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Abstract: This study investigates the effect of using ultrasound on water flux through a forward osmo-
sis membrane when applied for seawater desalination. A synthetically prepared solution simulating
seawater with scaling substances and organic foulants was used. The parameters considered include
membrane cross-flow velocity, flow configuration (co-current versus counter-current), direction of
ultrasound waves relative to the membrane side (active layer versus support layer), and type of draw
solution (NaCl versus MgCl2). The study revealed that applying a continuous ultrasound frequency
of 40 kHz was effective in enhancing water flux, especially when the ultrasound source faces the
membrane active layer, irrespective of the used draw solution. The highest water flux enhancement
(70.8% with NaCl draw solution and 61.9% with MgCl2 draw solution) occurred at low cross-flow
velocity and with the ultrasound waves facing the membrane active layer. It was also observed that
the use of ultrasound generally caused an adverse effect on the water flux when the ultrasound source
faces the membrane support layer. Moreover, applying the ultrasound at the membrane support layer
increased the reverse solute flux. For all tested cases, higher water flux enhancement was observed
with NaCl as a draw solution compared to the cases when MgCl2 was used as a draw solution.

Keywords: forward osmosis; ultrasound; water flux; concentration polarization; scaling; seawater

1. Introduction

The main processes in water desalination, that are mostly used worldwide, are phase
change thermal-driven processes, such as multiple-effect distillation, multi-stage flash, and
vapor compression; and single-phase mass transfer driven membrane-based processes,
such as reverse osmosis (RO), ultrafiltration, and electrodialysis [1]. Since 2010 until the end
of 2019, desalinated water capacity increased globally at an average yearly growth rate of
around 7%. Up to mid-February 2020, the global cumulative desalinated water production
capacity reached around 114.9 million m3/d produced by around 21,000 plants [2]. Since
2010, the membrane-based desalination techniques were the most used methods in the
desalination industry, where 90% of the awarded desalination contracts were based on
membrane treatment systems, mainly RO systems [3]. However, most of the Middle East
countries are still using thermal processes for large-scale capacity projects [3]. Thermal
treatment processes are associated with high energy consumption and require costly infras-
tructures which are typically built adjacent to a power plant to supply the required heat
source for steam generation [1].

Despite the several advantages associated with the RO systems, the relatively high-
power demand needed by the process compared to the other treatment techniques that
are used to treat low salinity feedwater and the high tendency for membrane fouling are
still challenging concerns [4]. As such, there is a need to develop an efficient desalination
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process in conjunction with other treatment processes such as precipitation [5], membrane
distillation [6], ultrafiltration [7], nanofiltration [8,9] and RO [10,11]. It is expected that
these processes would treat high salinity water, such as seawater and brine, and produce
high-quality water in an economic manner by minimizing the energy requirements and
reducing the fouling tendency. The forward osmosis (FO) membrane process is one of the
feasible solutions for such challenges that has been recently considered [12]. Fortunately,
its operating principle does not require an external high hydraulic pressure for process
operation [13].

The FO technology is still under development. Many research ideas and scenarios
were proposed toward further development and shifting the process from bench-scale or
pilot plant to a reliable seawater commercialized scale application [14,15]. A few manu-
facturers, such as Modern Water plc, have installed and commissioned the world’s first
commercial FO seawater desalination plants for treating saline water (total dissolved
solids of 55,000 mg/L) in Oman [16,17]. The limited implementation of the FO is due to
some of the operational problems that make the process restricted to be properly used in
large-scale commercial applications. Some of these limitations are related to the regenera-
tion/separation of the draw solution, reverse solute diffusion from the draw solution side
to the feed solution or vice versa, internal/external concentration polarization (ICP/ECP),
and fouling problems [18,19]. These limitations have negative impacts on the system per-
formance in terms of reduction in water flux and recovery rate, which ultimately affects
the cost of water purification. While the FO process is expected to generally have a low
surface fouling tendency compared to the RO [20], membrane fouling/concentration polar-
ization cannot be ignored in the FO process and needs to be mitigated to enhance process
performance and to have a better water flux [21]. In fact, various techniques for seawater
desalination have been reported to mitigate FO membrane fouling/concentration polariza-
tion and thus enhance the process performance. These processes include conventional and
non-conventional pretreatment systems, the use of chemical dosing, membrane surface
modifications, optimization of system operating conditions, and selection of proper draw
solution [21].

The use of ultrasound has been recently proposed as a pretreatment system or cleaning
technique in water and wastewater membrane treatment and desalination applications that
would enhance the membrane systems’ performance. However, the use of ultrasound needs
to be carefully selected, as applying ultrasound at certain frequencies and arrangements
could cause damage to the membrane [22]. As summarized in Table 1, the use of ultrasound
for flux enhancement has been recently considered in the FO process. However, the number
of conducted studies is very limited and diverse in terms of the intended applications and
testing conditions. Nonetheless, there is a consensus that coupling ultrasound with FO
would enhance the water flux through the membrane under certain conditions [23–27].
The previously reported enhancement of flux with the use of ultrasound-assisted FO for
water desalination could be challenged by the fact that most of these studies were not
conducted using feed solutions that closely resemble brackish or seawater. For example, no
experiments have been conducted to assess the effect of ultrasound on FO performance
with a feed solution that contains scaling substances and organic foulants that are typically
found in natural brackish and saline water. Hence, research is needed to better understand
the effect of using ultrasound for FO systems using feed solutions that consists of saline
waters that contains scalant, foulant, and algal materials at different operating conditions
and different draw solutions.

This work intends to investigate the effect of some of the operating parameters perti-
nent to the use of ultrasound in conjunction with the FO membrane process for seawater
desalination. The effects of membrane cross-flow velocity, flow configuration, direction
of ultrasound waves relative to the membrane faces (active layer and supporting layer),
and types of the draw solutions (sodium chloride and magnesium chloride) are considered
in this study. The main objectives of this study are to (1) experimentally investigate the
enhancement of FO membrane water flux using ultrasonic waves for synthetic seawater



Water 2022, 14, 2092 3 of 23

through alteration of some of the operating parameters and (2) compare the system per-
formance in terms of water flux for two types of draw solutions, namely sodium chloride
(NaCl) and magnesium chloride (MgCl2). The study was designed to address the following
questions: Will utilizing ultrasound with the FO system enhance the water flux when desali-
nating synthetic seawater containing scalant substances and organic foulants? What would
be the effect of changing the cross-flow velocity (CFV) of the feed and the draw solution on
the flux with and without the use of ultrasound irradiation? Will the flow configuration of
the FO system have an impact on the water flux in the absence and presence of ultrasound
irradiation? How does the flux change with the change in the ultrasound source location
relative to the FO membrane layers? By addressing these questions, a better understanding
of the impact of ultrasound-assisted FO for water desalination will be gained, which will
contribute to the enhancement of the system performance.

Table 1. Previous studies of ultrasound-assisted FO 1.

Study Purpose Membrane
Type

Feed
Solution

Draw
Solution

US Frequency
(kHz)

US
Operation

CFV
(cm/s)

Flow
Mode Reference

Mitigate internal
concentration
polarization

TFC Tannin Na2SO4 20, 573, 1136 Continuous/
Intermittent - - [28]

Concentrate fruit
juice and natural

colorant
CTA

Sweet
lime/Rose

extract
NaCl 30 Intermittent 78.9 C [23]

Sludge dewatering CTA Synthetic
sludge NaCl 40 Intermittent - - [24]

Mitigate scale and
colloidal fouling CTA

NaCl with
CaSO4 or

silica
NaCl 72 - 8 CC [29]

Desalination CTA NaCl NaCl 25, 45, 72 - - CC [25]

Desalination CTA NaCl MgSO4,
CuSO4

40 Continuous 1.1 C [26]

Desalination CTA DI NaCl - Continuous 8.5 CC [27]

1 TFC: Thin film composite, CTA: Cellulose triacetate, CFV: Cross-flow velocity, DI: Deionized water, US: Ultra-
sound, C: Co-current, CC: Counter-current.

2. Materials and Methods
2.1. Material

The feed solution was prepared using different materials to simulate, as closely as
possible, the seawater characteristics in terms of salinity, scaling substances, and algae.
Sodium chloride (NaCl) was used to represent the dissolved solids content [26], calcium
sulfate dihydrate (CaSO4·2H2O) was used to represent inorganic fouling and scaling
substances [29–31], and sodium alginate was used to simulate the biofouling algal organic
matter that would exist in seawater intakes [32]. The initial concentration of the draw
solution was fixed in all tests at 4.5 M (262.98 g/L) for NaCl and at 2 M (190.42 g/L)
for MgCl2. These concentrations resulted in almost equal osmotic pressure values of
about 225 atm [33], which allows comparison between the flux behavior at similar osmotic
pressure gradients of draw solutions having monovalent and divalent cations.

The simulated seawater feed solution was prepared by dissolving 40 g of NaCl (99.9%
assay, Fisher chemical®, Amsterdam, The Netherlands), 5.059 g CaSO4·2H2O (99.9% assay,
Fisher chemical®, Amsterdam, The Netherlands), and 300 mg of sodium alginate (CAS No.
9005-38-3, HIMEDIA®, Maharashtra, India) in 1 L DI water (conductivity <0.067 µS/cm) to
obtain a final solution of 44,300 mg/L. Two draw solutions were prepared separately in
this study, namely NaCl and MgCl2. The NaCl solution was prepared by dissolving the
proper amount of NaCl in DI water to obtain a final concentration of 4.5 M (262.98 g/L)
NaCl, whereas the MgCl2 was prepared by dissolving the required amount of MgCl2·6H2O
(≥0.99% assay, Rankem®, Ghaziabad, India) in DI water to obtain a final concentration
of 2 M (190.42 g/L) MgCl2. Each prepared solution was mixed for around 20 min. The
used DI water was produced by a water desalination unit (ELGA, LA737, Veolia, High
Wycombe, UK).
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FTSH2O™ flat sheet cellulose triacetate (CTA)-embedded support FO membranes
were used in this study. The membranes were manufactured by Fluid Technology Solution,
Inc. (Albany, NY, USA) and procured from Sterlitech (Auburn, WA, USA).

2.2. Experimental Work

In this study, three operational parameters were selected to investigate the effect
of using ultrasound on FO membrane process performance (water flux) for seawater
desalination. These include CFV at both membrane sides, flow configuration arrangement,
and membrane orientation toward the ultrasound source. These parameters were tested
for two types of draw solutions (NaCl and MgCl2). Fixed feed and draw solutions CFV at
two velocity levels were selected. Two flow configuration arrangements, co-current (the
feed and draw solutions flow in the same direction) and counter-current (the feed solution
flows in the opposite direction of the draw solution flow) were considered. The exposure
of the membrane surface to ultrasound was also tested either with the active layer facing
the transducer or with the support layer facing the transducer. Eight cases were tested
with the use of ultrasound for each draw solution; duplicate runs were conducted for each
case. A summary of the investigated cases of the deployed ultrasound irradiation is given
in Table 2. For each draw solution, the cases are named by the applied CFV, followed by
the current configuration, followed by the used ultrasound arrangement. For each case, a
baseline experiment (with duplicate runs) was conducted at the full-intended experimental
conditions without having the ultrasound bath on board. The baseline cases for each draw
solution are named by the applied CFV, followed by the flow configuration, followed
by BL to denote baseline conditions. In all the investigated cases, the feed solution was
introduced, tangentially, to the membrane active layer (smooth surface) while the draw
solution was at the side of the membrane support layer (rough surface). The tested cases
were randomized to minimize the effect of external factors on the results.

Table 2. Testing arrangement for NaCl and MgCl2 draw solutions with the use of ultrasound.

Case 1 Run
Draw Solution Test Order

CFV (cm/s) Flow Configuration Transducer
LocationNaCl MgCl2

0.25-C-AL 1st 10 10 0.25 Co-current Active layer
2nd 11 11 0.25 Co-current Active layer

1.0-C-AL 1st 8 2 1.0 Co-current Active layer
2nd 12 14 1.0 Co-current Active layer

0.25-CC-AL 1st 13 5 0.25 Counter-current Active layer
2nd 16 12 0.25 Counter-current Active layer

1.0-CC-AL 1st 14 8 1.0 Counter-current Active layer
2nd 15 16 1.0 Counter-current Active layer

0.25-C-SL 1st 2 3 0.25 Co-current Support layer
2nd 9 13 0.25 Co-current Support layer

1.0-C-SL 1st 5 7 1.0 Co-current Support layer
2nd 7 9 1.0 Co-current Support layer

0.25-CC-SL 1st 1 6 0.25 Counter-current Support layer
2nd 3 1 0.25 Counter-current Support layer

1.0-CC-SL 1st 4 4 1.0 Counter-current Support layer
2nd 6 15 1.0 Counter-current Support layer

1 In naming the tested cases, the number refers to the CFV, C denotes co-current flow, CC denotes counter-current
flow, AL denotes ultrasound facing the membrane active layer, and SL denotes ultrasound facing the membrane
support layer.

2.3. Experimental Setup and Procedure

A fresh membrane was used for each test. Following the manufacturer’s recommen-
dations, the membrane sheet was cut to suit the testing cell dimensions and rinsed with
deionized (DI) water to remove the membrane preservative solution. The membrane sheet
was housed in a prefabricated, fully sealed, FO membrane testing cell. The cell consisted
of two channels separated by the FO membrane. Each channel had an internal length of
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81 mm, a width of 60 mm, and a depth of 24 mm, providing a membrane active area of
around 48.6 cm2. The cell housing design allows both system solutions (feed and draw
solutions) to flow tangentially to the membrane sides (active and support layers) by having
inlet and outlet ports fitted with the acrylic channels. The cell cover is fabricated from
acrylic materials with 2 mm thickness to facilitate the functionality of the ultrasound waves.
Rubber gaskets (3 mm EPDM) were provided between the two mating parts of the cell to
ensure proper system sealing. Stainless steel studs, washers, and nuts were used to ensure
proper assembly of cell parts. Stainless steel frames with 5 mm thickness were also used on
the top of the acrylic sheet to avoid any deformation in the acrylic sheets The components
of the membrane testing cell housing unit used in this work are presented elsewhere [26].

Depending on the required flow configuration (co-current or counter-current), an
appropriate piping system was connected to the testing cell ports. The simulated seawater
feed solution was delivered to the unit using a diaphragm pump (Model TYP-9600-KJ,
Deng Yuan Industrial Co., Ltd., Taichung, Taiwan) in a closed-loop storage graduated
cylinder (1 L capacity). The feed solution storage was placed on top of the digital balance
to measure the change in its weight over time. The draw solution recirculation pumping
was measured in the same way, where the draw solution was pumped tangentially to the
membrane support layer at a CFV equal to the feed solution flow velocity and returned to
the draw solution storage graduated cylinder (1 L capacity) by another pump similar to the
one used for pumping the feed solution. The required CFV (flow rate/cell cross-sectional
area) was obtained by changing the pump flow rate. To obtain a CFV of 0.25 and 1.0 cm/s,
the pump flow rates were fixed at around 0.3 and 1.1 L/min, respectively. When the system
was completely assembled, air bubbles inside the system were released by pumping the
feed and draw solution for a short time. For all tests, the initial volumes of the feed and
draw solutions were both kept the same at around 670 mL. This value was mainly selected
to have a buffer volume in the draw solution cylinder so as to accommodate the water
molecules transferred from the feed solution toward the draw solution cylinder.

The effect of ultrasound on the membrane flux was studied using a continuous ultra-
sonic wave at a fixed frequency of 40 kHz. In this case, the previously described testing
cell was placed in the ultrasonic bath cleaner (Capacity: 5.7 L, Model No. 3510 DTH
Ultrasonic Cleaner, Branson Ultrasonics, CT, USA) filled with potable water and located
20 mm from the bottom of the tank. The device was fitted with two built-in transducers
fixed at the bottom of the tank. Based on the required membrane face orientation toward
the transducer location, the testing cell was oriented. The experimental setup for one of the
tested arrangements is illustrated in Figure 1.

For all the FO experiments, the feed and draw solutions temperatures were kept
constant at around 24 ± 1 ◦C. To maintain the temperature of the ultrasound bath, the
potable water was recirculated inside the tank. Changes in the weight of the feed solu-
tion, conductivity, temperature (Hanna instruments edge EC, HI2003, Edge dedicated EC,
HI763100, Cris, ana, Romania), and pH (Model: MW801, Milwaukee instruments, Rocky
Mount, NC, USA) were measured. The draw solution temperature, pH, and the ultrasound
bath temperature were also monitored. The average pH of the feed and draw solutions
for all the cases was about 6.6 with a deviation from the average of no more than 0.2 pH
units during any of the tested runs. To avoid excessive dilution of the draw solution, the
duration of each run lasted 140 min, with readings of the weight and the conductivity of
the feed solution taken every 10 min, starting 20 min after the initiation of the run.
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Figure 1. Experimental setup arrangement in ultrasound-assisted FO process with co-current flow
and the active layer facing the ultrasound transducer.

2.4. Membrane Water Flux Calculation

In the FO system, the difference in the osmotic pressure between the draw and feed
solutions is the driving force for water flux across the membrane. Generally, the effective
osmotic pressure difference is lower than the bulk osmotic pressure difference owing to
the effect of concentration polarization. This in turn reduces the actual water flux through
the membrane [33,34]. The flux is also influenced by the resistivity of water to diffuse
through the membrane, which is dependent on the membrane structural properties and the
water diffusion coefficient. The former is affected by the thickness, tortuosity, and porosity
of the membrane [35]. Aside from the FO membrane characteristics and the osmotic
pressure difference, the flux through the membrane is influenced by the system operating
conditions (flow velocity and flow configuration) [21,36]. Meanwhile, the presence of
scaling substances and fouling materials in the feed solution adversely affects the water
flux through the membrane due to internal or external clogging of the membrane layer [37].

In this study, the FO process performance was measured by the water flux produced
by the membrane. Membrane water flux was calculated based on measuring the change in
the mass of the feed solution throughout the respective experiment test according to the
following equation [26]:

Jw =
∆m

ρwS∆t
(1)

where Jw is the water flux (L/m2·h), ∆m is the change in the mass of the feed solution (g),
ρw is the water density (assumed to be 1000 g/L), S is the membrane effective surface area
(m2), and ∆t is the duration that corresponds to ∆m (h).

3. Results and Discussion

Figure 2 shows examples of changes in water flux with time for some of the tested
cases with NaCl and MgCl2 draw solutions. For all tested cases, there was a general drop
in water flux over time, which could be partially attributed to the lower driving force
for water permeation across the membrane caused by a decrease in the osmotic pressure
difference between the draw solution and the feed solution. The drop in the water flux
over time was more pronounced for the cases with the higher CFV due to the higher flux
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observed with these cases. However, the overall drop in the water flux was more severe for
the cases with low CFV.
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Figure 2. Changes in flux with time for runs of the tested cases with (a) NaCl and (b) MgCl2 draw
Scheme 0. C-BL and 1.0-CC-BL) and with the ultrasound facing the active layer (0.25-C-AL) or
facing the support layer (1.0-CC-SL) of the membrane. In naming the baseline cases (i.e., without
ultrasound), C denotes co-current flow, CC denotes counter-current flow, and BL denotes baseline
conditions.

The values of the flux of the feed solution for all the tested cases are presented in
the supplementary material. Analysis of the data revealed that the average water flux
among the two runs of all the investigated cases deviates, on average, by 8.9% with a
standard deviation of 7.1%. In the remainder of the analysis, the average water flux for each
investigated case is presented, which was determined based on the water flux calculated
every 10 min for the two runs of the case.

Section 3.1 presents the average water flux through the FO membrane with and
without using ultrasound for the NaCl draw solution. Results of the average water flux
when MgCl2 was used as a draw solution are presented in Section 3.2. Comparison of the
average water flux produced by NaCl and MgCl2 draw solutions is presented in Section 3.3,
while suggested future work is presented in Section 3.4.

3.1. Effect of NaCl as a Draw Solution

Considering the previously described cases of the experimental work as summarized
in Table 2, baseline tests for NaCl as a draw solution were conducted to determine the
membrane performance in the absence of the ultrasound source (i.e., no active or support
layer effect). The average membrane water flux (Jw) against the respective cases with and
without the use of ultrasound is shown in Figure 3.
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Figure 3. Average Jw for the cases with and without the use of ultrasound for NaCl draw solution.
The error bar represents the lower and upper average Jw associated with the two runs of the tested
case.

3.1.1. Baseline Conditions

Figure 3 indicates that the highest water flux without the use of ultrasound was ob-
tained with the case 1.0-C-BL, where the average flux was 14.44 L/m2·h, and the lowest flux
value of 6.57 L/m2·h was obtained with the case 0.25-CC-BL. For both flow configurations
(co-current and counter-current), the membrane water flux increased with increasing the
CFV (Figure 3). Increasing the CFV from 0.25 to 1.0 cm/s in the co-current and counter-
current arrangements increased the water flux by about 81.5% and 90.5%, respectively.
Regarding the system flow configurations, at a CFV of 0.25 cm/s, the average water flux
decreased from 7.95 to 6.57 L/m2·h, with the shift from the co-current to the counter-current
configuration (Figure 3). At a CFV of 1.0 cm/s, the average water flux also decreased from
14.44 to 12.51 L/m2·h, with the shift from the co-current to the counter-current config-
uration. The above values have been considered as a baseline to study the effect of the
membrane flux performance with the use of ultrasound.

3.1.2. Effect of Ultrasound on Membrane Performance

The effect of ultrasound on the membrane average water flux was investigated at differ-
ent testing arrangements, namely 0.25-C-AL, 1.0-C-AL, 0.25-CC-AL, 1.0-CC-AL, 0.25-C-SL,
1.0-C-SL, 0.25-CC-SL, and 1.0-CC-SL. The results are presented in Figure 3 along with those
obtained under baseline conditions. Compared to the baseline results, the average water
flux increased when the ultrasound source faced the membrane active layer. Moreover, the
average water flux was lower except for the case of 1.0-CC- SL, when the ultrasound source
faced the membrane support layer.

The most significant water flux improvement due to the use of ultrasound was ob-
served for the case of 0.25-CC-AL (Figure 3), where the average flux increased from
6.57 L/m2·h, under baseline conditions, to 11.22 L/m2·h, when ultrasound was applied
(i.e., 70.8% improvement). For the case of 0.25-C-AL, the average water flux increased from
a baseline value of 7.95 L/m2·h to 10.66 L/m2·h by applying ultrasound (an improvement
of 34.0%). Applying the ultrasound in the case of 1.0-CC-AL caused an improvement in the
average water flux by 21.2% (the average water flux increased from 12.51 to 15.16 L/m2·h).
However, for the case of 1.0-C-AL, there was only a slight increase in the average water flux
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(from 14.44 to 14.97 L/m2·h), which is considered insignificant given the overlap between
the range of the average water flux with and without the use of ultrasound for that case.

When the ultrasound source was in the direction of the membrane active layer, it was
observed that the highest water flux improvement caused by the ultrasound was more
significant for the cases with the low CFV. This could be mainly attributed to the formation
of fouling and scaling layers, which are caused by the presence of sodium alginate and
calcium sulfate in the feed solution, and the initiation of ECP that was promoted during
the low CFV at the membrane active layer side. Imposing the ultrasound reduces the
formation of these layers, which ultimately enhances the membrane water flux. Moreover,
the effect of the ultrasound on the membrane water flux improvement at high velocity was
less significant compared to that observed at low velocity. This could be due to the effect
of the high CFV on the membrane surface cleaning and its role in minimizing the ECP.
Examples of the SEM images for fouling membranes at low and high CFV are shown in
Figure 4. The figure demonstrates the increase in membrane fouling with the ultrasound
facing the support layer and at low CFV (Figure 4c,d) as opposed to when the ultrasound
faces the active layer with high CFV (Figure 4e,f).
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Figure 4. SEM images of the original membrane (a) active layer and (b) support layer, the membrane
after use for the (c) active layer and (d) support layer at low CFV with the ultrasound facing the
support layer (Case 0.25-CC-SL with NaCl draw solution), and the membrane after use for the
(e) active layer and (f) support layer at high CFV with the ultrasound facing the support layer (Case
1.0-CC-AL with MgCl2 draw solution).

Changes in the flow configuration at similar CFVs for the case with the ultrasound
source facing the active layer caused a very low impact on flux enhancement. This could
be attributed to the small dimensions of the testing cell, where the effect of changing the
flow configuration does not appear to be clearly noticeable along the selected membrane
dimensions. This agrees with the findings of Phuntsho et al. [38], who found no significant
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effect on the water flux due to the change in the flow configuration, which was also
attributed to the small size of the testing cell.

Considering the feed solution characteristics of having fouling and scaling materials,
the active layer of the FO membrane is exposed to fouling problems that ultimately cause
flux reduction due to cake/gel layer formation (external fouling). In this study, both sodium
alginate and calcium sulfate are present in the feed solution. When alginate interacts with
the solution containing calcium sulfate, a layer of calcium alginate is immediately formed
to surround the sodium alginate surface. The negatively charged sulfate ions in the
solution are attracted by the calcium ions, resulting in the formation of a new layer of
SO4

2− that promotes crystal formation and acts as a nucleus around the sodium alginate
molecules, which forms a combined network of calcium sulfate crystals and an alginate gel
layer [39]. This compacted gel layer promotes membrane surface fouling and reduces water
flux [30,40,41]. Moreover, the high concentration of solutes in the feed solution adjacent
to the membrane active layer, compared to the feed solution bulk concentration, results
in the formation of an ECP boundary layer on the membrane active layer that reduces
the osmotic pressure difference [42]. In addition, an accelerated cake-enhanced osmotic
pressure (CEOP), due to reverse solute flux, causes the formation of a thick fouling layer on
the membrane surface due to the unavailability of hydraulic pressure. The formation of
the CEOP causes flux reduction by increasing the system resistance and decreasing the net
osmotic pressure driving force due to the trapped solute particles between the membrane
active layer and the formed fouling layer [43,44]. This is in agreement with Heikkinen et al.,
who observed flux enhancement upon applying ultrasound on the CTA membrane active
layer [28].

It is reported that the use of ultrasound minimizes the impact of ECP by (1) reducing
solute concentration at the membrane boundary layer, (2) reducing the external fouling
effect by breaking the fouling (sulfate crystals and alginate gel) layer formed [29], and
(3) detaching the deposited substances on the membrane active layer [45]. This significantly
reduces the system resistance and increases the membrane performance accordingly. Ul-
trasound waves produce a high mechanical power through a physical medium (water) by
a little mechanical movement [22]. The propagation of sound waves starts by a group of
cyclic compression and rarefaction waves that may cause physical/chemical changes at
different levels and magnitudes in the medium. Due to the compression and rarefaction
cycles, the medium molecules are exposed to a positive and negative acoustic pressure that
creates bubble cavitation [46]. Bubbles keep growing to a certain size and then collapse.
Bubbling collapse produces extreme pressure, up to 1000 atm, and localized temperature
up to 5000 K [26,47]. This phenomenon (local hotspots) enhances the heat transfer rates
within the feed solution and promotes the creation of a highly turbulent area [26] that can
be used to detach the deposited particles on the membrane surface and, thus, enhances the
performance by increasing water flux. Moreover, the observed flux enhancement in the
ultrasound source facing the active layer could be also attributed to the ultrasound effect
of generating local heating zones on the membrane surface that could accelerate transfer
rates.

The use of ultrasound could assist in membrane surface cleaning through mecha-
nisms such as acoustic streaming, microstreaming, microstreamers, microjets, and shock
waves [48]. The acoustic streaming mechanism enhances membrane cleaning by transmit-
ting acoustic energy through the feed solution to produce liquid flow which is obstructed,
causing unidirectional liquid flow waves with a flow velocity that reaches up to 10 m/s
parallel to the surface of the deposits, which may help in foulant removal [26]. Microstream-
ers, on the other hand, are generated by the superimposition of the ultrasound waves
produced by the transducer and the waves reflected from the membrane surface to create
standing (stationary) waves. The cavitation bubbles are attracted by the standing wave
antinodes and structured in a certain path where the bubble size increases while traveling
toward the antinodes located at the membrane surface. Once the antinodes reach the fouled
membrane surface, bubbles are formed, causing drag and a detach effect on the particles
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deposited on the membrane surface [22,26,49]. Microstreaming may also play a role in
membrane fouling cleaning by creating shear/drag forces used to detach the foulants from
the membrane surface. During the compression and expansion cycles, a rapid fluctuation
(in magnitude and direction) occurs in the fluid movement caused by oscillation in the
cavitation bubbles. The shrinking effect of the cavitation bubbles pulls the liquid molecules
away from the membrane surface, while the expanding effect pushes the molecules to the
membrane surface, causing shear and drag forces needed for foulant removal from the
membrane surface [50].

Microjets produced by the ultrasound is another mechanism that can clean the fouled
membrane surface by creating the pitting and scrubbing effects on the fouling layer. Micro-
jets create turbulent zones in the feed solution by their ability to attain high-velocity fluid
jets (100–200 m/s) due to the asymmetric cavitation bubble collapse [22]. Shock waves
produced by the ultrasound also show the capability to clean the membrane surface and
provide high pressure toward the membrane active layer that ultimately contributes to
water flux enhancement. Shock waves are generated continuously during the compression
and expansion cycles. When the cavitation bubble reaches its minimum size, at the end of
the compression cycle, the cavitation bubbles reach a sudden halt causing liquid molecules,
moved to the bubbles, to reflect with high pressure toward the membrane surface [26,50].

It should be indicated that in the FO membrane system, two main forces are applied
to the feed solution particles. The first one is the effective driving force (perpendicular to
the membrane surface) dictated by the osmotic pressure difference between the feed and
draw solutions, which causes the transfer of water molecules from the feed solution toward
the draw solution side and forces the feed solution foulant particles to deposit on the
membrane surface. The second one, which moves the feed solution molecules toward the
bulk of the solution, is the shear force (moved tangentially to the membrane surface) caused
by the CFV [51]. Applying ultrasound waves on the membrane active layer side generates
other forces in the same direction of the system, driving forces that help in pushing the
water molecules toward the draw solution side, which ultimately enhances water flux.

The increase in flux with the use of ultrasound at the membrane active layer side
is in agreement with Heikkinen et al., who observed flux enhancement upon applying
ultrasound on the CTA membrane active layer [28]. However, Heikkinen et al. [28] found
better flux enhancement when the ultrasound source faced the membrane support layer.
This is in contrary to the findings of this study. As shown in Figure 3, there is a decrease in
the average water flux, compared to the baseline conditions, when using the ultrasound
with the membrane support layer facing the draw solution for all the considered cases
except the case of 1.0-CC-SL, which showed an increase of around 9.7%. For the case of
0.25-C-SL, the average flux decreased from 7.95 to 5.01 L/m2·h, which represents 37.1%
flux reduction. For the case of 1.0-C-SL and 0.25-CC-SL, the average water flux decreased
from 14.44 and 6.57 L/m2·h to 13.20 and 5.63 L/m2·h, respectively, with respect to the
baseline. The decrease in the water flux could be attributed to reverse solute flux caused
by the application of the ultrasound toward the membrane support layer. Reverse solute
flux promotes transfer of the solute from the draw solution toward the feed solution. This
agrees with the findings of Qasim et al. [26] and Heikkinen et al. [28], who reported that
the application of ultrasound on the membrane support layer increases the reverse solute
flux. The reverse solute flux from the draw solution side toward the feed solution side
complicates the fouling layer and worsens the ECP by trapping the draw solution solute
particles between the membrane surface and the fouling layer, thus inducing the formation
of an accelerated CEOP that causes a significant flux decline [44]. For this reason, the
reverse solute flux did not reveal a significant change in the feed solution conductivity
measurements, as shown in Figure 5. This figure shows representative examples of the
relation between the measured and the estimated conductivity values during the time of
the experiment. The estimated conductivity values were obtained through the application
of mass balance on conductivity, assuming no solutes transfer occurs from the feed solution
to the draw solution side (i.e., water molecules were only transferred). It should be noted
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that NaCl shows a high potential for reverse solute flux due to its small ionic size [52,53].
Moreover, the turbulence zones and their associated forces generated by the ultrasound in
the opposite direction of the water molecules transfer (from the feed to the draw solution)
may also hinder the water transfer process, especially when the membrane active layer is
exposed to fouling and ECP conditions. Applying ultrasound toward the support layer
side would not have a powerful impact on reducing the formation of the fouling layer on
the membrane active layer. On the contrary, weak ultrasound waves received at the active
layer side could have caused the formed fouling layer to be denser and more spread on the
surface, which negatively affected the membrane flux relative to the baseline conditions.

Water 2022, 14, x FOR PEER REVIEW 12 of 23 
 

 

formation of an accelerated CEOP that causes a significant flux decline [44]. For this rea-

son, the reverse solute flux did not reveal a significant change in the feed solution conduc-

tivity measurements, as shown in Figure 5. This figure shows representative examples of 

the relation between the measured and the estimated conductivity values during the time 

of the experiment. The estimated conductivity values were obtained through the applica-

tion of mass balance on conductivity, assuming no solutes transfer occurs from the feed 

solution to the draw solution side (i.e., water molecules were only transferred). It should 

be noted that NaCl shows a high potential for reverse solute flux due to its small ionic size 

[52,53]. Moreover, the turbulence zones and their associated forces generated by the ul-

trasound in the opposite direction of the water molecules transfer (from the feed to the 

draw solution) may also hinder the water transfer process, especially when the membrane 

active layer is exposed to fouling and ECP conditions. Applying ultrasound toward the 

support layer side would not have a powerful impact on reducing the formation of the 

fouling layer on the membrane active layer. On the contrary, weak ultrasound waves re-

ceived at the active layer side could have caused the formed fouling layer to be denser 

and more spread on the surface, which negatively affected the membrane flux relative to 

the baseline conditions. 

  

Figure 5. Measured and estimated conductivity values for NaCl draw solution for the case of (a) 

0.25-C-AL (2nd run) and (b) 1.0-CC-SL (1st run). 

The formation of a fouling thick gel layer and the ECP effect at the surface of the 

membrane active layer create an additional resistance to the system. Thus, considering the 

flow resistance created by the ultrasound effect in the opposite side (draw solution side), 

the available driving force (osmotic pressure difference) would not be adequate to over-

come these resistances. This is consistent with the results observed for the cases of 0.25-C-

SL and 0.25-CC-SL, where the effect of fouling is more severe at low CFV. For the case of 

1.0-C-SL, the adverse effect of using ultrasound facing the support layer on the water flux 

was less pronounced compared to the case at low CFV (0.25-C-SL). It is possible that the 

high CFV minimizes the effect of fouling and ECP at the active layer, and it induces mixing 

at the support layer assisted by the impact of the ultrasound for minimizing the ICP [54], 

yet the flux was lower than the corresponding value obtained without the use of ultra-

sound (1.0-C-BL). 

A water flux enhancement of around 9.7% was observed for the case of 1.0-CC-SL, 

where the average water flux increased from 12.51 L/m2·h under baseline conditions to 

12.73 L/m2·h with the use of ultrasound (Figure 3). This is due to the combined effects of 

the ultrasound, the high CFV, and the counter-current flow configuration. The use of 

76

78

80

82

84

86

88

90

0 50 100 150

C
o

n
d

u
ct

iv
it

y
 (

m
S

/c
m

)

Time (min)(a)

Actual

Estimated

76

78

80

82

84

86

88

90

0 50 100 150

C
o

n
d

u
ct

iv
it

y
 (

m
S

/c
m

)

Time (min)(b)

Actual

Estimated

Figure 5. Measured and estimated conductivity values for NaCl draw solution for the case of
(a) 0.25-C-AL (2nd run) and (b) 1.0-CC-SL (1st run).

The formation of a fouling thick gel layer and the ECP effect at the surface of the
membrane active layer create an additional resistance to the system. Thus, considering
the flow resistance created by the ultrasound effect in the opposite side (draw solution
side), the available driving force (osmotic pressure difference) would not be adequate to
overcome these resistances. This is consistent with the results observed for the cases of
0.25-C-SL and 0.25-CC-SL, where the effect of fouling is more severe at low CFV. For the
case of 1.0-C-SL, the adverse effect of using ultrasound facing the support layer on the
water flux was less pronounced compared to the case at low CFV (0.25-C-SL). It is possible
that the high CFV minimizes the effect of fouling and ECP at the active layer, and it induces
mixing at the support layer assisted by the impact of the ultrasound for minimizing the
ICP [54], yet the flux was lower than the corresponding value obtained without the use of
ultrasound (1.0-C-BL).

A water flux enhancement of around 9.7% was observed for the case of 1.0-CC-SL,
where the average water flux increased from 12.51 L/m2·h under baseline conditions to
12.73 L/m2·h with the use of ultrasound (Figure 3). This is due to the combined effects
of the ultrasound, the high CFV, and the counter-current flow configuration. The use
of ultrasound minimizes the effect of ICP by mixing the produced permeate water with
the draw solution that ultimately enhances the draw solution diffusion rate and, thus,
increases the water flux [25]. The high CFV contributes to the low impact of resistance
layers (fouling and ECP) and minimizes the mass transfer boundary layer (i.e., becomes
thinner) at the membrane surface [55]. Moreover, using the counter-current configuration
resulted in lowering the fouling effect at the membrane active layer surface [56]. In this
case (1.0-CC-SL), it is expected that the combined effect of high CFV and counter-current
flow configuration leads to reducing the system resistance and thus facilitates the effort of
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the ultrasound in minimizing the ICP effect. Because of that, the system driving force was
able to overcome the resistance produced by the ultrasound that was translated into flux
enhancement.

3.1.3. Effect of CFV

The results for the effect of the CFV on the membrane flux for the different investigated
cases are displayed in Table 3. It can be concluded (Table 3) that operating the system at
higher velocity (1 cm/s) results in higher water flux. This is true for all the investigated
cases. For the baseline conditions, increasing the CFV from 0.25 to 1.0 cm/s increases the
average water flux from 7.95 to 14.44 L/m2·h and from 6.57 to 12.51 L/m2·h when using co-
current and counter-current configurations, respectively. Moreover, the application of the
ultrasound on the membrane active layer causes an increase in the average water flux from
10.66 to 14.97 L/m2·h and from 11.22 to 15.16 L/m2·h, resulting in an enhancement of 40.4%
and 35.1% when using the co-current and counter-current configurations, respectively
(Table 3). A flux enhancement of around 163.5% and 143.9% was observed by applying the
ultrasound on the membrane support layer when using the co-current and counter-current
configurations, respectively. The average flux increased from 5.01 to 13.2 L/m2·h under
co-current conditions and from 5.63 to 13.73 L/m2·h under counter-current conditions.

Table 3. Average water flux (L/m2·h) at low and high CFV for the investigated cases using NaCl
draw solution.

Low CFV High CFV
Flux Change (%)

Case Average Jw Case Average Jw

0.25-C-BL 7.95 1.0-C-BL 14.44 81.6
0.25-CC-BL 6.57 1.0-CC-BL 12.51 91.4
0.25-C-AL 10.66 1.0-C-AL 14.97 40.4

0.25-CC-AL 11.22 1.0-CC-AL 15.16 35.1
0.25-C-SL 5.01 1.0-C-SL 13.2 163.5

0.25-CC-SL 5.63 1.0-CC-SL 13.73 143.9

The increase in water flux due to the increase in the CFV can be attributed to the
decrease in the mass transfer boundary layer thickness at the membrane surface, which
leads to an increase in the mass transfer rate that causes flux enhancement [55]. In addition,
the high CFV minimizes the rate of the fouling layer and enhances the removal of the
formed fouling layer on the membrane surface (due to the shear force) [57]. The high
CFV also minimizes the effect of the ECP that limits the water flux and induces a mixing
effect, assisted by the ultrasound, at the membrane support layer to decrease the impact
of ICP that increases the water flux [54]. The high flux enhancement upon moving from
a low to a high CFV with the ultrasound facing the support layer (Table 3) supports the
conjecture that using ultrasound at the support layer induces mixing and turbulent zones
and, thus, lowers the impact of ICP and enhances the water flux. This is consistent with the
findings of Choi et al. [25], who found that using a low-frequency ultrasound source could
significantly decrease the ICP effect and cause a higher membrane flux enhancement.

3.1.4. Effect of Flow Configuration

The results for the effect of flow patterns on the membrane flux for the different
configurations (co-current versus counter-current) used in this work are shown in Table 4.
Changing from a co-current to a counter-current configuration causes the average water flux
to decrease 17.4% and 13.4% for the baseline cases at low and high CFV, respectively. This
trend could be due to the differences in the features of the co-current and the counter-current
configurations. In the co-current configuration, the osmotic pressure difference (between
the feed and draw solutions) at the beginning of the testing cell is high, which provides a
high initial flux that gradually decreases along the membrane length [52]. Considering the
fouling layer formation at the membrane active layer surface, the high osmotic pressure
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difference helps the water molecules to transfer from the feed to the draw solution by
providing flow capable of overcoming the resistance of the fouling layer at the active layer
side. Thus, the implementation of a co-current configuration in the absence of ultrasound
waves resulted in a slightly higher water flux than the counter-current one.

Table 4. Effects of flow configuration on the average water flux (L/m2·h) using NaCl draw solution.

Co-Current Flow Counter-Current Flow
Flux Change (%)

Case Average Jw Case Average Jw

0.25-C-BL 7.95 0.25-CC-BL 6.57 −17.4
1.0-C-BL 14.44 1.0-CC-BL 12.51 −13.4

0.25-C-AL 10.66 0.25-CC-AL 11.22 5.25
1.0-C-AL 14.97 1.0-CC-AL 15.16 1.3
0.25-C-SL 5.01 0.25-CC-SL 5.63 12.4
1.0-C-SL 13.20 1.0-CC-SL 13.73 4.0

It should be noted that the counter-current flow configuration provides almost a
uniform flux due to the nearly constant osmotic pressure difference between the feed and
draw solutions, which ultimately minimizes the fouling effect. However, this is highly
dependent on the feed solution characteristics and the system operating conditions [56].
This may explain the minor effect of the counter-current configuration on flux enhancement
in the presence of the ultrasound (i.e., the ultrasound effect in minimizing the fouling is
dominant and more effective than the counter-current flow configuration).

3.2. Effect of MgCl2 as a Draw Solution

Tests similar to those conducted using NaCl draw solution in the previous section
were also performed using MgCl2 in order to determine the membrane performance due
to the presence of divalent ions in the draw solution. Following the same conditions,
baseline tests (without the use of ultrasound) and with the use of ultrasound for MgCl2
were conducted, and the membrane average water flux results are shown in Figure 6.
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3.2.1. Baseline Conditions

Generally, the water flux without the use of ultrasound increases with the increase in
the CFV for both flow configurations (Figure 6). Increasing the CFV from 0.25 to 1.0 cm/s
resulted in an increase in the water flux by 138.1% (from 4.33 to 10.32 L/m2·h) and 91.3%
(from 5.08 to 9.71 L/m2·h) when using co-current and counter-current configurations,
respectively. The highest water flux was observed for the case of 1.0-C-BL with an average
value of 10.32 L/m2·h, while the flux for the case of 0.25-C-BL was the lowest at 4.33 L/m2·h.
Figure 6 shows that at a CFV of 0.25 cm/s and without the use of ultrasound, the average
water flux increases from 4.33 with co-current flow to 5.08 L/m2·h with counter-current flow.
However, the average water flux decreases from 10.32 with co-current flow to 9.71 L/m2·h
with counter-current flow at a CFV of 1.0 cm/s. Similar to the approach used when NaCl
was deployed as a draw solution, the above water flux values will be considered as baselines
to assess the effect of using ultrasound on the membrane flux performance with MgCl2 as a
draw solution.

3.2.2. Effect of Ultrasound on Membrane Performance

The effect of applying ultrasound on the membrane average water flux was investi-
gated using similar configurations as those used for the NaCl solution, namely 0.25-C-AL,
1.0-C-AL, 0.25-CC-AL, 1.0-CC-AL, 0.25-C-SL, 1.0-C-SL, 0.25-CC-SL, and 1.0-CC-SL. The
average water fluxes for such configurations, in the absence (baseline conditions) and the
presence of the ultrasound, are shown in Figure 6. For all cases, the water flux increases in
the presence of ultrasound, except for the two cases of 1.0-C-SL and 1.0-CC-SL, where the
water flux is slightly lower than that of the baseline value.

As demonstrated in Figure 6, the most significant water flux enhancement was ob-
served for the case of 0.25-C-AL, where the average flux increased from 4.33 L/m2·h
under the baseline conditions to 7.02 L/m2·h when the ultrasound was deployed. For the
0.25-CC-AL case, an average water flux of 5.08 L/m2·h was observed under the baseline
conditions, which increased to 8.03 L/m2·h with the use of ultrasound (i.e., 58.1% flux
enhancement). Using the ultrasound in the cases of 1.0-C-AL and 1.0-CC-AL resulted in
a slight improvement (<5%) in the average water flux with the use of ultrasound, which
could be considered insignificant given the overlap between the range of the average water
flux with and without the use of ultrasound for each case.

Having the ultrasound source facing the membrane active layer significantly enhanced
the average water flux at low CFV. This is consistent with what was observed when NaCl
was used as the draw solution and could be attributed to the formation of a fouling layer
and the ECP that were more severe at the low CFV under baseline conditions. It seems
that the use of the ultrasound source at the membrane active layer decreased the formation
of these layers, which was ultimately reflected in the membrane water flux improvement.
It was also observed that the effect of the ultrasound on the water flux at the high CFV
(1.0 cm/s) was insignificant compared to the results observed at low CFV (0.25 cm/s).
This could be due to the effect of the high CFV assisted by the ultrasound on cleaning
the membrane surface and its role in minimizing the ECP effect. Generally, changing the
flow configuration (co-current or counter-current) when the ultrasound source faces the
active layer showed a low effect on flux enhancement, which is consistent with the previous
findings for the cases conducted with NaCl as a draw solution.

Based on the above, and because all the tests for the NaCl and MgCl2 draw solu-
tions were conducted at similar conditions, including the presence of fouling and scaling
substances in the feed solution, the membrane active layer surface with MgCl2 as a draw
solution is also exposed to fouling and concentration polarization problems. As such,
the previously discussed fouling and concentration polarization mechanisms can also be
applied to the cases where MgCl2 is used as a draw solution. However, considering the
use of MgCl2 as a draw solution, the membrane surface is expected to experience severe
fouling issues due to the possibility of reverse solute flux from the draw solution to the
feed solution side, which would make the characteristics of the formed fouling layer more
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complicated due to possible interaction of Mg2+ ions with the components of the feed
solution [58]. Thus, despite the advantages associated with the use of a multivalent ion
draw solution with a larger ion size that minimizes reverse solute flux, the process of
reverse solute flux cannot be totally ignored [53].

The use of ultrasound in the presence of MgCl2 as a draw solution caused an improve-
ment in the membrane average water flux, which was similar when NaCl was used as a
draw solution. This is due to the ability of the ultrasound waves to decrease the system
overall resistance by minimizing the ECP effect and decrease the external fouling layer
effect by breaking the formed layer and detaching the deposited foulants on the membrane
active layer surface.

The results in Figure 6 indicate that the application of ultrasound on the membrane
support layer has a slight or insignificant impact on the average water flux. For the cases
at low CFV (0.25-C-SL and 0.25-CC-SL), the average water flux, compared to the baseline
conditions, increased from 4.33 to 4.64 L/m2·h and from 5.08 to 5.61 L/m2·h, respectively,
i.e., around 7.1% (0.25-C-SL) and 10.5% (0.25-CC-SL) flux improvement. For the cases of
1.0-C-SL and 1.0 -CC-SL, the average flux decreased from 10.32 and 9.71 L/m2·h (under
the baseline conditions) to 9.56 L/m2·h and 9.29 L/m2·h, respectively, i.e., about 7.4%
(1.0-C-SL) and 4.3% (1.0-CC-SL) flux reduction.

The observed decrease in the average water flux at the high CFV could be due to
the impact of reverse solute flux that may transfer the draw solution solute particles
from the draw solution to the feed solution side. This reverse solute flux increases by
increasing the CFV [59,60] and decreasing the impact of the ICP [42]. Therefore, the
application of the ultrasound on the membrane support layer decreased the ICP effect at
the membrane support layer [26] and simultaneously increased the chances for reverse
solute particles (MgCl2) to transfer from the draw solution to the feed solution side [26,28].
As such, the reverse solute flux could affect the fouling layer formed at the membrane
active layer, where the draw solution particles (Mg2+) may become trapped between
the membrane surface and the fouling layer and, thus, interact with the feed solution
substances such as alginate, making the ECP and fouling effects more pronounced [42,58].
It is noted that the reverse solute flux did not cause a significant increase in the feed solution
conductivity measurements. This promotes the formation of the accelerated CEOP that
causes a significant decrease in the flux due to the system high resistance and the decrease
in the net osmotic pressure driving force [44]. Moreover, the use of ultrasound could also
minimize the impact of dilution of the draw solution that would ultimately increase the
concentration gradient and, thus, promote the reverse solute flux from the draw toward
the feed solution [26]. This can also explain the observed flux enhancement under low
CFV. Low CFV could minimize reverse solute transfer from the draw to the feed solution
and, thus, minimize the fouling layer effect that ultimately increases the water flux. This
agrees with the findings of Zou et al. [58], who reported that the use of MgCl2 as a draw
solution can cause a severe FO membrane fouling problem due to the reverse solute flux of
magnesium ions toward the feed solution and their interaction with the algae substances
presented in the feed solution, which results in a water flux reduction.

3.2.3. Effect of CFV

The results for the effect of the CFV on the membrane water flux for the different
configurations using MgCl2 as a draw solution are shown in Table 5. Operating the
system at higher CFV (1 cm/s) reveals higher water flux in all testing configurations
(Table 5). Under baseline conditions, increasing the CFV from 0.25 to 1.0 cm/s increases
the average water flux from 4.33 to 10.32 L/m2·h for the co-current configuration and
from 5.08 to 9.71 L/m2·h for the counter-current configuration, which represents a flux
enhancement of 138.3% and 91.1%, respectively (Table 5). Moreover, the application of the
ultrasound on the membrane active layer causes a flux enhancement, relative to the baseline
conditions, of 53.4% and 24.2% for the co-current and the counter-current configurations,
respectively (Table 5). A flux enhancement of 106.0% and 65.6% was observed by applying
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the ultrasound on the membrane support layer when using the co-current and the counter-
current configurations, respectively. Similar to the interpretation made with the NaCl as a
draw solution, the increase in water flux due to the increase in the CFV can be attributed to
the decrease in the mass transfer boundary layer thickness at the membrane surface. The
increase in the CFV resulted in a decrease in the mass transfer boundary layer thickness
(becomes thinner), which led to an increase in the mass transfer rate that is ultimately
reflected in the flux enhancement [55]. In addition, the high CFV minimizes the formation
rate of the fouling layer and, thus, enhances the removal of the formed fouling layer on the
membrane surface (due to the shear force) [58]. Meanwhile, high CFV minimizes the effect
of the ECP that limits the water flux and induces a mixing effect, assisted by the applied
ultrasound, at the membrane support layer to decrease the ICP effect, which increases the
water flux [13,54]. Based on the results presented in Table 5, the high flux enhancement
observed upon moving from a low to a high CFV with the ultrasound facing the support
layer supports the conclusion previously made for the NaCl part, i.e., application of the
ultrasound at the support layer induces mixing and turbulent zones that decrease the
impact of ICP and enhance the water flux.

Table 5. Average water flux (L/m2·h) at low and high CFV for the cases with MgCl2 draw solution.

Low CFV High CFV
Flux Change (%)

Case Average Jw Case Average Jw

0.25-C-BL 4.33 1.0-C-BL 10.32 138.3
0.25-CC-BL 5.08 1.0-CC-BL 9.71 91.1
0.25-C-AL 7.02 1.0-C-AL 10.77 53.4

0.25-CC-AL 8.03 1.0-CC-AL 9.97 24.2
0.25-C-SL 4.64 1.0-C-SL 9.56 106.0

0.25-CC-SL 5.61 1.0-CC-SL 9.29 65.6

3.2.4. Effect of Flow Configuration

The results for the effects of flow patterns on the membrane flux for different config-
urations using MgCl2 as a draw solution are displayed in Table 6. At low CFV, changing
flow configuration from co-current to counter-current causes an increase in the average
water flux of 14.4–20.9%. This is due to the features of the counter-current configuration
that minimizes the fouling effect (due to the osmotic pressure difference behavior between
the feed and draw solutions within the testing cell) [52] in conjunction with the low CFV
that minimizes the reverse solute effect, which reduces the system overall resistance and
thus increases the membrane water flux.

Table 6. Effects of flow configuration on the average water flux (L/m2·h) using MgCl2 draw solution.

Co-Current Flow Counter-Current Flow
Flux Change (%)

Case Average Jw Case Average Jw

0.25-C-BL 4.33 0.25-CC-BL 5.08 17.3
1.0-C-BL 10.32 1.0-CC-BL 9.71 −5.9

0.25-C-AL 7.02 0.25-CC-AL 8.03 14.4
1.0-C-AL 10.77 1.0-CC-AL 9.97 −7.4
0.25-C-SL 4.64 0.25-CC-SL 5.61 20.9
1.0-C-SL 9.56 1.0-CC-SL 9.29 −2.8

At high CFV, the average water flux slightly decreased by 2.8–7.42% due to changes
from a co-current to a counter-current configuration. The difference in water flux between
the co-current and counter-current configurations could be due to the features of the co-
current configuration, where the osmotic pressure difference (between the feed and draw
solutions) at the beginning of the process is high, providing a high initial flux that gradually
decreases along the membrane length [52]. The high initial osmotic pressure difference
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helps the water molecules to transfer from the feed to the draw solution by providing flow
capable to overcome the resistance of the fouling layer at the active layer side. Thus, the
co-current configuration revealed a slightly higher water flux than the counter-current
configuration. The counter-current flow configuration may provide almost a uniform flux
due to the nearly constant osmotic pressure difference between the feed and draw solutions,
which ultimately minimizes the fouling effect. However, this is strongly dependent on the
feed solution characteristics and the system operating conditions [56,61].

3.3. Comparison of Flux Produced by NaCl and MgCl2 Draw Solutions

Since the draw solution is considered the main driving force in the FO process that
dictates the membrane water flux, its type (monovalent or divalent) plays an important role
in the process performance. As such, the draw solution needs to be capable of generating
higher osmotic pressure than the one in the feed solution to facilitate transfer of the
water molecules from the feed solution toward the draw solution. Since the selected
concentrations for NaCl and MgCl2 in this study provide almost similar initial osmotic
pressure values [33], it is possible to compare between the water flux produced from each
type.

Under the baseline conditions, the use of NaCl as a draw solution resulted in a higher
water flux compared to that of MgCl2 (Figure 7a). The respective average water flux (in
L/m2.h) produced using NaCl and MgCl2 draw solutions for the baseline cases is 7.95
and 4.33 for the case 0.25-C-BL, 14.44 and 10.32 for 1.0-C-BL, 6.57 and 5.08 for 0.25-CC-BL,
and 12.51 and 9.71 for 1.0-CC-BL (Figures 3 and 6). Using NaCl as a draw solution against
MgCl2 provides an average water flux increase of 83.5% (0.25-C-BL), 39.9% (1.0-C-BL),
29.4% (0.25-CC-BL), and 28.9% (1.0-CC-BL) (Figure 7a).
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Figure 7. Increase in average Jw using NaCl compared to MgCl2 draw solution (a) without the use of
ultrasound and (b) with the use of ultrasound.

In the presence of ultrasound, the use of NaCl draw solution reveals higher water flux
values than the ones observed with the use of MgCl2 for almost all the investigated cases in
this work (Figure 7b). However, no significant water flux enhancement was observed for
the case 0.25-CC-SL, where the average water flux shows an insignificant improvement of
0.3% (5.63 L/m2·h with the case of NaCl and 5.61 L/m2·h with the case of MgCl2). At high
CFV, the highest average water flux (15.16 L/m2·h) was obtained for the case of 1.0-CC-AL
with NaCl draw solution, while the lowest flux (9.29 L/m2·h) occurred for the case of
1.0-CC-SL with MgCl2 draw solution. At low CFV, a maximum average water flux value of
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11.22 L/m2·h was obtained when using 0.25-CC-AL with NaCl draw solution, while the
lowest flux (4.64 L/m2·h) was observed when using 0.25-C-SL with MgCl2 draw solution.

The observed flux enhancement using NaCl as a draw solution compared to the one
for MgCl2 is mainly attributed to the characteristics associated with the NaCl of having a
higher diffusivity, lower viscosity, and lower molecular weight than those of MgCl2 [62].
The smaller ionic size associated with NaCl allows for better solute dispersion within the
solution. This provides a higher diffusion rate that minimizes the system overall resistance
and reduces the effect of the ICP, which ultimately enhances the water flux [13]. This is
consistent with the findings of Achilli et al. [11], who reported that at the same osmotic
pressure, the flux produced by NaCl draw solution is higher than the one produced by
MgCl2.

The highly diffused NaCl draw solution into the membrane support layer resulted in a
decrease in the respective system ICP and, thus, caused an increase in the membrane water
flux [52]. However, the small molecular size associated with the NaCl leads to an increase
in the reverse solute flux and, thus, worsens the fouling effect [13]. Therefore, the use of
MgCl2 as a draw solution would minimize the effect of reverse solute flux due to the large
size of the ions and their low diffusion properties [11,33]. It should be highlighted that
using MgCl2 promotes the impact of ICP within the membrane support layer that causes an
adverse effect on the water flux [63]. Therefore, the application of the ultrasound minimizes
the effect of the ICP and enhances the membrane water flux. However, using ultrasound
promotes the reverse solute flux, which influences the fouling layer characteristics and
the system concentration polarization that leads to a flux reduction. Therefore, special
attention needs to be considered in using the ultrasound toward the support layer to avoid
any adverse effect on the membrane performance.

3.4. Suggested Future Work

This study explored the effect of some of the operating parameters of ultrasound-
assisted FO system on water flux enhancement for water desalination. Several other
parameters that could affect the system performance have not been addressed including
changes in the ultrasound frequency and power, the use of ultrasound intermittent mode,
and the use of other values of CFV. Our results showed that CFV is a significant factor that
affects the performance of the system, but no attempt was devoted to find the optimum
CFV. Moreover, previous studies showed that ultrasound frequency and power are also
significant factors for flux enhancement [25]. In addition, flux enhancement was higher
with pulse ultrasound as compared with a continuous one [28].

A fixed concentration of the scalant and foulant materials was applied to the feed
solution in this study. The concentration of the scalant and the foulant is expected to have a
major impact on water flux. To better understand the role of scalant and foulant material on
the performance of ultrasound-assisted FO systems, future studies may consider varying
the concentration of these materials with consideration of testing their individual as well as
their combined impact.

One of the limitations of this study is the lack of analysis of the deposit material that is
formed on the active layer of the membrane, making our interpretations rather speculative.
To confirm that, efforts should be devoted to relate the changes in the water flux through
the membrane in ultrasound-assisted FO systems with the nature, characteristics, amount,
and distribution of the deposit material on the membrane layer.

In this study, a concern was raised regarding reverse solute flux from the draw solution
to the feed solution side that is caused by using the ultrasound toward the membrane
support layer. Taking this into consideration and to maximize the benefits obtained from
the advantages associated with the individual type of the draw solutions (NaCl and MgCl2),
it is recommended to study the effect of the ultrasound on the FO membrane performance
using a mixed draw solution (NaCl + MgCl2).



Water 2022, 14, 2092 20 of 23

4. Conclusions

The application of a continuous ultrasound frequency of 40 kHz is effective in en-
hancing the water flux through the FO membrane, especially when the ultrasound source
faces the membrane active layer. This applies to both types of the used draw solutions,
namely NaCl and MgCl2. With the use of NaCl as a draw solution, the highest water flux
enhancement (70.8%) was found at the low flow velocity, with a counter-current flow, and
the ultrasound facing the membrane active layer. For the case in which MgCl2 was the
draw solution, the highest flux enhancement 61.9% occurred at low flow velocity, with a
co-current flow, and the ultrasound facing the active layer. However, using ultrasound
resulted in slight flux enhancement or caused an adverse effect on water flux when it
faced the membrane support layer. Using the ultrasound toward the membrane support
layer increased the reverse solute flux from the draw solution to the feed solution side
that enhanced the formation of an accelerated cake-enhanced osmotic pressure fouling
layer and amplified the external concentration polarization. This was found to be more
pronounced with the use of NaCl as compared to the use of MgCl2 as a draw solution. The
application of ultrasound toward the membrane support layer needs to be carefully studied,
taking into consideration the feed solution characteristics. Moreover, draw solutions with
monovalent ions (such as NaCl) outperformed those with divalent ions (MgCl2) in terms of
water flux enhancement in all tested cases.

Supplementary Materials: The following supplementary information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14132092/s1, Table S1: Flux and feed solution conductivity for
the experiments with NaCl draw solution without ultrasound; Table S2: Flux and feed solution
conductivity for the experiments with NaCl draw solution with ultrasound; Table S3: Flux and feed
solution conductivity for the experiments with MgCl2 draw solution without ultrasound; Table S4:
Flux and feed solution conductivity for the experiments with MgCl2 draw solution with ultrasound.
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