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Jung Eun Kim, Sherub Phuntsho, Fezeh Lotfi, Ho Kyong Shon*
School of Civil and Environmental Engineering, University of Technology, Sydney (UTS), Post Box

129, Broadway, NSW 2007, Australia. *Email: Hokyong.Shon-1@uts.edu.au

Abstract

Two spiral wound forward osmosis (SWFO) membrane modules with different spacer design (CS;
corrugated spacer and MS; medium spacer) were investigated for the fertilizer drawn forward osmosis
desalination of brackish groundwater (BGW) at a pilot-scale level. This study mainly focused on
examining the influence of various operating conditions such as feed flow rate, total dissolved solids
(TDS) concentration of the BGW feed, and draw solution (DS) concentrations using ammonium
sulphate ((NH,).SO,4, SOA) on the performance of two membrane modules. The feed flow rate played
a positive role in the average water flux of the pilot-scale FO membrane module due to enhanced
mass transfer coefficient across the membrane surface. Feed TDS and DS concentrations also played a
significant role in both FO membrane modules because they are directly related to the osmotic driving
force and membrane fouling tendency. CS module performed slightly better than MS module during
all experiments due to probably enhanced mass transfer and lower fouling propensity associated with
the corrugated spacer. Besides, CS spacer provides larger channel space that can accommodate larger
volume of DS and hence could maintain higher DS concentration. However, the extent of dilution for

the CS module is slightly lower.
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Forward osmosis (FO) has recently attracted widespread interest because the driving force in
FO process is provided by the concentration gradient between the concentrated draw solution (DS)
and the feed water. Thus, the energy consumption in FO is comparatively lower than current pressure-
driven membrane processes such as reverse osmosis (RO). The potential application of FO process
has been investigated for many different industries such as wastewater treatment, seawater
desalination and food industries [1]. However, FO process is largely influenced by the concentration
polarization (CP) effects, reverse salt flux (RSF), and properties of both FO membrane and draw
solution (DS) [2].

Although a variety of FO membrane studies have been conducted at a bench-scale level using
a flat sheet FO membrane [3-5], research using larger-scale spiral wound membrane module is still
limited [6]. It must be acknowledged that the results from the lab-scale experimental studies are not
adequate to identify the some of the specific FO performances in terms of the recovery of feed and
flux behaviour [7]. Recently, the performance of a spiral wound 4040 FO membrane module (i.e. 4
inch for the diameter and 40 inch for the length) was studied for the first time and identified under
different operating conditions [7]. The FO membrane module used in this previous study was a
standard element, which had a medium spacer made of diamond-type polypropylene spacer. From this
experimental approach for analysing the structure features of a spiral wound FO module, the
relationships between the water flux and operating conditions were initially identified and optimized.

Spiral wound module (SWM) has been used in many areas such as desalination and waste
water treatment because of its high membrane area to volume ratio and a good balance between
operation, fouling control, and permeate rate [8]. The performance of a SWM is influenced by many
factors such as the number of leaves, feed and permeate channel heights, mass transfer, and raw feed
water conditions [8, 9]. SWM contains a flow channel for the feed surrounded by membrane sheets
with active membrane layers facing flow path. It is normal for the membrane sheets to have barrier
layers contacting each other and separated by a spacer as a turbulence promoter in the feed flow
channel [10].

In addition, DS properties play a crucial role in the performance of FO process because the
net osmotic driving force is generated by the concentration difference between the feed and draw
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solutions. Therefore, the selection of DS will be guided by many factors such as osmotic pressure,
water solubility, and molecular weight [11]. Many different draw solutions have been applied for the
FO process depending on applications, including inorganic and organic-based DS, magnetic
nanoparticles, and concentration RO brine [11]. Among these draw solutes, inorganic-based fertilizers
have been introduced and selected as a DS for the FO process in order to produce irrigation water
using saline water as feed solution. This concept of fertilizer drawn FO (FDFO) desalination process
was introduced and examined in our previous studies [12-15]. The rationale behind this concept is that
the diluted fertilizer DS after FO desalination can be directly applied to the plants as it is an essential
component of the plant growth. This avoids the need for the separation of draw solutes and the
desalted water after the FO process, which is one of the challenges when FO is applied for the
desalination to produce potable water [12].

In this work, we investigated the comparative performances of the two SW FO membrane
modules at a pilot-scale level for the desalination of brackish groundwater (BGW) using a fertilizer as
DS. Two modules were made up of different spacers and spacer thickness and their performances
were comparatively investigated in terms of water flux under different operating conditions that
included feed flow rate, total dissolved solids or TDS of the BGW, and DS concentration. This work
aims to establish the ability to produce water flux under different conditions, thus providing a basis

for further long-term test operation of the modules.

2. Experimental methods
2.1.1 8040 spiral wound FO membrane module

A schematic diagram of SWM is shown in Figure 1. Each FO membrane sheet is separated by
the feed flow spacer and membrane sheets with the spacers in between are glued together. The
permeate flux extracted from feed water dilutes the DS and is collected inside the central tube. Two
different 8040 SW FO modules were employed (Hydration Technology Innovations, Albany, OR),
and the number 8040 indicates the diameter of 8 inch and the length of 40 inch. Both SW FO
membrane modules were made up of cellulose tri acetate (CTA) FO membranes. As shown in Table 1,
8040 FO CS module (referred to as CS module) has a corrugated spacer made up of 2.5 mm

3
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polystyrene chevron and the effective membrane area of 9 m? with 6 membrane leaves. 8040 FO MS
module (referred to as MS module) has a medium spacer made of 1.14 mm diamond type
polypropylene screen and the effective membrane area of 11.2 m? with 7 membrane leaves. For both
FO membrane modules, the pressure drop correlation was provided by FO membrane module
manufacturer (HTI). The active layer of the membrane is against the feed solution (FS) and the
porous support layer of the membrane faces the DS. Each SW FO module was loaded inside a

polyvinyl chloride vessel (PVC).

=
o i
/ Glue line (centre and edges)
W
oo © Spacer for draw flow in the envelop
Spacer for feed flow

Figure 1. An illustration of spiral wound FO membrane module.



1
2

10

11

12

13

14

15

16

17

18

19

Table 1. Specifications of 8040 spiral wound FO membrane module (Hydration Technology
Innovations, Albany, OR).

SW FO module Useableaggmbrane Membrane leaves Spacer

2.5 mm - Corrugated spacer
(Polystyrene chevron flow path)

8040 FO CS module 9.0 m? 6

1.14 mm - Medium spacer
(Diamond type polypropylene)
0

8040 FO MS module 11.2 m? 7

2.1.2 Feed and draw solutions

For initial baseline test of both FO modules, tap water pre-treated by microfiltration (MF)
used as feed water and 5% sodium chloride (NaCl) used as DS to compare the water flux provided by
membrane manufacturer. The pre-treated tap water was used for preparing all the feed and draw
solutions. The initial volume of feed water and DS was 200 L and 100 L, respectively.

FS for all experiments were prepared by dissolving unprocessed salt produced from the
evaporation of BGW in the Murray-Darling Basin (MDB) in the pre-treated tap water. Three different
TDS concentrations of feed water were prepared: 5 g/L, 10 g¢/L, and 35 g/L (BGW5, BGW10, and
BGWa35, respectively). The composition of the unprocessed salt used in this study is shown in Table 2
and it was analysed using inductively coupled plasma mass spectrometry (ICP-MS PerkinElmer
ELAN DRC-e). In addition, ammonium sulphate ((NH,),SO, or SOA) of 0.6, 0.8, and 1.0 M was used
as the DS for this study because of relatively higher water flux and lower RSF among all selected
fertilizers in our previous studies [12, 15]. The osmotic pressure of both feed and draw solutions (in

Table 3) was calculated using OLI Stream Analyser 3.2 (OLI System Inc., Morris Plains, NJ, US).
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Table 2. Compositions of salt produced from the evaporation pond in the Murray-Darling Basin
(MDB).

Compounds Concentration
Bicarbonate Alkalinity (Soluble) (mg/kg) 100

(as HCO3)

Arsenic (mg/kg) <1

Lead (mg/kg) <1
Manganese (mg/kg) 11

Zinc (mg/kg) 1

Iron (%) <0.01
Aluminium (%) <0.01
Boron (mg/kg) <1
Calcium (mg/kg) 2,249
Magnesium (mg/kg) 789
Potassium (mg/kg) 27
Sodium (mg/kg) 352,866
Sulfur (mg/kg) 1,860
Phosphorus (mg/kg) 1

Total Dissolved Solids (mg/kg) 357,904
Osmotic pressure (bar, at 25 °C) 281.86

Table 3. FS and DS used in the pilot-scale FDFO process operation. Osmotic pressures of both
solutions were determined by OLI Stream Analyser 3.2 (OLI Systems Inc., Morris Plains, NJ, US).

Feed solution Concentration Total dissolved solids Osmotic pressure
(/L) (TDS, ppm) 7 (atm)
Brackish groundwater (BGW)
BGWS5 5g/L 3,950 3.11
BGW10 10 g/L 7,290 5.74
BGW35 35¢g/L 22,800 17.92
Draw solution MW Concentration Osmotic pressure
(M) 7 (atm)
NaCl 58.5 0.85 M 95.01
(NH,4),SO,4 or SOA 132.1 0.6 M 28.12
0.8 M 37.11
1.0M 46.14

2.1.3 Pilot-scale fertilizer drawn FO membrane module set-up

A schematic diagram of the pilot-scale FDFO system for BGW desalination is illustrated in
Figure 2. Firstly, microfiltration (MF) is used as a pre-treatment process to remove the particulate
compounds in raw feed water that could affect the FO membrane performance. For FDFO operation,
the BGW feed comes in contact one side of the membrane (active layer) and the concentrated DS on
the other side of the membrane (support layer). The FDFO process was operated in the batch mode in

which both the DS and FS after passing through the FO modules are recycled back to their respective
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tanks. Therefore, the concentration of DS decreased, while the TDS of the feed increased with time.
FO membrane module has two different types of ports: two side ports and two end ports. The side
ports refer to the usual high-pressure side of the elements and thus the feed water was pumped
through these ports. The end ports refer to the unpressurized side of the element and the DS is fed
from these ports. The feed flow rate varied from 50 LPM to 100 LPM (litre per minute), while draw
flow rate was maintained at 0.5 LPM during the whole experiments. Physical cleaning of the pilot-
scale FDFO system was conducted using the pre-treated tap water for at least 3 hr. After each
cleaning, baseline flux was determined using pre-treated tap water as FS and 5% NacCl as DS.

According to the concept of FDFO desalination process [12], the diluted fertilizer DS is
directly applied for irrigation because it contains fertilizer nutrients essential for the plants.
Nevertheless, it has been observed that the nutrient concentration of the diluted DS is higher than the
required concentration and this concentration depends on the feed TDS. Therefore, as mentioned
earlier, this pilot-scale system is composed of NF as a post-treatment process to reduce the final
fertilizer nutrient concentration for direct fertigation of crops (as shown in Figure 2). NE 4040-90
spiral wound module (Woongjin Chemical Co., Ltd., Korea) was employed as a post-treatment. This
study, however, focused only on the evaluation of the performances of the two SW FO modules and
the NF process, which was already reported in our earlier study [16].

The volumetric water flux was determined by measuring the change in mass of the DS tank
during the operation. The change of mass of the DS tank was automatically recorded by connecting to
a data-logging computer. The water flux of both FO modules was calculated by [17]:

Change in permeate weight (L)

Jw

- Ef fecttive membrane area (m?) x Time (h)
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Figure 2. Schematic diagram of pilot-scale FDFO desalination system.

3. Results and discussion
3.1.1 Baseline performance of 8040 SW FO membrane modules

According to the membrane module supplier, the expected water flux of the clean membrane
module is 8 + 2 (Lm?h™) using 5% NaCl as DS with tap water as FS. The permeate fluxes of both CS
and MS modules obtained in this study are presented in Figure 3. The average water flux for the CS
module was about 35% higher than that of MS module. There are two possible causes of this higher
water flux for the CS module. CS module has a larger volumetric space provided by the thicker
corrugated spacer in the channel. Although the initial water flux at the inlet point of the channel might
be similar to both the modules however, along the length of the channel the average water flux would
differ. This is because the extent of the dilution of the DS is different from each module and is
affected by the volume of the DS present in the channel. Since a larger spacer volume is present for
CS module with lower membrane area, the extent of dilution of the DS in the channel is slightly lower
than that of the MS module. This results in slightly higher bulk DS concentration gradient along the
channel for CS module. Although the cross flow velocity is expected to be higher for MS module
however, this has no implications on the water flux because the feed water was tap water (no external

concentration polarization or ECP is present). Moreover, the DS faces the membrane support layer
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and is not affected by the cross flow velocity in reducing the dilutive CP. Therefore, spacer thickness
plays a significant role in the average water flux and this has been observed in other studies [8, 18-20].
It was observed that the initial water flux of CS module was around 50% higher than that of MS
module although both contain the same type of CTA membrane. This higher water flux in the initial
stage is likely due to the duration required for each module to get stabilized. From this result, it is
apparent that it takes more time for CS module to reach a stable flux. In the following section, the

effect of adjustable operating conditions on the performances of both CS and MS modules are

discussed.
12
10
g
£
3 4
LL
2 28040 FO CS Baseline 08040 FO MS Baseline
Time, hr

Figure 3. Water flux data in both FO modules using pre-treated tap water and 5% NaCl as FS and DS,
respectively. Feed and DS flow rates were maintained at 50 LPM and 0.5 LPM, respectively.
3.1.2  Flux behavior under different feed flow rates

The influence of feed flow rates on the water flux for CS and MS modules was evaluated by
operating the modules at different feed flow rates: 50, 70, and 100 LPM (3, 4.2, and 6 m?h,
respectively). The pressure difference between the ends of the feed channel module and the difference
between the DS and FS channels were controlled as per the manufacturer’s recommendation. Based
on the previous experimental study of pilot-scale 4040 SW FO module [7], the feed pressure of both
FO modules was constant at less than 1 bar during all experiments, and it was concluded that the feed
flow rate should be higher than the draw flow rate because of the pressure drop through the membrane
[7]. Higher DS flow rate could undermine the integrity of the FO membrane due to pressure on the

support layer side of the membrane.
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The feed flow rates in this study were constant at 50, 70, and 100 LPM, while the draw flow
rate was maintained at 0.5 LPM. The DS flow rate was determined based on the pressure of DS at the
channel inlet. As per the supplier’s recommendation, the pressure should not be more than 0.7 bar at
the inlet and 0.15 bar at the outlet of the DS channel. This pressure rating has been recommended to
protect the active layer of the FO membrane on the other side of the support layer from delamination
due to the hydraulic pressure created in the DS chamber.

As shown in Figure 4, the feed flow rates have an obvious influence on the water flux for both
FO membrane modules. The water flux of both modules showed a similar behavior at feed flow rate
of 50 LPM. At this lowest cross-flow rate (i.e. 50 LPM), the water flux was almost constant even after
5 hours of operation for both the modules although the water flux for CS module was slightly higher
than MS module. In the earlier studies, the water flux of the membrane increased with increase in the
feed flow rate [3, 6, 7, 21]. When the feed flow rate was increased to 70 and 100 LPM, the water flux
also increased for both FO membrane modules. As shown in Figure 4, however, the increase in the
flux decline with time was observed when the modules operated at higher feed flow rates. In addition,
the water flux for CS module was consistently higher than the MS module for all the feed flow
conditions.

The increase in water flux at higher feed flow rate is likely caused by increase in the cross-
flow velocity shear force at the membrane surface that helps in reducing the impact of ECP. The
increase cross-flow velocity improves the mass transfer coefficient of the feed and ultimately results
in improved water flux across the membrane. Moreover, at higher feed flow rates, the modules
operate at much lower feed recovery rates and hence the average bulk feed concentration within the
module remains proportionately lower resulting in greater net driving force and higher average water
flux in the module.

The higher water flux observed for CS module than the MS module for all the conditions
tested in Figure 4 could be caused by several reasons. The first one is because of the higher volume of
CS channel, which results in lower dilution of the DS in the channel as already explained in the earlier
section. The other reason is also due to lower feed recovery rate for CS module because of the lower
membrane area in comparison to MS module. As the membrane area is increased, the feed recovery

10
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rate also increases at the module outlet which in turn decreases the osmotic gradient of the module
channel. Likewise it also increases the bulk dilution factor of the DS at the module outlet. This
eventually reduces the average net driving force of the module resulting in lower water flux for
module. This behavior is expected to be true for most cases for FO process operated with larger
membrane area even though the modules may have a similar spacer design [9]. Similar behavior on
the average water flux has been observed for pressure based membrane such as RO membranes [22,
23].

The other potential cause of higher water flux with the CS module is the influence of a feed
spacer design. The SW module has been developed to allow the fluid to mix well by creating
turbulent hydrodynamic conditions. The hydrodynamics in the SWM feed channel are influenced by
the spacer properties resulting in the increase of the effective flow velocities [10, 24]. It has been
found that the mass transfer in the membrane in the channel increases when the membrane module
with the higher spacer height is used [24]. Further, the corrugated spacer not only provides larger
channel volume due to larger spacer thickness but also creates a more turbulent flow regime within
the channel due to corrugated nature of the spacers thereby resulting in improved hydrodynamic
conditions that prevents the fouling/scale potential of the feed water.

The flux decline observed in Figure 4 at higher feed flow rate is caused by the increased water
flux that results in more volume of water coming to the DS tank and achieving higher dilution factor
of the DS since these experiments were conducted with the fixed initial DS volume. At 100 LPM the
flux decline is even sharper for CS module because of the highest water flux that results in the highest
dilution factor of the DS amongst all the conditions tested in Figure 4. The other potential cause of the
flux decline in Figure 4 could be attributed by the reverse diffusion of draw solutes that could react
with some of the feed ions forming insoluble scales on the membrane surface. For example, if SO,*
ions pass through the membrane, it could react with Ca*" ions present in the feed water to form
insoluble gypsum (CaSO,) that could reduce water flux. The flux decline can be caused by the rise in
the total hydraulic resistance caused by the reverse diffusion of draw solutes into the feed side of the
membrane [21] and the reduction of the driving force through the membrane caused by the
concentrate FS and the diluted DS with time referred to as concentration polarization (CP) [25].

11
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However, given the very low RSF observed for SOA in the earlier studies [12, 26], the influence of
gypsum scaling is not expected to be very significant at least in this study. Even if any scaling layer
have been formed during the FDFO process, the physical cleaning would have easily removed
because the baseline flux after each experiment and cleaning cycle was no different from the original
baseline flux. The fouling behaviors and physical cleaning effects on water flux in lab-scale FO
process have been investigated in the previous studies [21, 27, 28]. Unlike the RO process, the fouling
layer formed in the FO process is loosely compacted due to the absence of hydraulic pressure. As a
result, the fouling layer in the FO process can be easily removed by physical cleaning. Therefore,
operating pilot-scale FO membrane modules can offer an advantage of reducing the requirement for

chemical cleaning procedure, and this leads to no or less requirement of chemical cleaning reagents.

100LPM

r\mLPM o
50LPM b )

QO W on v wn wm Wt W = I

Flux (Lm2h1)
N

0 —8040 FOCS = — 8040 FO MS

0 2 4 6 8 10 12 14
Time, hr

Figure 4. Effect of feed flow rate on the water flux in both SW FO membrane modules. Experimental
conditions: 0.6 M SOA DS and BGWS5 FS, feed flow rates of 50, 70, and 100 LPM.

3.1.3 Effect of SOA DS concentrations on the permeate flux

Figure 5 shows the water flux of both FO modules as a function of the operating time using
different DS concentration (0.6, 0.8, and 1.0 M SOA). Clearly, higher water fluxes in both FO
modules were observed at higher DS concentration. This is obviously due to higher driving forces
created by the increased osmotic pressure difference between the two solutions when higher DS
concentration is used. This trend has been reported in many earlier studies both in the lab-scale and

larger-scale studies although the correlation between the DS concentration and the water flux has been
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observed to non-linear due to the enhanced influence of dilutive internal CP at higher DS
concentrations [3, 5, 12, 25, 29]. In Figure 5, although increasing the DS concentration improved
water flux, the flux decline in MS module was clearly observed when higher DS concentrations were
used. This increased flux decline at higher DS concentration can be explained due to higher DS
dilution factor achieved the similar phenomenon already discussed earlier. At higher water flux, more
volume of water gets accumulated on the DS tank, which reduces the bulk DS concentration more
since a fixed initial volume of DS was used. This results in sharper flux decline in the both modules
when higher DS concentration (i.e. 1M SOA) is used. It is interesting to note that the water flux for
MS module dropped sharply after about 1 hour operation when 1 M DS concentration was used. This
sharp decline of water flux is likely caused by the scaling at the membrane surface due to reverse
diffusion of draw solutes toward the feed water. This phenomenon was not observed in Figure 4 due
to the lower DS concentration used (0.6 M SOA). When the DS concentration was increased to 1 M
SOA, the reverse solute flux also increased proportionately and hence the influence of scaling
compounds such as gypsum on the water flux could have become significant. This sharp decrease in
the water flux was not observed for CS module, and this may likely be due to the turbulence regime
created by the corrugated spacer design in the feed channel which prevented the gypsum scales from
attaching the membrane surface.

According to the previous studies [8, 19, 23, 30], the spacer plays an important role in mass
transfer coefficient through the membrane by increasing velocity shear and turbulence inside the feed
channel. Schwinge et al.[8] pointed out that the optimization of many factors such as spacers, leaf
geometry, and operating conditions is important to enhance the performance of SWM. As previously
mentioned, the spacer in CS module is different from that in MS module; consequently, the results
indicated that the corrugated spacer in CS module can help to achieve higher water flux than MS

module because of the more turbulent flow regime created by the corrugated spacer.
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Figure 5. Effect of SOA DS concentrations on the water flux in both SW FO membrane modules.
Experimental conditions: 0.6, 0.8, and 1.0 M SOA DS and BGWS5 FS, feed flow rate of 50 LPM.

3.1.4 Effect of TDS of the BGW on the permeate flux

In our previous work, we carried out the experiment using 1 M SOA as DS and the simulated
BGW as FS; as a result, the water flux was around 9 Lm?h™ and 5 Lm?h™ with BGW 5 and 35,
respectively [15] indicating that the net driving force across the membrane was obviously influenced
by the feed TDS concentration in the FO process [15]. The influence of feed property on the water
flux was observed by varying the feed TDS (BGW5, BGW10, and BGW 35 representing TDS of
5,000, 10,000, and 35,000 mg/L) while maintaining constant DS concentration (i.e. 1.0 M SOA).
Figure 6 indicates that, as the feed TDS concentration was increased, the water flux significantly
decreased for both the FO modules, and these results are in good agreement with other previous
results [15, 31].

In general, the performance of CS module was slightly better than that of MS module in terms
of the water flux. The water flux for the CS module was higher but the decline with time was
moderate in comparison to MS module, where the flux was lower and the flux decline was relatively
shaper and more significant.

The cause of the higher water flux for CS module is similar to the reasons already explained
earlier. The sharp decline in water flux for MS module was also explained as likely caused by the
scaling of the membrane due to reverse diffusion of draw solutes. However, when a feed with higher

TDS was used (BGW 10 and BGW 35), the sudden sharp fall in the water flux observed with BGW 5

14



10

11

12

13

14

15

16

17

18

19

was not observed anymore. This is because as the feed TDS was increased, the concentration gradient
also decreased at the same DS concentration. Since the reverse solute flux or the reverse diffusion of
draw solute is a function of the concentration gradient [3, 32], it is expected that the reverse solute
flux will decrease with the increase in feed TDS ultimately lowering the prospects of forming scales
on the membrane surface. This results in more uniform flux decline at higher feed TDS although the
water flux for the CS module was higher than MS module and it had higher volumetric dilution of DS
with time. However, the degree of flux decline was lower or more gradual for CS than MS module.
This further shows the role of the corrugated feed spacer that creates higher turbulence in the feed
channel and can help mitigate the accumulation of scales on the membrane surface. The mass transfer
enhancement is caused by higher local shear stress contributing to enhanced water flux in the

membrane process [18, 33].

6
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Figure 6. Effect of feed TDS concentrations on the water flux in both SW FO membrane modules.
Experimental conditions: 1.0 M SOA DS and FS of BGWS5, 10, and 35, feed flow rate of 50 LPM.

4. Conclusions

Fertilizer drawn FO desalination of brackish groundwater was investigated at a pilot-scale
level using two different types of spiral wound FO membrane modules and their performances were
evaluated under different operating conditions. The following conclusions have been drawn from this

particular study.
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o The feed water flow rate had a positive influence on the water flux of the SW FO membrane
module due to increase in mass transfer coefficient across the membrane that reduced the effect of
ECP.

e Concentration of feed and draw solutions played a crucial role in the average water flux of the FO
modules because they were directly related to the osmotic driving force across the membrane.

e The performance of CS module was slightly better than that of MS module in terms of water flux
and scaling prevention thereby indicating the role of spacer design in the pilot-scale FO
membrane modules. The corrugated spacer or the CS module led to creating better hydrodynamic
conditions within the channel that reduced not only the coupled effects of concentrative ECP and
dilutive ICP but also the volumetric dilution of DS within the channel. This study therefore
among other things showed the importance of spacer design and thickness of overall efficiency of

the large-scale FO module.
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