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Abstract: An appropriate spacer design helps in minimizing membrane fouling which remains the
major obstacle in forward osmosis (FO) systems. In the present study, the performance of a hole-type
spacer (having holes at the filament intersections) was evaluated in a FO system and compared to a
standard spacer design (without holes). The hole-type spacer exhibited slightly higher water flux
and reverse solute flux (RSF) when Milli-Q water was used as feed solution and varied sodium
chloride concentrations as draw solution. During shale gas produced water treatment, a severe flux
decline was observed for both spacer designs due to the formation of barium sulfate scaling. SEM
imaging revealed that the high shear force induced by the creation of holes led to the formation
of scales on the entire membrane surface, causing a slightly higher flux decline than the standard
spacer. Simultaneously, the presence of holes aided to mitigate the accumulation of foulants on
spacer surface, resulting in no increase in pressure drop. Furthermore, a full cleaning efficiency was
achieved by hole-type spacer attributed to the micro-jets effect induced by the holes, which aided to
destroy the foulants and then sweep them away from the membrane surface.

Keywords: forward osmosis; spacer design; shale gas produced water; physical cleaning; fouling
and scaling

1. Introduction

Among osmosis-driven membrane separation processes, forward osmosis (FO) re-
search has seen a significant impulse in the past few years [1–3]. FO uses a semi-permeable
membrane for separating two solutions with different concentrations [4]. Water molecules
migrate from the feed solution (FS) having a low concentration to the draw solution (DS)
having a high concentration. The transport of water molecules is purely driven by the
osmotic pressure difference which is created across the membrane by the concentration
gradient of FS and DS cross-flowing liquids [5]. This aids in eliminating the need for
applying hydraulic pressure, resulting in high fouling reversibility on FO membrane and
ensuring longer membrane usability [6,7]. Consequently, the use of a good DS solution is
highly desirable to achieve low energy requirements and enhanced FO performance [8].
The ideal DS should be easily regenerated at low cost, produce simultaneously high water
flux and osmotic pressure, and generate low reverse draw solute flux and concentration
polarization.

Produced water contains high total dissolved solids (TDS) levels, which include
hydrocarbons, heavy metals, and chemical additives that are harmful to human and marine
organisms if they are discharged without any treatment [9,10]. Although produced water
is potent in terms of intrinsic/extrinsic inorganic fouling [11], it has a higher salinity than
the seawater [12,13], thereby more suitable for FS in FO processes. Hickenbottom et al. [14]
have used commercial cellulose triacetate (CTA) membrane to treat produced water by FO
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using sodium chloride (NaCl) solution (260 g/L) as DS. It was observed that the dilution of
DS led to reducing the flux rate over some time. However, it was successfully demonstrated
that FO is an effective technique to treat produced water. Hutchings et al. [15] treated
produced water to be reused in hydraulic fracturing operations. NaCl concentration of
26% w/w as DS and produced water with TDS of about 5000 mg/L as FS were utilized
in the study. The wastewater of around 70% was successfully reclaimed, which clearly
demonstrated that FO has high potential in extracting pure water from the produced water.

Membrane (bio)fouling is inevitable in all membrane processes and it affects the
filtration performance in terms of permeate flux production [16–18]. Moreover, in pressure-
driven membrane processes such as reverse osmosis (RO) and ultrafiltration (UF), (bio)fo-
uling reduces the filtration channel porosity resulting in a significant increase of applied
hydraulic pressure, thereby raising the energy requirements of filtration processes [19].
Holloway et al. studied the comparison of membrane fouling between FO and RO pro-
cesses [20]. They found that the water flux decline was more rapid in RO compared to FO.
Moreover, Lee et al. [3] investigated the organic fouling in both FO and RO. They reported
that FO could remove organic fouling when the flow velocity was increased, whereas no
change in organic fouling amount was monitored in the case of RO process. Furthermore,
membrane orientation (i.e., active layer facing FS (AL-FS) or active layer facing DS (AL-DS))
can influence the fouling tendency [21,22]. When AL-DS mode is employed, the fouling
in the support layer (facing the FS) could be high and lead to a decrease of the support
layer porosity [23]. Promising recent studies focused on the optimization of the membrane
materials (e.g., graphene-based membranes) to generate more fouling resistance associated
with higher water permeability and selectivity for enhanced desalination systems [24–26].

FO has less compact fouling due to the high membrane fouling reversibility which
is caused by the lack of hydraulic pressure [27]. Mi et al. [28] studied the fouling re-
versibility of FO membrane by using sodium alginate as an organic foulant model. They
concluded that simple physical cleaning could achieve quasi-full fouling reversibility. An-
other study realized by Zhan et al. [29] investigated the fouling reversibility in FO by
using wastewater as FS. They demonstrated that FO could be used to treat high potential
fouling feed. Kim et al. [30] studied the treatment of coal seam gas (CSG) produced wa-
ter by using fertilizer-dawn FO (FDFO) to produce a nutrient-rich solution for irrigation.
They concluded that the RO-FDFO hybrid process was an effective method for treating
CSG produced water compared to FDFO and RO. Despite the high fouling reversibility,
FO membranes suffered from membrane scaling due to the high content of inorganics.
Therefore, an effective method for membrane fouling mitigation is still challenging for the
treatment of produced water.

Feed spacers aid not only to support the membrane layers inside the filtration module
but also to mitigate the concentration polarization (CP), resulting in lower membrane foul-
ing and enhanced water flux production due to the promotion of unsteadiness/turbulence
in the channel [19,31]. Research studies have been done to investigate the effect of spacer
design on enhanced filtration performances and membrane fouling mitigation [32–45].
Zhang et al. [35] have investigated the effect of spacer integration in FO system in terms
of CP. The authors demonstrated that a spacer can mitigate the internal CP (ICP) when it
is inserted in the feed side. On the other hand, they revealed that external CP (ECP) and
ICP could be simultaneously decreased when spacers are placed on both feed and draw
sides of the membrane. Zou et al. [46] showed the influence of feed spacers in FO by using
microalgae as foulant. They concluded that spacers could help to improve the initial water
flux and reduce the membrane fouling. Furthermore, research studies demonstrated that
the geometry of the spacers could play an essential role in enhanced membrane filtration
performances. However, the incomprehensive optimization of various spacer geometric
parameters (such as spacer design, filament shape, filament thickness, and internal strand
angle) is so far a key challenge in water treatment processes [47]. Haaksman et al. [48]
proved that a lower CP could be obtained by alternating spacer filament thicknesses due
to the generation of high shear stress on membrane surface. Moreover, the spacer orien-
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tation and filament shape were found to have a significant influence on the fouling and
hydrodynamic conditions [32,49]. Neal et al. [50] studied the effect of spacer orientation
(0◦, 45◦, and 90◦ to the flow direction) in the filtration channel on the critical flux by inves-
tigating the particle deposition on the spacer. They concluded that 0◦ provided the most
significant improvement in critical flux whereas 90◦ gave the least. Although the spacer
can help to improve the membrane performance, particles might be deposited in the dead
zones (where little/no fluid is flowing) behind the spacer filament intersections and lead
consequently to diminish the overall performance of the filtration system. Kerdi et al. [33]
examined the performance of perforated feed spacers in a cross-flow UF system by varying
the inlet feed velocity magnitude. The authors exhibited that a great improvement of
the filtration performance was particularly achieved when the holes are created at the
spacer filament intersections (hole-type spacer). In the present work, the same hole-type
spacer design already reported by Kerdi et al. [33] for ultrafiltration was evaluated in FO
process by varying the feed and draw solutions. This spacer design with holes at filament
intersections shows its ability to locally provide unsteadiness inside the filtration channel
that can effectively clean the membrane surface. Moreover, this type of spacer has the
potential to enhance the permeate water flux and reduce the reverse salt flux (RSF) and
fouling deposition on spacer filaments and FO membrane surface. Therefore, the overall
FO performance could be improved without the need for frequent cleaning. Besides, as
FO is known to treat high salinity produced water [14,15,51], the treatment of shale gas
produced water (SGPW) is further tested in this study to evaluate the promising perfor-
mance of hole-type spacer in FO process. The main objective of this study is to evaluate
the performance of hole-type spacer design in SGPW treatment [51–53]. In the present
study, FO process was firstly examined in presence of hole-type spacer in terms of water
flux, reverse solute flux (RSF), and reverse solute flux selectivity (RSFS) by varying DS and
FS concentrations. Secondly, its filtration performance was evaluated and compared to
standard spacer (without holes in spacer filaments) and no spacer cases. Finally, by using
SGPW as FS, the flux decline, accumulation of fouling on membrane surface, pressure drop
increase, and physical cleaning efficiency were examined in the absence and presence of
spacers (hole-type and standard spacers).

2. Materials and Methods
2.1. FO Membrane and Draw Solution

Commercially available cellulose triacetate (CTA) FO membrane embedded in a
woven polyester mesh was used in all experiments. This membrane was provided by
Hydration Technology Innovations (HTI, Albany, OR, USA). Water and solute permeability
coefficients and structural parameters of the membrane are presented in Table S1 in the
Supplementary Materials. Detailed characteristics are reported elsewhere [54,55]. The
membrane coupons were immersed in Milli-Q water and stored at 4 ◦C. Sodium chloride
(NaCl) provided from Fisher Scientific (Pittsburgh, PA, USA) was dissolved in Milli-Q
water at different concentrations (0.6 M, 1.2 M, 1.8 M, and 5 M) to be utilized as DS in the
present study.

2.2. Synthetic Shale Gas Produced Water (SGPW)

Synthetic SGPW was employed as FS to evaluate the hole-type spacer performance
with a feed containing high TDS. The composition of SGPW was adopted according to the
typical constituents used in Marcellus shale gas (USA) [56]. This solution was prepared
by dissolving all chemical products summarized in Table 1 in Milli-Q water. All used
chemicals had powder form and provided by Sigma Aldrich (St. Louis, MO, USA).
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Table 1. Composition of synthetic SGPW.

Compounds Concentration (g/L)

Sodium bromide (NaBr) 1.54
Barium chloride (BaCl2) 5
Sodium sulfate (Na2SO4) 0.0103
Calcium chloride (CaCl2) 27.2
Sodium chloride (NaCl) 110.9

2.3. Feed and Draw Spacers

Standard and hole-type spacers used in this study were designed by computer-aided
design (CAD) in SolidWorks software (Dassault System Solid-Works Cooperation, Waltham,
MA, USA) and were then manufactured by utilizing 3D-printing technology (MiiCraft 125,
Version 3.4.5, MiiCraft Inc., New York, NY, USA). This 3D-printer allows printing spacers
through UV polymerization of liquid resin (BV-007acrylate monomer, MiiCraft Inc., New
York, NY, USA) with a high resolution (25 µm printing layer). Figure 1 shows CAD models
of the standard and hole-type spacers where the same geometric parameters were kept for
both spacers except the creation of holes (diameter of 0.5 mm) at the filament intersections
of hole-type spacer design. The thickness of both spacers was 1.8 mm. More detailed
information concerning the geometric parameters of the spacer design was described
elsewhere [33].
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2.4. Lab-Scale FO Experiments

Experiments were carried out to evaluate the hole-type spacer performance in FO
process in terms of water flux, RSF, and RSFS by using a customized lab-scale FO unit.
Two variable speed pumps (Cole-Parmer, Vernon Hills, IL, USA) were used to circulate FS
and DS solutions in a closed-loop, which led to batch operation. To measure the weight
change over time, the DS tank was placed on a digital balance having high sensitivity
(MS204, Mettler Toledo, Columbus, OH, USA). All balance readings were continuously
recorded through a data acquisition system (LabView, version 14, National Instruments,
Austin, TX, USA) at a time interval of 1 min to determine the evolution of water fluxes over
time. CTA membrane was installed in a custom-made cross-flow cell having symmetric
flow channels at both sides of the membrane. The measured membrane active area was
60 mm × 15 mm. A conductivity meter (Hach, Düsseldorf, Germany) was connected to
the FS tank to continuously measure the TDS of FS at a time interval of 15 min to calculate
the RSF.
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FO experiments were carried out under AL-FS mode where the active layer side
was facing the FS. For each experiment, a new membrane coupon was placed in the flow
cell and spacers were installed on both feed and draw sides of the membrane. The flow
rates in FS and DS were set at 300 mL/min for all experiments, and the volume of both
solutions was set to be 1 L with a temperature of 25 ◦C throughout the FO tests. In the case
of synthetic SGPW treatment, the experiment was performed until collecting 180 mL of
permeation through FO membrane. It is relevant to emphasize here that each experiment
was duplicated and the averages of resulted water fluxes were plotted in the study.

2.5. Theoretical Analysis

As shown in Equation (1), the water flux was calculated from the volume change of
the DS divided by the membrane area and time [57]:

Jw =

(
VDraw f − VDrawi

)
∆t ∗ Am

(1)

where Jw is the water flux (LMH, L/m2/h), VDraw f and VDrawi are the final and initial
volumes of DS (L), respectively, Am is the active membrane area (m2), and ∆t is the time
needed to produce Jw (h). The RSF was resulted from the increase of TDS in FS and was
calculated following Equation (2) [8]:

Js =
(CtVt)− (C0V0)

∆t ∗ Am
(2)

where Js is the reverse solute flux (gMH, g/m2/h), Ct and Vt are, respectively, the salt
concentration (g/L) and feed volume (L) over a predetermined time t (h), whereas C0 and
V0 are the initial concentration (g/L) and feed volume (L), respectively.

To evaluate the performance of the hole-type spacer, the solute resistivity (K), which
is the measurement of the solute diffusion into the membrane support layer, was further
determined by using the water flux equation developed by McCutcheon and Elimelech [58]
(Equation (3)). The structural parameter was calculated by using solute resistivity and
diffusivity, as shown in Equation (4) [54,59]:

Jw = A[πD exp(−JwK)− πF exp
(

Jw

k

)
] (3)

K = −
ln
[

Jw
A πD

]
Jw

=
S
D

(4)

where A is the water permeability coefficient of the membrane (LMH/bar), K is the solute
resistivity (s/m), πD and πF are the osmotic pressures of the bulk DS and FS (bar),
respectively, k is the mass transfer coefficient (m/s), and D is the diffusivity (m2/s). It
is relevant to highlight that in the case of Milli-Q water used as FS, the osmotic pressure
of FS was almost equal to zero, which was neglected and helped to simplify Equation (3)
into Equation (4). k values associated with calculated structural parameters were further
served to calculate the theoretical water fluxes as shown in Equation (3). The theoretical k
values were determined by calculating the channel porosity (ε) and the average effective
velocity (Uave) (Equations (5)–(8)) were followed to calculate Reynold (Re) and Schmidt
(Sc) numbers, respectively [60,61]. Moreover, the hydraulic diameter (dh) and Sherwood
number (Sh) were calculated by using the equations listed in Table 2. Sherwood number,
hydraulic diameter, and diffusivity (D) were then employed to determine k, as shown in
Equation (9) [58]:

ε = 1 −
Vsp

Vtotal
(5)
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Uave =
Q

w h ε
(6)

Re =
Uavedh

v
(7)

Sc =
v
D

(8)

k =
Sh D

dh
(9)

where ε is the porosity, Vsp and Vtotal are the spacer volume and the total volume of the
channel (m3), respectively, Uave is the average effective velocity (m/s), Q is the volumetric
feed flow rate (mL/min), w is the width of the flow channel (m), h is the height of the flow
channel (m), Re is Reynold number, dh is the hydraulic diameter (m), v is the kinematic
viscosity (m2/s), Sc is Schmidt number, SSP is the surface of spacer (m2), and l is the length
of the flow channel (m).

Table 2. Equations used to calculate the hydraulic diameter (dh) and Sherwood number (Sh).

Without Spacer With Spacer Reference

Hydraulic diameter dh = 2wh
w+h dh = 4

2
h +(1−ε)

SSP
VSP

[60,61]

Sherwood number Sh = 1.85(ReSc dh
l )

0.33 Sh = 0.065Re0.875Sc0.25 [22,61,62]

RSFS is defined as the ratio of the water flux to the RSF as presented in Equation (10) [63]:

RSFS =
Jw

Js
= (

A
B
)nRgT (10)

where B is the solute permeability coefficient of the membrane (LMH), n is the number of
dissolved species formed in the draw solute (e.g., 2 for NaCl), Rg is the ideal gas constant
(L·bar/K·mol), and T is the absolute temperature (K).

2.6. Membrane Surface Characterization

The morphology of the fouling layer developed on the membrane surface was character-
ized by using scanning electron microscopy (SEM, Zeiss supra, Carl Zeiss AG, Oberkochen,
Germany). The sample was prepared for SEM analysis by soaking the fouled membrane in
Milli-Q water for a couple of seconds in order to remove residues of FS and DS solutions,
and then it was kept for one day to be dried. Energy-dispersive X-ray spectroscopy (EDX)
analysis was carried out to identify the various compositions/dispersion of the foulant
accumulated on membrane surface. SEM imaging and EDX spectroscopy were conducted
with an accelerating voltage of 5 kV and 20 kV, respectively.

2.7. Pressure Drop Measurement and Physical Cleaning

The pressure drop for the feed flow channel was measured before and after SGPW
treatment by using a differential pressure transmitter (model PX5200-400WUDI, Omega,
Norwalk, CT, USA). After SGPW treatment, simple hydraulic flushing for physical cleaning
was carried out by increasing the flow rate up to three times (900 mL/min) for 15 min.
The cleaning efficiency was then assessed by calculating the flux recovery which repre-
sents the ratio of water fluxes produced before and after physical cleaning according to
Equation (11) [64]:

Flux recovery =
Jwc

Jwi
∗ 100% (11)

where Jwc and Jwi are the water fluxes produced after and before physical cleaning, respectively.
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3. Results and Discussion
3.1. Evaluation of Hole-Type Spacer Performance in FO Process

To evaluate the performance of the hole-type spacer design in FO system, various
experiments were carried out by using Milli-Q as FS and NaCl having different concen-
trations (0.6 M, 1.2 M, and 1.8 M) as DS. The resulted filtration performance was assessed
relative to the performances obtained by using a standard spacer design and without any
spacer integration in the filtration channel. As shown in Figure 2a, regardless of NaCl
concentration in DS, both spacers improved the water flux production compared to that
produced in absence of spacer (Jw = 13 LMH). In case of low NaCl concentration (0.6 M), the
hole-type spacer produced slightly higher water flux (Jw = 18 LMH) than standard spacer
(Jw = 17 LMH). When the concentration of DS was increased to 1.2 M of NaCl, 43% and 40%
of permeate flux enhancements were respectively acquired for hole-type (Jw = 25 LMH)
and standard (Jw = 24 LMH) spacers relative to no spacer experiment (Jw = 17 LMH). By
using a DS with the highest NaCl concentration (1.8 M), produced water fluxes were
found greater to be 21 LMH, 30 LMH, and 31 LMH in case of no spacer, standard and
hole-type spacers, respectively. Hence, at this DS concentration range, a relatively highest
flux enhancement (51%) was realized in presence of hole-type spacer relative to the absence
of spacer in the channel.
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Similar to water flux, the presence of spacers led to an increase of RSF values for all
tested DS concentrations (Figure 2b). At low DS concentration (0.6 M), hole-type spacer
revealed 25% less RFS value (Js = 24 gMH) compared to standard spacer (Js = 31 gMH).
However, this behavior was reversed at high DS concentrations (1.2 M and 1.8 M) and
the RFS improvement was observed more pronounced at DS concentration of 1.2 M of
NaCl. At this DS concentration, RFS value was found to be 25% greater for hole-type
spacer compared to standard spacer (Js = 34 gMH and 42 gMH for standard and hole-type
spacers, respectively).

The aforementioned results confirmed that the insertion of spacers can improve the
filtration performance in FO systems due to the turbulence/unsteadiness induced in the
channel. Moreover, it has been demonstrated that the presence of spacer in the feed side
helped to reduce ECP on membrane surface [34], thereby enhancing the water flux produc-
tion. Our results revealed that the hole-type spacer aided to slightly increase the water flux
production compared to the standard spacer though that higher flux improvement was
expected. It has been predicted that the creation of holes at the spacer filament intersections
might contribute to establishing additional fluid flow ways inside the channel, resulting in
a greater improvement in the flux production.

Theoretically and according to Equation (3), spacers cannot improve FO performance
in the case of Milli-Q water used as FS. Consequently, it can be assumed that spacers help
to decrease solute resistance (K) in the support layer and mitigate ICP [65,66]. K parameters
were then calculated based on Equation (4), and the resulted values were presented in
Figure 2c. The results show that the highest K value was obtained in absence of spacer
(K = 3 × 105 s/m), followed by standard spacer (K = 1.60 × 105 s/m) and then hole-type
spacer (K = 1.50 × 105 s/m). In presence of spacers, a reduction in K parameters was
detected to reduce ICP within the support layer which, in its turn, became less severe
than in the absence of spacer. Therefore, an enhancement in the effective concentration
gradient was achieved resulting in an improvement of FO performance. It is relevant to
highlight here that hole-type spacer showed a lower K value than standard spacer despite
the lower cross-flow velocity (i.e., 0.38 m/s and 0.54 m/s, respectively) (Figure 2c). It can
be concluded that the creation of holes (micro-jets) in the spacer design allowed the flowing
of even within the filament intersections, which led to promote stronger turbulence and
effectively mitigate ICP formation.

The draw solute in FO can be lost through RSF which is defined as the permeation
of the draw solutes through the membrane from DS solution into FS solution. Thus, the
membrane ability to minimize the draw solute loss is referred to RSFS [67]. RSFS (volume
of the produced water per the lost mass of draw solute) was then calculated following to
Equation (10) to further investigate the impact of spacer on FO performances. As shown in
Figure 2d, no significant change in RSFS values was observed for the three tested cases.
It could be inferred that hole-type spacer was not able to control the loss of draw solutes
through the membrane. Nonetheless, these obtained results proved that no damage to the
membrane surface was occurred due to the presence of the spacer.

In an attempt to assess the impact of spacers on ECP, a set of experiments was carried
out by using sodium chloride solution (0.3 M) as FS instead of Milli-Q water. In these
experiments, NaCl solution having a concentration of 1.2 M was used as DS. The obtained
results are summarized in Figure 3.
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A decrease in water flux production was observed, which was attributed to the effec-
tive concentration gradient reduced by increased FS concentration. To confirm the effect
of spacers on ICP, water flux was simulated based on Equation (3) and the values were
presented in Figure S1 (presented in the Supplementary Materials). The Reynolds numbers
were calculated for all experiments and reported to be 649, 705, and 711 for no spacer,
standard spacer and hole-type spacer, respectively. No significant difference in experi-
mental and numerical water flux values (−11.4%, −3.4%, and 1% for no spacer, standard
spacer, and hole-type spacer, respectively) was detected. This finding confirms that spacers
aid to mitigate ICP formation in the support layer by promoting more turbulence in the
filtration channel.

3.2. Evaluation of Hole-Type Spacer Performance for Synthetic SGPW Treatment in FO
3.2.1. Water Flux Decline

To realize SGPW treatment, the DS concentration used in FO experiments was selected
to be 5 M NaCl in order to produce enough water flux. Figure 4 depicts the normalized
water flux (ratio of water flux produced at time t (Jw) to its corresponding initial value (Jw0))
versus accumulated permeate volume for various experimental cases. Lower initial water
flux was produced (Jw0 = 9 LMH) in absence of spacer compared to those produced in
presence of hole (Jw0 = 15 LMH) and standard (Jw0 = 14 LMH) spacers. In these operating
parameters, the highest water flux was further obtained with hole-type spacer, which was
explained by the presence of micro-jets in the design helping to generate more turbulent
eddies (more breakdown vortices) at the downstream of spacer filaments. As shown in
Figure 4, a decline in water flux was observed during synthetic SGPW treatment for all
cases. This decline might be attributed to the membrane fouling layer formed on the
membrane surface. Unlike our prediction, hole-type spacer had a higher flux decline than
standard spacer. It is recognized that a higher initial water flux (higher permeation drag
force) might aggravate the fouling development on membrane surface [22], which results
in a higher flux decline explaining the severe flux decline for hole-type spacer case. It is
useful to emphasize here that the highest flux decline was observed in absence of spacer in
the filtration channel, which confirmed that the presence of spacer helped to recover the
flux production.
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Furthermore, the Reynolds numbers were calculated and reported to be 547, 590, and
600 for no spacer, standard spacer, and hole-type spacer, respectively. The experimental
water flux values were found considerably consistent with the numerical values as shown
in Figure S2 presented in the Supplementary Materials (−6.2%, 17.3%, and 10.9% for no
spacer, standard and hole-type spacers, respectively). Spacers have then the potential
to produce higher water fluxes, which could explain the formation of lower ICP in the
membrane support layer.

3.2.2. Fouling Characterization on Membrane Surface

Scale formation is a complex phenomenon that could affect the performance of mem-
brane technologies [68]. Surface and bulk crystallization are the major factors inducing
and scaling fouling in membrane systems. The surface crystallization occurred due to
the significant growth of scales on membrane surface causing its blockage leading to a
flux decline. However, when the crystallization of particles takes place in the bulk phase
followed by their deposition on membrane surface, the bulk crystallization occurs resulting
in a further decline in water flux [69]. To characterize the scale formed on the surfaces of
FO membrane used for SGPW treatment, SEM images were performed on their active layer
surfaces and the scanned images are shown in Figure 5.

SEM images demonstrated that scale formation occurred on membrane surface for
all cases (Figure 5a–d). In agreement with other studies [69,70], the scaling observed on
the membrane surface of no spacer (Figure 5b) and standard spacer (Figure 5c) cases
were attributed to the barite crystals deposition, which is subsequently confirmed by EDX
analysis (Figure 5). The composition of SGPW led to the formation of barium sulfate
(BaSO4), which has low solubility in water resulting in its scaling on membrane surface [71].
In the case of hole-type spacer, SEM image (Figure 5d) revealed smaller particles spreading
over the membrane area. These particles were broken down due to the high shear force
induced by the micro-jets created by the presence of holes in the spacer design. As a result,
scaling was found covering a wide area of membrane surface (hole-type spacer). This
insight could explain the higher flux decline obtained with this spacer when compared to
the standard spacer (Figure 4). This phenomenon was not observed in earlier study where
different types of membrane fouling (i.e., organic and colloidal fouling) were formed on the
membrane surface, where hole-type spacer showed less flux decline due to the scouring
effect of micro-jets [30].
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Figure 5. SEM images of the active layer surfaces of (a) pristine membrane, (b) membrane with no
spacer, and membranes equipped with (c) standard and (d) hole-type spacers.

EDX analysis was further performed to identify the scaling type on various membrane
surfaces. For all experimental cases, EDX results exhibited peaks of Ba, S, and O elements
demonstrating the presence of BaSO4 on the membrane surface. Moreover, sodium chloride
was detected as well, which indicated that a reverse diffusion of solutes (NaCl) occurred
from the DS solution. To thoroughly identify the scaling on membrane surface, EDX
mapping was also carried out and presented in Figure 6. The obtained results proved that
the inorganic scaling (O, S, and B elements) was more dispersed and covered a higher area
of membrane surface in the case of hole-type spacer confirming again the breakdown of
particles due to the higher shear forces and turbulence induced by the spacer holes.
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3.2.3. Pressure Drop and Physical Cleaning Efficiency

To investigate the effect of hole-type spacer on the hydraulic resistance, pressure
drop variations of the feed flow channel before and after SGPW treatment were measured
for all experimental tests and presented in Figure 7a. In absence of spacer, no change
in pressure drop was detected after SGPW treatment and its value was estimated to be
0.25 psi. However, when a spacer was inserted in the filtration channel, the magnitude of
pressure drop increased to reach 0.28 psi before SGPW treatment regardless of the type of
the inserted spacer. Hence, the insertion of spacers in the feed channel causes obviously this
rise in pressure drop along the flow channel [72]. After SGPW treatment, the pressure drop
value of standard spacer increased from 0.28 psi to attain 0.31 psi, whereas no pressure
drop increase was observed in the case of hole-type spacer. This increase in pressure drop
in presence of standard spacer was attributed to the accumulation of fouling material
on membrane surface. Contrary, the presence of micro-jets aided to mitigate the foulant
accumulation after SGPW resulting in a pressure drop stability in case of hole-type spacer.
In conclusion, less pressure drop (thereby, less energy consumption) could be accomplished
by using the hole-type spacer.
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three times higher than the velocity used throughout the experiments. The cleaning efficiency was
calculated based on Equation (11).

As FO process utilizes the osmotic pressure gradient as a driving force, it was expected
that the membrane fouling layer could be readily removed by a simple physical cleaning
such as an application of a strong fluid shear force (an increase of inlet velocity) [7]. Physical
cleaning on membrane surface was further performed after SGPW treatment by using Milli-
Q water as FS in order to assess the water flux recovery. The physical cleaning efficiency for
all experimental cases is presented in Figure 7b. A full flux recovery was achieved in the
case of hole-type spacer, whereas 93% and 95% of flux recovery were obtained in the case
of standard spacer and the absence of spacer, respectively. Consequently, the scaling on the
active layer could be completely removed in the case of hole-type spacer due to its ability
to fully improve the physical cleaning efficiency. Therefore, the presence of micro-holes in
the spacer design at the filament intersections along with physical cleaning aids to entirely
sweep away the fouling layer formed on the membrane surface.

4. Conclusions

The performance of hole-type spacer in FO process without and with SGPW treatment
was evaluated and compared to the standard spacer and no spacer cases. The results
reported in the present study can be summarized as follows:
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• Spacers have the ability to enhance the water flux in FO process via the mitigation of
ICP. In particular, hole-type spacer at the onset of the experiment aided to increase the
water flux slightly more than standard spacer.

• During SGPW treatment, hole-type spacer exhibited higher water flux but severer flux
decline. This finding was referred to the presence of holes which aided to break down
the scaling to cover a significant area of membrane surface. This was not observed for
organic fouling studies reported elsewhere.

• After SGPW treatment, standard spacer exhibited an increase in pressure drop,
whereas hole-type spacer had no change in pressure drop. This could effectively
minimize the energy consumption in FO modules.

• Hole-type spacer showed higher physical cleaning efficiency (100% of flux recovery)
than standard spacer (95% of flux recovery). This finding was attributed to the pres-
ence of holes in the spacer filament intersections which helped in readily destroying
and removing the scaling layer on membrane surfaces resulting in a more stable FO
operation during SGPW treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
375/11/1/34/s1, Table S1. FO membrane characteristics; Figure S1. Experimental and simulated
water fluxes produced by using 0.3 M NaCl as FS and 1.2 M NaCl as DS; Figure S2. Experimental
and simulated water flux produced by using synthetic produced water as FS and 5 M NaCl as DS.

Author Contributions: Conceptualization, J.A., Y.K. and N.G.; Methodology, J.A., Y.K., S.K., A.Q.
and N.G.; Data curation, J.A. and Y.K.; Formal analysis, J.A., Y.K., S.K., A.Q. and N.G.; Investigation,
J.A., Y.K. and N.G.; Validation, J.A., Y.K., S.K., A.Q. and N.G.; Writing—original draft, J.A. and Y.K.;
Writing—review & editing, J.A., Y.K., S.K., A.Q. and N.G.; Supervision, N.G.; Project administration,
N.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by King Abdullah University of Science and Technology
(KAUST).

Data Availability Statement: Not applicable.

Acknowledgments: The research reported in this paper was supported by King Abdullah University
of Science and Technology (KAUST), Saudi Arabia. The authors extend their gratitude to Water
Desalination and Reuse Center (WDRC) staff for their continuous support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Akther, N.; Phuntsho, S.; Chen, Y.; Ghaffour, N.; Shon, H.K. Recent advances in nanomaterial-modified polyamide thin-film

composite membranes for forward osmosis processes. J. Membr. Sci. 2019, 584, 20–45. [CrossRef]
2. Akther, N.; Sodiq, A.; Giwa, A.; Daer, S.; Arafat, H.A.; Hasan, S.W. Recent advancements in forward osmosis desalination: A

review. Chem. Eng. 2015, 281, 502–522. [CrossRef]
3. Lee, S.; Boo, C.; Elimelech, M.; Hong, S. Comparison of fouling behavior in forward osmosis (FO) and reverse osmosis (RO). J.

Membr. Sci. 2010, 365, 34–39. [CrossRef]
4. Chung, T.-S.; Zhang, S.; Wang, K.Y.; Su, J.; Ling, M.M. Forward osmosis processes: Yesterday, today and tomorrow. Desalination

2012, 287, 78–81. [CrossRef]
5. Cath, T.; Childress, A.; Elimelech, M. Forward osmosis: Principles, applications, and recent developments. J. Membr. Sci. 2006,

281, 70–87. [CrossRef]
6. Lutchmiah, K.; Verliefde, A.R.D.; Roest, K.; Rietveld, L.C.; Cornelissen, E.R. Forward osmosis for application in wastewater

treatment: A review. Water Res. 2014, 58, 179–197. [CrossRef]
7. Kim, Y.; Li, S.; Ghaffour, N. Evaluation of different cleaning strategies for different types of forward osmosis membrane fouling

and scaling. J. Membr. Sci. 2020, 596, 117731. [CrossRef]
8. Ge, Q.; Ling, M.; Chung, T.-S. Draw solutions for forward osmosis processes: Developments, challenges, and prospects for the

future. J. Membr. Sci. 2013, 442, 225–237. [CrossRef]
9. Neff, J.; Lee, K.; Deblois, E. Produced water: Overview of composition, fates, and effects. In Produced Water; Springer: Berlin,

Heidelberg, 2011; pp. 3–54.
10. Elmaleh, S.; Ghaffor, N. Upgrading oil refinery effluents by cross-flow ultrafiltration. Water Sci. Technol. 1996, 34, 231–238. [CrossRef]
11. Alzahrani, S.; Mohammad, A.W. Challenges and trends in membrane technology implementation for produced water treatment:

A review. J. Water Process. Eng. 2014, 4, 107–133. [CrossRef]

https://www.mdpi.com/2077-0375/11/1/34/s1
https://www.mdpi.com/2077-0375/11/1/34/s1
http://dx.doi.org/10.1016/j.memsci.2019.04.064
http://dx.doi.org/10.1016/j.cej.2015.05.080
http://dx.doi.org/10.1016/j.memsci.2010.08.036
http://dx.doi.org/10.1016/j.desal.2010.12.019
http://dx.doi.org/10.1016/j.memsci.2006.05.048
http://dx.doi.org/10.1016/j.watres.2014.03.045
http://dx.doi.org/10.1016/j.memsci.2019.117731
http://dx.doi.org/10.1016/j.memsci.2013.03.046
http://dx.doi.org/10.2166/wst.1996.0219
http://dx.doi.org/10.1016/j.jwpe.2014.09.007


Membranes 2021, 11, 34 14 of 16

12. Al-Ghouti, M.A.; Al-Kaabi, M.A.; Ashfaq, M.Y.; Da’na, D.A. Produced water characteristics, treatment and reuse: A review.
J. Water Process. Eng. 2019, 28, 222–239. [CrossRef]

13. Li, L.; Lee, R. Purification of produced water by ceramic membranes: Material screening, process design and economics. Sep.
Purif. Technol. 2009, 44, 3455–3484. [CrossRef]

14. Hickenbottom, K.L.; Hancock, N.T.; Hutchings, N.R.; Appleton, E.W.; Beaudry, E.G.; Xu, P.; Cath, T.Y. Forward osmosis treatment
of drilling mud and fracturing wastewater from oil and gas operations. Desalination 2013, 312, 60–66. [CrossRef]

15. Hutchings, N.R.; Appleton, E.W.; McGinnis, R.A. Making high quality frac water out of oilfield waste. In Proceedings of the SPE
Annual Technical Conference and Exhibition, Florence, Italy, 1 January 2010; p. 10.

16. Guo, W.; Ngo, H.H.; Li, J. A mini-review on membrane fouling. Bioresour. Technol 2012, 122, 27–34. [CrossRef]
17. Kerdi, S.; Qamar, A.; Alpatova, A.; Ghaffour, N. An in-situ technique for the direct structural characterization of biofouling in

membrane filtration. J. Membr. Sci. 2019, 583, 81–92. [CrossRef]
18. Kerdi, S.; Qamar, A.; Alpatova, A.; Vrouwenvelder, J.S.; Ghaffour, N. Membrane filtration performance enhancement and

biofouling mitigation using symmetric spacers with helical filaments. Desalination 2020, 484, 114454. [CrossRef]
19. Qamar, A.; Bucs, S.; Picioreanu, C.; Vrouwenvelder, J.; Ghaffour, N. Hydrodynamic flow transition dynamics in a spacer filled

filtration channel using direct numerical simulation. J. Membr. Sci. 2019, 590, 117264. [CrossRef]
20. Holloway, R.; Childress, A.; Dennett, K.; Cath, T. Forward osmosis for concentration of anaerobic digester centrate. Water Res.

2007, 41, 4005–4014. [CrossRef]
21. Honda, R.; Rukapan, W.; Komura, H.; Teraoka, Y.; Noguchi, M.; Hoek, E.M. Effects of membrane orientation on fouling character-

istics of forward osmosis membrane in concentration of microalgae culture. Bioresour. Technol. 2015, 197, 429–433. [CrossRef]
22. Kim, Y.; Li, S.; Chekli, L.; Woo, Y.C.; Wei, C.-H.; Phuntsho, S.; Ghaffour, N.; Leiknes, T.; Shon, H.K. Assessing the removal of

organic micro-pollutants from anaerobic membrane bioreactor effluent by fertilizer-drawn forward osmosis. J. Membr. Sci. 2017,
533, 84–95. [CrossRef]

23. Tang, C.Y.; She, Q.; Lay, W.C.L.; Wang, R.; Fane, A.G. Coupled effects of internal concentration polarization and fouling on flux
behavior of forward osmosis membranes during humic acid filtration. J. Membr. Sci. 2010, 354, 123–133. [CrossRef]

24. Mi, B. Scaling up nanoporous graphene membranes. Science 2019, 364, 1033–1034. [CrossRef] [PubMed]
25. Zhang, Z.; Li, S.; Mi, B.; Wang, J.; Ding, J. Surface slip on rotating graphene membrane enables the temporal selectivity that breaks

the permeability-selectivity trade-off. Sci. Adv. 2020, 6, eaba9471. [CrossRef]
26. Zhang, Z.; Zhang, F.; Liu, Z.; Cheng, G.; Wang, X.; Ding, J. Molecular dynamics study on the Reverse Osmosis using multilayer

porous graphene membranes. Nanomaterials 2018, 8, 805. [CrossRef] [PubMed]
27. Kim, B.; Gwak, G.; Hong, S. Analysis of enhancing water flux and reducing reverse solute flux in pressure assisted forward

osmosis process. Desalination 2017, 421, 61–71. [CrossRef]
28. Mi, B.; Elimelech, M. Organic fouling of forward osmosis membranes: Fouling reversibility and cleaning without chemical

reagents. J. Membr. Sci. 2010, 348, 337–345. [CrossRef]
29. Zhan, M.; Gwak, G.; Choi, B.G.; Hong, S. Indexing fouling reversibility in forward osmosis and its implications for sustainable

operation of wastewater reclamation. J. Membr. Sci. 2019, 574, 262–269. [CrossRef]
30. Kim, Y.; Woo, Y.C.; Phuntsho, S.; Nghiem, L.D.; Shon, H.K.; Hong, S. Evaluation of fertilizer-drawn forward osmosis for coal

seam gas reverse osmosis brine treatment and sustainable agricultural reuse. J. Membr. Sci. 2017, 537, 22–31. [CrossRef]
31. Schwinge, J.; Wiley, D.E.; Fletcher, D.F. Simulation of the flow around spacer filaments between narrow channel walls. 1. Hydro-

dynamics. Ind. Eng. Chem. Res. 2002, 41, 2977–2987. [CrossRef]
32. Haidari, A.H.; Heijman, S.G.J.; van der Meer, W.G.J. Optimal design of spacers in reverse osmosis. Sep. Purif. Technol. 2018, 192,

441–456. [CrossRef]
33. Kerdi, S.; Qamar, A.; Vrouwenvelder, J.S.; Ghaffour, N. Fouling resilient perforated feed spacers for membrane filtration. Water

Res. 2018, 140, 211–219. [CrossRef] [PubMed]
34. Park, M.; Kim, J.H. Numerical analysis of spacer impacts on forward osmosis membrane process using concentration polarization

index. J. Membr. Sci. 2013, 427, 10–20. [CrossRef]
35. Zhang, H.; Cheng, S.; Yang, F. Use of a spacer to mitigate concentration polarization during forward osmosis process. Desalination

2014, 347, 112–119. [CrossRef]
36. Valladares Linares, R.; Bucs, S.S.; Li, Z.; AbuGhdeeb, M.; Amy, G.; Vrouwenvelder, J.S. Impact of spacer thickness on biofouling in

forward osmosis. Water Res. 2014, 57, 223–233. [CrossRef] [PubMed]
37. Cao, Z.; Wiley, D.E.; Fane, A.G. CFD simulations of net-type turbulence promoters in a narrow channel. J. Membr. Sci. 2001, 185,

157–176. [CrossRef]
38. Da Costa, A.R.; Fane, A.G.; Wiley, D.E. Spacer characterization and pressure drop modelling in spacer-filled channels for

ultrafiltration. J. Membr. Sci. 1994, 87, 79–98. [CrossRef]
39. Bucs, S.S.; Radu, A.I.; Lavric, V.; Vrouwenvelder, J.S.; Picioreanu, C. Effect of different commercial feed spacers on biofouling of

reverse osmosis membrane systems: A numerical study. Desalination 2014, 343, 26–37. [CrossRef]
40. Ali, S.M.; Qamar, A.; Kerdi, S.; Phuntsho, S.; Vrouwenvelder, J.S.; Ghaffour, N.; Shon, H.K. Energy efficient 3D printed column

type feed spacer for membrane filtration. Water Res. 2019, 164, 114961. [CrossRef]
41. Kim, Y.-D.; Francis, L.; Lee, J.-G.; Ham, M.-G.; Ghaffour, N. Effect of non-woven net spacer on a direct contact membrane

distillation performance: Experimental and theoretical studies. J. Membr. Sci. 2018, 564, 193–203. [CrossRef]

http://dx.doi.org/10.1016/j.jwpe.2019.02.001
http://dx.doi.org/10.1080/01496390903253395
http://dx.doi.org/10.1016/j.desal.2012.05.037
http://dx.doi.org/10.1016/j.biortech.2012.04.089
http://dx.doi.org/10.1016/j.memsci.2019.04.051
http://dx.doi.org/10.1016/j.desal.2020.114454
http://dx.doi.org/10.1016/j.memsci.2019.117264
http://dx.doi.org/10.1016/j.watres.2007.05.054
http://dx.doi.org/10.1016/j.biortech.2015.08.096
http://dx.doi.org/10.1016/j.memsci.2017.03.027
http://dx.doi.org/10.1016/j.memsci.2010.02.059
http://dx.doi.org/10.1126/science.aax3103
http://www.ncbi.nlm.nih.gov/pubmed/31197000
http://dx.doi.org/10.1126/sciadv.aba9471
http://dx.doi.org/10.3390/nano8100805
http://www.ncbi.nlm.nih.gov/pubmed/30304786
http://dx.doi.org/10.1016/j.desal.2017.04.007
http://dx.doi.org/10.1016/j.memsci.2009.11.021
http://dx.doi.org/10.1016/j.memsci.2018.12.074
http://dx.doi.org/10.1016/j.memsci.2017.05.032
http://dx.doi.org/10.1021/ie010588y
http://dx.doi.org/10.1016/j.seppur.2017.10.042
http://dx.doi.org/10.1016/j.watres.2018.04.049
http://www.ncbi.nlm.nih.gov/pubmed/29715645
http://dx.doi.org/10.1016/j.memsci.2012.09.045
http://dx.doi.org/10.1016/j.desal.2014.05.026
http://dx.doi.org/10.1016/j.watres.2014.03.046
http://www.ncbi.nlm.nih.gov/pubmed/24726992
http://dx.doi.org/10.1016/S0376-7388(00)00643-8
http://dx.doi.org/10.1016/0376-7388(93)E0076-P
http://dx.doi.org/10.1016/j.desal.2013.11.007
http://dx.doi.org/10.1016/j.watres.2019.114961
http://dx.doi.org/10.1016/j.memsci.2018.07.019


Membranes 2021, 11, 34 15 of 16

42. Da Costa, A.R.; Fane, A.G. Net-type spacers: Effect of configuration on fluid flow path and ultrafiltration flux. Ind. Eng. Chem.
Res. 1994, 33, 1845–1851. [CrossRef]

43. Guillen, G.; Hoek, E.M.V. Modeling the impacts of feed spacer geometry on reverse osmosis and nanofiltration processes. Chem.
Eng. 2009, 149, 221–231. [CrossRef]

44. Da Costa, A.R.; Fane, A.G.; Wiley, D.E. Ultrafiltration of whey protein solutions in spacer-filled flat channels. J. Membr. Sci. 1993,
76, 245–254. [CrossRef]

45. Gu, B.; Adjiman, C.S.; Xu, X.Y. The effect of feed spacer geometry on membrane performance and concentration polarisation
based on 3D CFD simulations. J. Membr. Sci. 2017, 527, 78–91. [CrossRef]

46. Zou, S.; Wang, Y.-N.; Wicaksana, F.; Aung, T.; Wong, P.C.Y.; Fane, A.G.; Tang, C.Y. Direct microscopic observation of forward osmosis
membrane fouling by microalgae: Critical flux and the role of operational conditions. J. Membr. Sci. 2013, 436, 174–185. [CrossRef]

47. Radu, A.I.; van Steen, M.S.H.; Vrouwenvelder, J.S.; van Loosdrecht, M.C.M.; Picioreanu, C. Spacer geometry and particle
deposition in spiral wound membrane feed channels. Water Res. 2014, 64, 160–176. [CrossRef] [PubMed]

48. Haaksman, V.A.; Siddiqui, A.; Schellenberg, C.; Kidwell, J.; Vrouwenvelder, J.S.; Picioreanu, C. Characterization of feed channel
spacer performance using geometries obtained by X-ray computed tomography. J. Membr. Sci. 2017, 522, 124–139. [CrossRef]

49. Lee, J.; Ghaffour, N. Predicting the performance of large-scale forward osmosis module using spatial variation model: Effect of
operating parameters including temperature. Desalination 2019, 469, 114095. [CrossRef]

50. Neal, P.R.; Li, H.; Fane, A.G.; Wiley, D.E. The effect of filament orientation on critical flux and particle deposition in spacer-filled
channels. J. Membr. Sci. 2003, 214, 165–178. [CrossRef]

51. Shaffer, D.L.; Arias Chavez, L.H.; Ben-Sasson, M.; Romero-Vargas Castrillón, S.; Yip, N.Y.; Elimelech, M. Desalination and reuse of high-
salinity shale gas produced water: Drivers, technologies, and future directions. Environ. Sci. Technol. 2013, 47, 9569–9583. [CrossRef]

52. Kim, J.; Kim, J.; Hong, S. Recovery of water and minerals from shale gas produced water by membrane distillation crystallization.
Water Res. 2018, 129, 447–459. [CrossRef]

53. Gregory, K.B.; Vidic, R.D.; Dzombak, D.A. Water management challenges associated with the production of shale gas by hydraulic
fracturing. Elements 2011, 7, 181–186. [CrossRef]

54. Kim, Y.; Lee, S.; Shon, H.K.; Hong, S. Organic fouling mechanisms in forward osmosis membrane process under elevated feed
and draw solution temperatures. Desalination 2015, 355, 169–177. [CrossRef]

55. McCutcheon, J.R.; Elimelech, M. Influence of membrane support layer hydrophobicity on water flux in osmotically driven
membrane processes. J. Membr. Sci. 2008, 318, 458–466. [CrossRef]

56. Kim, J.; Kwon, H.; Lee, S.; Lee, S.; Hong, S. Membrane distillation (MD) integrated with crystallization (MDC) for shale gas
produced water (SGPW) treatment. Desalination 2017, 403, 172–178. [CrossRef]

57. Roy, D.; Rahni, M.; Pierre, P.; Yargeau, V. Forward osmosis for the concentration and reuse of process saline wastewater. Chem.
Eng. 2016, 287, 277–284. [CrossRef]

58. McCutcheon, J.R.; Elimelech, M. Influence of concentrative and dilutive internal concentration polarization on flux behavior in
forward osmosis. J. Membr. Sci. 2006, 284, 237–247. [CrossRef]

59. Zhao, S.; Zou, L.; Tang, C.Y.; Mulcahy, D. Recent developments in forward osmosis: Opportunities and challenges. J. Membr. Sci.
2012, 396, 1–21. [CrossRef]

60. Haidari, A.H.; Heijman, S.G.J.; van der Meer, W.G.J. Effect of spacer configuration on hydraulic conditions using PIV. Sep. Purif.
Technol. 2018, 199, 9–19. [CrossRef]

61. Schock, G.; Miquel, A. Mass transfer and pressure loss in spiral wound modules. Desalination 1987, 64, 339–352. [CrossRef]
62. Wang, J.; Dlamini, D.S.; Mishra, A.K.; Pendergast, M.T.M.; Wong, M.C.Y.; Mamba, B.B.; Freger, V.; Verliefde, A.R.D.; Hoek, E.M.V.

A critical review of transport through osmotic membranes. J. Membr. Sci. 2014, 454, 516–537. [CrossRef]
63. Phillip, W.A.; Yong, J.S.; Elimelech, M. Reverse draw solute permeation in forward osmosis: Modeling and experiments. Environ.

Sci. Technol. 2010, 44, 5170–5176. [CrossRef] [PubMed]
64. Li, H. Cleaning Effectiveness. In Encyclopedia of Membranes; Drioli, E., Giorno, L., Eds.; Springer: Berlin/Heidelberg, Germany,

2016; pp. 1–2.
65. Bui, N.-N.; Arena, J.T.; McCutcheon, J.R. Proper accounting of mass transfer resistances in forward osmosis: Improving the

accuracy of model predictions of structural parameter. J. Membr. Sci. 2015, 492, 289–302. [CrossRef]
66. Schwinge, J.; Wiley, D.E.; Fane, A.G. Novel spacer design improves observed flux. J. Membr. Sci. 2004, 229, 53–61. [CrossRef]
67. Shaffer, D.L.; Werber, J.R.; Jaramillo, H.; Lin, S.; Elimelech, M. Forward osmosis: Where are we now? Desalination 2015, 356,

271–284. [CrossRef]
68. Zarga, Y.; Ben Boubaker, H.; Ghaffour, N.; Elfil, H. Study of calcium carbonate and sulfate co-precipitation. Chem. Eng. Sci. 2013,

96, 33–41. [CrossRef]
69. Antony, A.; Low, J.H.; Gray, S.; Childress, A.E.; Le-Clech, P.; Leslie, G. Scale formation and control in high pressure membrane

water treatment systems: A review. J. Membr. Sci. 2011, 383, 1–16. [CrossRef]
70. Chesters, S.P. Innovations in the inhibition and cleaning of reverse osmosis membrane scaling and fouling. Desalination 2009, 238,

22–29. [CrossRef]

http://dx.doi.org/10.1021/ie00031a026
http://dx.doi.org/10.1016/j.cej.2008.10.030
http://dx.doi.org/10.1016/0376-7388(93)85221-H
http://dx.doi.org/10.1016/j.memsci.2016.12.058
http://dx.doi.org/10.1016/j.memsci.2013.02.030
http://dx.doi.org/10.1016/j.watres.2014.06.040
http://www.ncbi.nlm.nih.gov/pubmed/25055226
http://dx.doi.org/10.1016/j.memsci.2016.09.005
http://dx.doi.org/10.1016/j.desal.2019.114095
http://dx.doi.org/10.1016/S0376-7388(02)00500-8
http://dx.doi.org/10.1021/es401966e
http://dx.doi.org/10.1016/j.watres.2017.11.017
http://dx.doi.org/10.2113/gselements.7.3.181
http://dx.doi.org/10.1016/j.desal.2014.10.041
http://dx.doi.org/10.1016/j.memsci.2008.03.021
http://dx.doi.org/10.1016/j.desal.2016.07.045
http://dx.doi.org/10.1016/j.cej.2015.11.012
http://dx.doi.org/10.1016/j.memsci.2006.07.049
http://dx.doi.org/10.1016/j.memsci.2011.12.023
http://dx.doi.org/10.1016/j.seppur.2018.01.022
http://dx.doi.org/10.1016/0011-9164(87)90107-X
http://dx.doi.org/10.1016/j.memsci.2013.12.034
http://dx.doi.org/10.1021/es100901n
http://www.ncbi.nlm.nih.gov/pubmed/20527762
http://dx.doi.org/10.1016/j.memsci.2015.02.001
http://dx.doi.org/10.1016/j.memsci.2003.09.015
http://dx.doi.org/10.1016/j.desal.2014.10.031
http://dx.doi.org/10.1016/j.ces.2013.03.028
http://dx.doi.org/10.1016/j.memsci.2011.08.054
http://dx.doi.org/10.1016/j.desal.2008.01.031


Membranes 2021, 11, 34 16 of 16

71. Lee, J.-G.; Jang, Y.; Fortunato, L.; Jeong, S.; Lee, S.; Leiknes, T.; Ghaffour, N. An advanced online monitoring approach to study
the scaling behavior in direct contact membrane distillation. J. Membr. Sci. 2018, 546, 50–60. [CrossRef]

72. van Paassen, J.A.M.; Kruithof, J.C.; Bakker, S.M.; Kegel, F.S. Integrated multi-objective membrane systems for surface water
treatment: Pre-treatment of nanofiltration by riverbank filtration and conventional ground water treatment. Desalination 1998,
118, 239–248. [CrossRef]

http://dx.doi.org/10.1016/j.memsci.2017.10.009
http://dx.doi.org/10.1016/S0011-9164(98)00137-4

	Introduction 
	Materials and Methods 
	FO Membrane and Draw Solution 
	Synthetic Shale Gas Produced Water (SGPW) 
	Feed and Draw Spacers 
	Lab-Scale FO Experiments 
	Theoretical Analysis 
	Membrane Surface Characterization 
	Pressure Drop Measurement and Physical Cleaning 

	Results and Discussion 
	Evaluation of Hole-Type Spacer Performance in FO Process 
	Evaluation of Hole-Type Spacer Performance for Synthetic SGPW Treatment in FO 
	Water Flux Decline 
	Fouling Characterization on Membrane Surface 
	Pressure Drop and Physical Cleaning Efficiency 


	Conclusions 
	References

