.11% from 

13.13 to 17.74 mmol.h-1. m-2. The maximum reverse diffusion of solutes 
was determined at 0.45 L.min-1 for DS with flux reaching 24.80 mmol.h- 

1. m2. The determined RSF trend confirms the direct relationship with 
water flux as explained earlier in section 3.1.3. 

3.3. Effect of draw solution flowrate and operating temperature 

3.3.1. Feed recovery (feed volume reduction) and DS dilution rate 
Fig. 9 shows the effect of both temperature and DS flowrate change 

on the amount of feed recovered along with the attained DS dilution rate 
affecting the outlet diluted DS salinity. It is obvious that DS dilution 
increases at higher temperature which is reflected into lower diluted DS 
salinity percentage of the initial. Besides, the feed recovery increases 
with changing both the DS flowrate and the solutions temperature. 

For 58.8% and 60.71% increase in the temperature and DS flowrate 
respectively, the overall achieved feed recovery enhancement is esti
mated by 84.81%. At the lowest DS flowrate of 0.28 L.min-1 and tem
perature of 17 ◦C around 49.24% of feed water inlet stream was 
recovered compared to 91.00% of inlet feed water recovered at the 
highest DS flowrate of 0.45 L.min-1 and temperature of 27 ◦C. Around 
49.24% of feed was recovered at the initial DS flowrate of 0.28 L.min-1, 
then 66.36% of feed water was recovered when DS flowrate was 
increased by 25% at the temperature of 17 ◦C. Following that, feed water 
recovery was increased by 6.29% where 70.54% of feed water inlet 
stream was reclaimed at the same temperature. On the other hand, the 
acquired rates of feed recovery at 27 ◦C were 56.00%, 84.50% and 
91.00% for DS flowrate of 0.28, 0.35 and 0.45 L.min-1 respectively being 

Fig. 8. Effect of increasing DS flowrate on the water flux and reverse solute flux at 27 ◦C.  
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higher at each tested flowrate. This indicates that the elevated feed re
covery at the higher temperature is a result to the high amount of water 
permeated through the membrane. It is reported that increased tem
perature of the solutions works to alter their thermodynamic properties 
represented by osmotic pressure, diffusivity and viscosity [62,63]. 
Therefore, the high water permeation is thought to be a response to the 
decreased FS and DS solutions’ viscosity that allows more diffusivity of 
water molecules through active and support layers of membrane thereby 
increases the mass transfer. 

Consequently, the high water permeation from FS to DS at high 
temperature will assure increased dilution rate from the initial con
centration of the DS. However, raising the temperature and DS flowrate 
by the same above-mentioned percentages had slight impact on 
enhancing the DS dilution compared to feed recovery. At DS flowrate of 
0.28 L.min-1, the diluted DS had 6.90% lower salinity when temperature 
increased from 17 to 27 ◦C, which confirms obtaining higher DS dilution 
rate at higher temperature. Additionally, the obtained results show that 
diluted DS salinity is lowered slightly from 30.50% to 29.50% and from 
33% to 32.65% at DS flowrates of 0.35 and 0.45 L.min-1 respectively 
when the temperature is increased from 17 ◦C and 27 ◦C. It is also worth 
mentioning that the slight changes in DS dilution rates resulted at the 
studied DS flowrates were in the range of the experimental error and 

were not caused certainly by the DS flowrate. 

3.3.2. Water flux 
Fig. 10 demonstrates that adjusting high DS flowrate has an impact 

on increasing the amount of water permeates across the membrane area 
(LMH) at both temperatures. However, proceeding with the experiments 
during a warmer weather where the laboratory temperature was high 
supports in obtaining high flux values. The average flux of 0.91 LMH 
resulted from DS flowrate of 0.28 L.min-1 at temperature of 17 ◦C is 
increased by 62.64% when temperature raised by 10 ◦C. Besides, 25% 
increase in DS flowrate to 0.35 L.min-1 produced around 22.97% higher 
water flux estimated by 1.82 LMH at 27 ◦C rather than the 1.48 LMH 
generated at 17 ◦C. The high temperature helped in improving the flux 
by 20.37% from 1.62 to 1.95 LMH at the highest tested DS flowrate of 
0.45 L.min-1. 

At the temperature of 17 ◦C, the flux increased by 78.00% when DS 
increased by 60.71% from 0.28 to 0.45 L.min-1. The influence of 
increasing both the DS flowrate from 0.28 to 0.45 L.min-1 and the 
temperature from 17 to 27 ◦C is determined by achieving 114.29% 
enhancement in the overall water flux. The useful role of increasing 
these two parameters simultaneously on improving the water flux was 
also confirmed previously [45]. Hawari et al. [45] elucidated around 

Fig. 9. Comparison between feed recovery and DS dilution rates obtained at different DS flowrates and operation temperatures.  

Fig. 10. Comparison between water flux obtained at different DS flowrates and operation temperatures.  
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93.30% flux improvement when DS flowrate is increased from 1.20 to 
3.20 L.min-1 with temperature rise by 30% from 20 to 26 ◦C. 

The acquired results indicated the favorable role of the high tem
perature in producing higher water flux values. The attained trends of 
flux at a higher temperature was confirmed by previous research studies 
on the FO process which investigated the temperature influence on the 
water and solute fluxes [47,57,64–68]. The high temperature of the 
surrounding leads to increase the temperature of the FS and DS inlet 
streams to the FO membrane modules. For instance, the direct impact of 
the temperature change on the osmotic pressure is presented by Van’t 
Hoff’s equation, in which any increase in temperature leads to higher 
osmotic pressure. Subsequently, the flux could be improved due to the 
enhanced osmotic pressure of solutions and driving force across the 
membrane. Furthermore, McCutcheon and Elimelech [69] designated 
the improved flux at high temperatures to the greatly reduced concen
tration polarization from the high diffusivity of the NaCl solutes. Higher 
diffusion coefficients of NaCl solutes in FS and DS reduces the impact of 
external concentration polarization (ECP) and lessens the solute re
sistivity in the porous layer of the membrane leading to reduced internal 
concentration polarization (ICP). 

3.3.3. Reverse solute flux 
The reverse solute flux is known to have linear relation with the 

water flux as described earlier, thus the improved water flux at higher 
temperature is accompanied with increased RSF at the same high tem
perature. The impact of DS flowrate on the RSF was compared for the 
two temperatures of 17 and 27 ◦C in Fig. 11. The figure illustrates the 
higher reverse solute flux obtained for each DS flowrate at the higher 
temperature. To further explain the increasing trend of RSF with respect 
to temperature, the ICP is reduced at high temperature due to the less 
resistivity of NaCl solutes which boosted the back diffusivity of solutes to 
the feed side [61]. 

The comparison of the two RSF values obtained at each DS flowrate 
with respect to temperature yields 40.13%, 35.52% and 23.81% higher 
RSF for DS flowrate of 0.28, 0.35 and 0.45 L.min-1 respectively at tem
perature of 27 ◦C. The obtained results indicate a decreasing trend for 
the flux enhancement at T = 27 ◦C with the increase in DS flowrate. 

3.4. Evaluation of OC performance under tested operating conditions 

The impact of changing FS and DS flowrates, DS flowrate at constant 
FS flowrate and temperature were all investigated on the OC perfor
mance. In the first set of studied operating conditions (section 3.1), the 
results indicated that achieving the highest water flux (2.20 LMH) and 
RSF (47.20 mmol.h-1. m-2) is accompanied with the minimum feed water 
recovery rate of 60% at the highest tested flowrates (FS = 2.00 L.min-1 

and DS = 0.40 L.min-1). In contrast, it was evident that OC operation at 
the lowest FS and DS flowrates of 1.00 and 0.33 L.min-1 respectively 
showed the system’s capability to recover maximum of 90% while the 
water flux (1.70 LMH) and RSF (39 mmol.h-1. m-2) were at their mini
mum values compared to the values at the other tested FS and DS 
flowrates. Despite the fact that the operation for obtaining high feed 
recovery % while ensuring sufficiently high water flux is preferable as 
explained earlier, the performed experiments displayed that the opera
tion at the highest flowrates could lead to increased stress on the 
membrane fibers and the lowest flowrates could enhance the concen
tration polarization translated into aggravated fouling [15,50]. There
fore, the operation at intermediate FS and DS flowrates of 1.35 and 0.35 
L.min-1 respectively can be described by being optimum since the ach
ieved feed recovery % (75%) and water flux (1.90 LMH) are reasonably 
high enough with lower membrane exposure risk to fouling or feed 
concentration stress. 

For the second set of investigated operating conditions (section 3.2) 
and for the same mentioned reasons, the operation of OC pilot plant at 
DS flowrate of 0.35 L.min-1 can be depicted by being optimum. The 
operation at the moderate DS flowrate (0.35 L.min-1) from the studied 
range (0.28-0.45 L.min-1) succeeded in attaining reasonable feed re
covery of 84.5% at an average water flux of 1.82 LMH compared to 
recovering 91% along with achieving water flux of 1.95 LMH at the 
highest tested DS flowrate of 0.45 L.min-1 which elevates the stress 
exerted on the membrane. Lastly, it is worth mentioning that the per
formance of OC process at this moderate DS flowrate of 0.35 L.min-1 was 
preferred when operated at higher temperature of 27 ◦C as discussed in 
section 3.3. 

3.5. Evaluation of OC performance for long-term operation 

The operational stability of the constructed OC pilot plant was 
evaluated through long-term experiment for 48 hours of continuous 
operation. The experiment was conducted at the optimum conditions 
mentioned earlier in section 3.4 which are the intermediate flowrates of 
1.35 and 0.35 L.min-1 for FS and DS respectively at temperature of 23 ◦C. 

The performance of the OC process during the prolonged operation 
was assessed based on the obtained water flux trend shown in Fig. 12. 
The nearly stable water flux indicates a successful operation of the OC 
pilot-plant for the 48 hours. The initial achieved water flux was around 
1.80 LMH and slightly decreased to 1.61 LMH at the end of the operation 
which can be attributed to the diminished driving force. It is evident that 
the obtained flux in this case (1.66 LMH) is lower than the obtained 
water flux of 1.90 LMH in section 3.1.2. The lower water flux is due to 
the solutions’ higher viscosity and lower diffusivity at lower operation 
temperature (23 ◦C cf. 27 ◦C) as discussed earlier. 

Fig. 11. Comparison between reverse solute flux obtained at different DS flowrates and operation temperatures.  
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3.6. Effect of changing temperature on membrane permeability 
coefficients 

The water and salt permeability coefficients (A and B) were deter
mined according to the FO membrane testing protocol explained earlier. 
The transport parameters of FO membrane (A and B) are considered 
intrinsic properties since they are independent on the change in some of 
the operational conditions including flowrates and concentration of DS 
[67]. In addition, the permeability experiments were performed at 
different operation temperatures approximated by (20, 24, and 30 ◦C) to 
disclose the temperature effect on the permeability evolution. In Fig. 13 
the obtained water and salt permeability coefficients (A and B) values 
are presented for HF membrane. The depicted results demonstrate the 
high temperature effect on increasing both permeability coefficients. 
The temeprature effect on the intrinsic properties of several tested FO 
membranes represented by A and B values also proved the higher 
permeability coefficients at higher temepratures [63,67,68]. The higher 
permeability reffered to higher A and B values at elevated temperature is 
attributed to the enhanced solutions diffusivity and decreased viscosity. 
Thus, allowing the water and salt to transport through the memrbane’s 
active layer at a higher rate [63]. 

When temperature is increased by around 46.50% from 20.00 to 
29.30 ◦C the A increased by 30.50% from 0.19 to 0.27 LMH.bar-1. The 
water permeability coefficient A for the HF membrane relation with 
temperature fitted a linear model where the coefficient of determination 
is 0.9994. 

A = 0.0065 T + 0.0666 (9) 

The salt permeability coefficient B for the HF membrane experienced 
slight change with the temperature increase. For instance, the 46.50% 
temperature elevation had rasied the B by 16.67% and had 13.93% 
lower impact on B compared to A. Higher coefficient B value indicates 
the membrane is capable to achieve high salt rejection rates. The 
attained B values are 0.049, 0.053 and 0.058 LMH at temperature of 
20.00, 24.70 and 29.30 ◦C respectively. 

B = 0.0009 T + 0.0318 (10)  

4. Conclusions 

The OC process performance of HF membrane was demonstrated at 
pilot scale for volume reduction of wastewater. Synthetically prepared 
solutions mimicking process water from Qatari’s gas fields’ facilities and 
seawater were used as feed and draw solutions. The impact of changing 
operating conditions such as feed, draw solutions flowrates and tem
perature on the performance of the OC pilot-unit was evaluated using HF 
membrane. Besides, the OC pilot-plant performance on the long-term 
was assessed through 48 hours of continuous operation. The obtained 
results showed maximum of 90% feed recovery at the lowest tested FS 
flowrate of 1.00 L.min-1 and DS flowrate of 0.33 L.min-1. Operating the 
pilot unit at higher FS and DS flowrates resulted in lower feed recovery 
rates. However, the elevated FS and DS flowrates have boosted the water 

Fig. 12. Water flux trend with time for evaluating the long-term performance of OC pilot-plant.  

Fig. 13. Effect of increasing temperature on HF membrane permeability coefficients.  
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flux where maximum flux of 2.20 LMH was attained which is mainly 
attributed to reduced effect of concentration polarization at higher 
flowrates. On the other hand, the reverse solute flux increased at higher 
flowrates due to the enhanced diffusivity of solutes. The operation at 
intermediate FS and DS flowrates of 1.35 and 0.35 L.min-1 respectively 
can be described by being optimum since reasonably good feed recovery 
of 75% and water flux of 1.90 LMH were achieved at lower membrane 
exposure risk to fouling or feed concentration stress. Therefore, the long- 
term experiment for OC performance evaluation was conducted at these 
optimum flowrates. Results have indicated successful operation with 
minimal performance decline at an average water flux of 1.66 LMH. 
Additionally, it was proved that higher DS flowrate at constant feed 
flowrate increases the water permeation, the maximum water flux 
values of 1.95 LMH at DS and FS flowrate of 0.45 and 1.10 L.min-1 were 
obtained at 27 ◦C. At the highest tested DS flowrate (0.45 L.min-1), the 
pilot unit was able to recover up to 91 % of feed water. Moreover, the 
acquired trends have indicated the desirable role of high temperature in 
improving the feed recovery and water flux as a result of the reduced 
viscosity and enhanced diffusivity of water; however, it has adverse role 
in increasing the RSF. At the highest tested DS flowrate (0.45 L.min-1), 
the water flux was increased from 1.62 LMH (T = 17 ◦C) to 1.95 LMH (T 
= 27 ◦C) and the higher temperature empowered the process to recover 
around 91% of feed water rather than 70.54% recovery rate achieved at 
lower temperature. Unfortunately, the lowered resistivity of solutes at 
the higher temperature (T = 27 ◦C) boosted the back diffusivity of NaCl 
solutes to FS side by 23.80%. For this set of experiments, the operation at 
the moderate DS flowrate (0.35 L.min-1) can be depicted by being op
timum along with succeeding in attaining reasonable feed recovery of 
84.5% at an average water flux of 1.82 LMH. Lastly, permeability co
efficients of HF membrane were improved at higher temperature, 
maximum reached water and salt permeability coefficients were 0.256 
LMH and 0.0581 LMH/bar respectively at 30 ◦C. 
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