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Abstract Aside from being essential for human needs,
water resources are also in demand by various industries to
ensure the sustainability of economic development in
countries. However, the supply of clean and affordable
water is slowly depleting to the point where it becomes a
major issue that requires significant attention. The
membrane filtration system is an effective method for
purifying water, with a high potential to provide clean
water with minimal energy. The membrane spacer is a
significant component in the membrane filtration system
that considerably influences its performance. The dominant
challenge in membrane spacers is fouling, mainly
biofouling, which leads to unwanted consequences that
drastically decrease the system’s performance. This review
focuses on the advancements in membrane spacer
technology through the modification of geometric design,
selection of materials, and evaluation of their impact on
fluid dynamics and biofouling. Additionally, the review
provides insight into the utilization of three-dimensional
printing methods and three-dimensional simulations in
advancing membrane spacer technology.
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1 Introduction

Sustainable resources are being extensively studied due to
the demand from the increasing human population and
expanding economic infrastructure. Continuous explora-
tion and the provision of resources at reduced costs are
increasingly essential to ensure the well-being and
security of the global community. Water is one of the
primary resources required by every industry, contribut-
ing to the ever-growing need for more research focusing
on affordable and accessible supply and usage [1,2].

The availability of water resources has been facing a
significant challenge since the rate of water consumption
is double the rate of population growth [3]. The United
Nations (UN) reports that two-thirds of the global
population could face strained situations, with the
possibility of inhabiting areas with no water available to
most people [4]. In addition to the increase in global
population, other factors contribute to future water
shortage issues, such as rapid urban growth, rural
poverty, and an increase in human migration [1].
Additionally, the presence of micropollutants such as
pesticides, pharmaceuticals, inorganic molecules, and
other aromatic organic compounds flowing into water
bodies, mainly in industrialized and developing countries,
increases the demand for purified water. Membrane
separation processes are rapidly developing for water and
wastewater treatment due to their significant role in water
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purification [5].

Membrane technology has been implemented in various
industries due to its high selectivity, minimal chemical
utilization, possible industrial scale-up, and lower energy
requirements [6—10]. Aside from water treatment
industries, other sectors depend heavily on membrane
technology, including electrodialysis, energy, food, and
pharmaceutical industries [11]. The general processes
involved in membrane technology include pressure-
driven membrane processes, electrochemical charge-
driven processes, and emerging membrane processes
[12,13]. It is crucial to enhance the overall performance
of the membrane by avoiding performance drops in
membrane separation systems [14].

The feed spacer, whether mesh spacers, channel
spacers, or feed channels, is an essential component that
creates feed channels between membrane leaves by
placing the spacer on top of the membrane filtration to
allow water to pass over the membrane surface [15].
Additionally, the spacer can assist in foulant removal by
generating turbulence over the feedwater flow, creating a
shear force between the surface of the membrane and the
spacer. This process increases flow mixing, enhances
mass transfer, and decreases the concentration polariza-
tion (CP) phenomenon [14,16,17].

However, the presence of the feed spacer can cause two
major problems: resistance due to the feed channel
pressure (FCP) and the presence of stagnant zones that
appear between the membrane and feed spacer, as well as
at the intersection of spacer filaments. FCP can lead to
increased energy loss, which occurs when the feed spacer
resists fluid flow and worsens when fouling occurs [18].
The stagnant zone, on the other hand, reduces flow and
increases the deposition of foulants, exacerbating CP
phenomena and fouling, ultimately raising water
production costs [13,19].

The irreversible fouling on membrane and feed spacer
surfaces caused by numerous organic, inorganic, and
biological substances has been a significant issue for
membrane technology processes that may reduce
membrane performance [19]. Feed spacers are typically
not designed to withstand high-pressure flow and are
costly to replace. Thus, selecting an optimum feed spacer
design according to the application is highly important to
ensure the compatibility of the feed spacer with the
process operation [14,19].

Membrane spacer design geometry, such as the
filament diameter, shape and pattern, mesh length, and
spacer thickness, has significant impacts on the feed
channel hydrodynamics, fouling, and other process
parameters [20]. The advancement of feed spacer
geometry design is facilitated by the rise of three-
dimensional (3D) printing technology, which allows for
custom and complex designs using different materials
[6,21,22]. Geometry design, materials, and 3D printing
have been proven to improve the feed spacer in terms of

fouling and biofouling resistance in addition to membrane
materials or membrane properties. Suitable feed spacers
compatible with the filtration process can increase the
efficiency of the filtration system, thus lowering energy
consumption. However, there are limited studies that
focus on the feed spacer in detail. This study evaluates the
advancement of the feed spacer through modifications to
its geometric design, materials, and the 3D printing
method used for spacer fabrication, aiming to increase
membrane filtration efficiency and reduce the fouling
tendency of the feed spacer. This review focuses
specifically on pressure-driven membrane processes,
including ultrafiltration (UF), reverse osmosis (RO), and
nanofiltration (NF), where spacers in the feed chamber
play a critical role in mitigating fouling and enhancing
mass transfer. In addition, this study also evaluates recent
studies on two-dimensional (2D) and 3D simulation,
numerical modeling of the feed spacer, and future
perspectives for membrane spacer technology.

1.1  Significance of this review

Membrane technology is a topic that has been discussed
extensively to date, encompassing various branches such
as water purification, desalination, electrolysis, and gas
separation. Owing to the influence of membrane spacers
on the efficiency and lifespan of a membrane system,
research and studies focusing on membrane spacers have
begun to grow alongside the continuously increasing
discussion focusing on membrane technology. According
to Lin et al. [13], the publications of membrane spacers
can be categorized into three phases: phase one
(hydrodynamics), two (biofouling mitigation), and three
(3D printing technology). Phase one includes the
publications from the year 2001 until 2008, where the
research mainly focused on the parameters of
hydrodynamics or hydraulic performances such as mass
transfer and pressure drop of the system that utilizes feed
spacer. No published literary works before 2009 have
experimented with the alteration of feed spacers to
mitigate biofouling. Phase two, which started in 2009 and
continued until 2015, initially began when Lin et al. [13]
reported in their research that feed spacers largely
contributed to biofouling phenomena. This finding has
encouraged feed spacer fields to move toward biofouling
mitigation  rather than  hydraulic  performance
considerably. Phase three began shortly after phase two,
where additive manufacturing (AM) via 3D printing
enhanced the studies of spacers with novel designs. These
novelly designed spacers are intended to improve both
hydraulic and biofouling prevention of membrane
systems. As of late, the center of discussion in the field of
membrane spacer has been associated with various
scopes, such as 3D printing in membrane spacer
technology [23], fouling mitigation [24], biofouling [25],
and modification of membrane spacer [26].
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Novel ideas and research continue to arise as there is
still a wide gap of unknown possibilities in this field. The
publishing trend discussing membrane spacers in the past
10 years is shown in Fig. 1. This finding was conducted
by retrieving publication information from Scopus with
the keywords ‘membrane’ and ‘spacer’ for the past 10
years. The number of publications in the membrane
spacer field is considerably lower than that in membrane
technology; however, the trend has steadily increased
over the years. Based on the growing trend, it is clear that
the membrane spacer field is gaining continuous interest
from researchers and will emerge more over the years.
However, there is still limited extensive discussion
regarding the relationship between membrane technology
and membrane spacers, the effect of membrane spacer
modification toward fouling, and the advancement of the
membrane spacer field through 3D printing. This review
serves the purpose of filling in these gaps, where the
advancement of membrane spacers is discussed
thoroughly to aid further research focusing on this field.

2 Membrane fouling

2.1 Membrane fouling: types, factors, and mechanisms
Membrane fouling can influence the likelihood of
membrane spacer fouling. In general, membrane fouling
often refers to the deposition or adsorption of dissolved or
suspended particles onto the membrane pores or surfaces.
Membrane fouling negatively impacts membrane
performance through various interactions. Pore block-
ages, pore constrictions, and cake formations are typically
responsible for membrane fouling [27]. Different
interactions between the membrane and the feed solution
lead to various types of fouling [28]. These can be
categorized based on the characteristics of the foulant,
including inorganic and scaling fouling, colloidal and
particulate fouling, organic fouling, and biological
fouling. Figure 2 shows the types of fouling and the
factors causing them.
Growing trend of publications in
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2.1.1 Inorganic and scaling fouling

Inorganic fouling occurs when inorganic substances or
precipitates, such as metal oxides, metal hydroxides, and
minerals, accumulate on the membrane surface or within
the membrane pores [29]. Scaling is among the typical
examples of inorganic fouling, which is caused by the
deposition of supersaturated dissolved minerals on the
membrane. Substances commonly found in membrane
influents that could cause membrane inorganic fouling or
scaling include BaSO,, CaCO,, CaSO,, SiO,, and many
other inorganic compounds [30,31].

During a membrane filtration process, as the feed
solution with dissolved minerals permeates through the
membrane, the inorganic substances are retained on the
membrane surface. The concentration of dissolved
minerals on the membrane surface increases and
eventually exceeds the solubility limit. Supersaturation
of the dissolved minerals on the membrane surface
induces the aggregation of dissolved minerals to form a
cluster of inorganic solid particles via nucleation. The
formed nuclei can further attract the deposition of more
mineral molecules, leading to crystallization, and larger
clusters of crystals will form as the aggregation of
minerals continues [32]. These scaling crystals then
interact with the membrane surface via electrostatic
attraction or adsorption. Lastly, a scaling layer builds up
on the membrane surface, causing undesired membrane
fouling.

2.1.2  Colloidal and particulate fouling

Colloidal and particulate fouling are associated with the
accumulation of solid particles on the membrane surface
[33]. Colloidal particles are relatively smaller, usually
ranging from nanometers to micrometers, whereas
particulate fouling involves particles ranging from
micrometers to millimeters in size. The presence of non-
biological organic matter (natural organic matter (NOM)
and proteins) and inorganic particles (silt and silica)
usually leads to this type of fouling [34].

These suspended particles in the membrane filtration
influent can be attracted to the membrane surface via van
der Waals forces and electrostatic interactions. As the
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filtration and deposition of the colloidal particles on the
membrane surface continue, the membrane pores may
become blocked, forming cake layers on the membrane
surface [35]. The cake layer can accelerate the fouling
rate by trapping and attracting additional particles,
reducing the membrane’s overall performance.

2.1.3 Organic fouling

Organic fouling is a type of fouling caused by the
attachment of organic substances to the membrane
surface. The feed water or wastewater influent may
include various types of organic matter, such as NOM, a
combination of fulvic acids and humic acid, and
additional NOM resulting from the decomposition of
animal and plant waste [36]. The organic compounds are
usually large and can easily cause physical blockages of
membrane pores. Additionally, organic substances can
actively interact with membrane surfaces through
adsorption [37].

The organic foulants can easily adhere to and
accumulate on the membrane, forming a cake layer. As
filtration continues, the concentration of organic
substances retained on the membrane surfaces increases,
creating a CP layer on the membrane surface [38]. This
layer further encourages the adsorption and deposition of
more organic molecules. As a result, the hydraulic
resistance of the membrane increases, leading to a decline
in membrane flux. In addition, CP also promotes the
formation of a biofilm that leads to biological fouling.

2.1.4 Biological fouling

Biological fouling, or biofouling, is a condition where a
biofilm is formed due to the growth and accumulation of
microorganisms. Biofouling contributes to more than
45% of membrane fouling, among other types of
membrane fouling. Extracellular polymeric substances
(EPS) are usually produced by microorganisms (e.g.,
algae, bacteria, fungi, and others) as one of their sur-
vival tactics and shelter [39]. EPS in the biofilm consists
of organic polymers made up of extracellular DNA,
lipids, proteins, and polysaccharides. It forms a matrix
in which all the microorganism communities are
embedded.

The issue with biofouling on the membrane spacer
dates back to 1994, when Flemming et al. [40] stated
that biofilm could completely overgrow the membrane
spacer and prevent its hydraulic function. An observation
was made in the late 1900s by Baker et al. [41] that the
deposition of fouling occurs first along the spacer
filaments before it disperses onto the membrane surface.
A few years later, van Paassen et al. [42] observed a
relationship between biofouling on feed spacers and the
increase in FCP drop in the system. There has been much
research conducted to improve the geometry design of

membrane spacers up until recently, which stems from
the suggestion by Ridgway in 1997, who proposed the
theory of optimizing the spacer design to enhance
hydrodynamics and aid with biofouling mitigation [43].
Even though studies regarding biofouling focus more on
membrane improvements today, there is an increased
trend in the study of membrane spacers as the primary
fundamental aspect of biofouling phenomena [44]. This is
supported by a study by Vrouwenvelder et al. (2009)
[47,48], where the biofouling of feed spacers has been
shown to have a more significant impact on FCP drop
compared to other aspects such as membrane type,
transmembrane pressure, and permeate flux. Fluid
dynamics, the study of fluid flow and the associated
forces, is commonly described by vector equations such
as the Navier-Stokes equations, and is an important factor
in the field of membrane spacer technology [45]. Thus,
many studies are conducted to study the fluid dynamics of
the membrane spacer, mainly using computational fluid
dynamics (CFD). CFD is the numerical simulation of
these fluid flows, where the governing equations are
solved to predict how fluids behave under various
conditions [46]. Their study on 3D CFD modeling also
discovered that dead zones caused by membrane spacers
that obstructed the flow increased biofouling [47,48].

The removal of biofilm can be categorized into three
mechanisms: desorption, detachment, and dispersal. The
desorption mechanism works in reverse, as bacterial
attachment does, such as when surface-attached cells
dissociate from the substratum following the flow of the
bulk liquid. Detachment mechanisms refer to the process
of the passive dislocation of biofilm-embedded cells from
the biofilm due to the alteration of biofilm structure that
is caused by external forces. Biofilm dispersion refers to
the spreading of biofilm-embedded cells from the biofilm
when there are environmental changes. Although this
mechanism typically occurs to enhance the spreading of
biofilm on the surface, its inducers can bring harm to the
biofilm as well [49]. Due to the high reproductive
capability of microorganisms, those attached to the
membrane will grow in the membrane matrix over time,
with or without pre-treatment for microbial cell removal.
The growth of microorganisms is supported by the
biodegradable materials present in the membrane feed
[50,51].

Consequently, the biofilm will thicken and form a
complex layer, inducing CP. Additionally, these
microorganisms will produce by-products such as organic
acids, extracellular enzymes, and other large compounds
through metabolic activities. These by-products will
further encourage the growth of a thicker biofilm. The
biofilm will also trigger organic fouling as it provides an
additional matrix layer for the adhesion of organic
particles. Hence, biofouling poses a significant challenge
for membrane filtration, especially in water and
wastewater treatment.
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2.2 Membrane fouling challenges and the hydrodynamic
role of spacers

Fouling wusually leads to unwanted outcomes that
significantly deteriorate membrane performance. First,
the cake layer or biofilm generated on the membrane
surface reduces membrane flux during fouling [52]. The
deposition of solid particles within the membrane pores
or on the membrane surface has been found to restrict
water transportation, reducing membrane permeability.
Hence, a higher operating pressure would be needed to
maintain the desired system flow rate and output volume,
resulting in higher energy consumption and operational
costs.

Besides, fouling could compromise membrane
selectivity. In inorganic fouling, scaling could alter the
membrane pore size through membrane blockage,
significantly affecting the membrane’s rejection ability.
In the case of biofouling, when microorganisms attach to
the membrane surface, other unwanted particles could
pass through the membrane during the filtration process,
reducing membrane separation performance. Besides,
fouling could also increase the chances of membrane
damage, and increase the frequency of membrane
cleaning and maintenance [53,54]. Thus, fouling
mitigation has always been one of the top priorities and
research interests in membrane technology.

Many fouling mitigation methods have been researched
and employed, and improvements are still being made.
One of the conventional mitigation methods is
pretreatment, which can be employed to reduce fouling
by pre-screening the feed solution to prevent large colloid
particles from entering the membrane filtration stage [55].
Technologies like adsorption, coagulation-flocculation,
and pH adjustment can also be applied before membrane
filtration [28,56]. Chemical additives like antiscalants,
dispersants, and biocides can be added to the feed
solution to reduce the chances of fouling and foulant
attachment [57,58]. Most types of fouling can be
controlled to a great extent by various pre-treatment
methods. However, biofouling remains a significant
challenge even after extensive water pre-treatment [59].

In addition to pretreatment, membrane modification has
also been one of the research interests. Antifouling
property is generally defined as a surface or material’s
ability to resist or prevent the accumulation of undesired
biological or particulate matter, such as microorganisms,
organic compounds, or other fouling agents [60].
Implementing or enhancing antifouling properties by the
addition of nanoparticles with antibacterial properties is
one of the common methods used in many studies.
Different nanoparticles could be incorporated during
membrane modification to prepare membranes with
antifouling  properties and enhanced filtration
performance. Nanoparticles like silver, carbon, and
graphene-based nanomaterials are usually suggested for

the preparation of membranes with antibacterial and
antifouling properties [61—63]. Adding a suitable
membrane feed spacer is considered one of the most
promising methods to mitigate membrane fouling. The
feed spacer plays a vital role in eliminating potential
foulants by placing it on top of the membrane during a
filtration process to induce turbulence over the feedwater
flow and generate shear force between the membrane
surface and the spacer [64]. In addition to acting as a
support for the membrane, the feed spacer can provide
additional water paths and promote flow in the filtration
channels.

Lin et al. [65] studied the dynamic evolution and spatial
distribution of biomass in feed spacer channels to signify
the effect of membrane spacer clearance in the
development of biofouling. In this study, four feed
spacers with different filament diameters (0.4, 0.45, 0.55,
and 0.6 mm) were used, which formed four feed spacers
with different channel porosities (0.882, 0.851, 0.777, and
0.735). A 20 d of long-term biofouling test was
conducted, and a feed solution with low nutrient
concentration was used to imitate practical conditions.
During this test, the changes in FCP drop and biofouling
distribution were observed. It is reported that the initial
stage of biofouling formation on the membrane is mainly
influenced by the shear stress effects. The feed spacer
with the lowest porosity (highest filament diameter) had
high average wall shear stress, which led to relatively low
membrane biofouling. Meanwhile, the feed spacer with
the highest porosity (lowest filament diameter) exhibited
a high tendency for biofilm to form at the region with low
wall shear stress, such as the contact area between the
feed spacer and the membrane surface and the central
area of the spacer meshes. During the middle and late
stages, the continuous accumulation of biomass caused a
“blocking effect”, and it intensified more in the low-
porosity feed channel. Biofilm is prone to build up in the
clearance of the spacer, which hinders the flow passage
and lowers the uniformity of the flow field. This blockage
leads to a significant increase in FCP drop and an
expansion of the “dead zone” area, which worsens the
rate of membrane biofouling. Based on this report, it is
suggested that modifying the feed spacer channel to
improve hydrodynamics does not avoid biofouling
entirely; rather, it reduces the rate of biofouling on the
membrane and reduces energy consumption.

2.2.1 Turbulence flow

The direct deposition of scaling compounds such as
BaSO, and CaCO; can be prevented by enhancing the
turbulent flow of the membrane. A study was conducted
by Lege et al. [66], which concluded that the impact of
crystallization fouling attachment and detachment
processes is surface- and flow-dependent. It is explained
that in a turbulent flow condition, the influx of ionic
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materials increases, which shortens the diffusion period
from the feed water to the surface. Additionally, the
residence time of materials decreases sharply, which is
caused by the higher flow rate. This causes a minimal
time for the fluid to react on a cell surface. Promoting
turbulent flow in a membrane system will effectively
lower the time for the foulant to accumulate, as they are
being swept away before they can accumulate on the
membrane surface. Furthermore, the short residency time
of the fluid in the membrane channel significantly
reduces the possibility for the foulant to adhere to the
membrane surface. This phenomenon will ensure the
prevention of nucleation and crystal growth and,
ultimately, scaling on the membrane surface.

Enhancement of flow turbulence in the membrane
system can be achieved with the employment of a
membrane spacer, which will also increase the average
velocity, shear rate, and water flux, and decrease the flux
decay rate [67]. Turbulent conditions are promoted
through the presence of the spacer’s filaments, which act
as baffles in the flow stream [68]. The intensity of a
spacer’s turbulence highly depends on the geometry of
the spacer, such as the number of filament layers, mesh
length, the diameter of the filament, and the orientation
angle of the mesh. Aside from the geometry, the cross-
flow velocity and Reynolds number for the filtration
system also have a high impact on the intensity of the
spacer’s turbulence. When the velocity drop increases in
the flow field, the turbulence intensity of the spacer
increases [69].

2.2.2  Shear stress

One of the significant hydrodynamic factors that can be
manipulated to mitigate membrane fouling, mainly in
wastewater treatment, is shear stress. The concentration
boundary layer may be disrupted through shear stress,
which will lead to an increase in the mass transfer
coefficient at the interface between the membrane and
solution, thus leading to a decrease in CP [70]. A study
by Awais et al. [71] showed that a strong shear force
across a surface causes the elimination of deposits.
Furthermore, since shear stress has the ability to generate
lift force, increasing the shear stress will increase the
number of particles that are swept away from the
membrane surface due to the dominant back-transport
mechanisms [72]. This is supported by a study conducted
by Wray et al. [73], which proved that the back-transport
of soluble materials in natural water ecosystems,
including biopolymers that increase membrane fouling,
can be encouraged through shear stress. There are various
methods to create shear stress in a membrane system,
including rotation, membrane spacer, varied gas bubble,
fluid dynamic gauging, turbulence promoter, and
vibration. As of now, membrane spacers are the most
common method to promote shear stress and mass

transfer in spiral-wound flat sheet NF and RO elements
[74].

Even though the hydrodynamic factors caused by
membrane spacers, such as turbulent flow and shear
stress, reduce fouling of the membranes, other factors,
such as the characteristics of the membrane spacers also
play a vital role in mitigating fouling. The study to
optimize the design of the spacer stems from its potential
to control the fluid flow on the membrane surface, which
determines the performance of the filtration, fouling
mitigation, and CP [75]; hence, it has become a major
study topic in the membrane field. There are many studies
that investigate the flow dynamics that are caused by a
membrane spacer’s geometric design to improve fouling
mitigation, such as altering the fiber cross-sections of the
membrane spacers [76—78]. The material used for
fabricating the spacer also contributes greatly to the
performance of the membrane system [79]. The diverse
porosity properties of the materials used offer many
advantages in increasing the efficiency of the system,
mainly materials with regulated pore size distributions or
porous polymers [80]. With the emergence of 3D printing
technology, numerous materials have been experimented
with, such as acrylonitrile butadiene styrene (ABS),
polycaprolactone, polypropylene (PP), and polylactic acid
(PLA), for the fabrication of spacers [81].

Thus, this study aims to shed light on membrane feed
spacer technology aimed at overcoming membrane
fouling issues. The details on issues arising from
traditional membrane feed spacers and the advancement
of membrane feed spacers through different fabrication
and modification methods will be thoroughly evaluated in
the following sections.

3 Modification of feed spacer

3.1 Geometric design of spacer

Flow distribution, turbulence promotion, shear stress
distribution, and pressure drop are factors that will be
highly impacted by the design of the spacer. Designing
the geometry of the spacer properly helps to ensure a
uniform flow distribution across the membrane surface,
ensuring that the entire membrane area is utilized
efficiently. This can prevent the formation of stagnant or
uneven flow arecas. In addition to that, an efficient
geometry can increase turbulence in the flow channels,
leading to increased mass transfer and reduced formation
of boundary layers. The turbulence helps to minimize CP
and fouling on the membrane spacer, thereby increasing
the performance of the filtration system. The distribution
of shear stress on the membrane spacer is also affected by
the spacer geometry. A controlled and uniform shear
stress can help to reduce fouling by minimizing the
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particles or foulants deposited on the membrane surface.

When designing the membrane spacer, the frictional
resistances caused by the design need to be taken into
consideration. A spacer design with high frictional
resistance can increase the pressure drop, which can
lower the overall performance of the filtration system.
Nonetheless, the geometric design of the spacer is still an
ongoing research project aimed at fabricating an optimum
design for the spacer to enhance membrane filtration.

One of the types of spacers commercially produced
today is the net spacer. This type of spacer has two basic
configurations: nonwoven and woven. The nonwoven
configurations, consisting of two layers of straight
filaments, represent the most basic form, while the woven
configurations can be divided into partially woven and
fully woven, as shown in Fig. 3 [82]. For each spacer
configuration, the efficiency in controlling fouling is
determined by the geometric parameters of the spacer,
which include spacer thickness, filament diameter,
internal strand angle, mesh size, and spacer orientation
(shape and pattern) [83]. Figure 4 illustrates a spacer with
dimensions of length (L), width (W), angle (), and
diameters of the filaments (Dy, and D)) as the spacer
geometries [84].

The primary focus of feed spacer design research has
been on the effect of spacer geometry on mass transfer
and fluid dynamics in the membrane system. The purpose
of changing the feed spacer’s geometry is to lessen the
impact of fouling on the membrane system without
jeopardizing water production [22]. Li et al. [85]
conducted one of the first evaluations in 2004 on unique
spacer geometries, producing innovative spacers with

enhanced filaments, twisted tapes, and multilayer
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Fig.3 Spacer configuration (a) nonwoven, (b) partially woven,
and (c) fully woven. Reprinted with permission from Ref. [82],
copyright 2022, IOP.
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Fig. 4 Scheme of spacer geometry. Reprinted with permission
from Ref. [84], copyright 2005, Elsevier.

structures. The best-performing spacer was determined to
be the optimal multi-layer spacer with optimal non-woven
nets in the outer layers and twisted tapes in the middle
layer. The mass transfer study revealed that the multilayer
spacer had a 30% higher Sherwood number and 60%
lower power consumption than the commercial feed
spacer [44].

Numerical investigations have also resulted in efficient
spacer designs, geometries, and configurations. A study
investigated the impact of commercial spacers with
various thicknesses (28, 31, and 41 mil) on biofouling in
the forward osmosis (FO) process and found that the
thickest spacer provided the best performance with
minimal biofouling and a flux decline recorded at 15%
[86]. A similar finding was reported by Park et al. [15],
who utilized a spacer with thicknesses of 28 and 34 mil. It
was found that a thicker feed spacer with a thickness of
34 mil lowered membrane fouling, minimizing the
frequency of membrane cleaning and extending the
lifespan of the membranes. Mahdieh et al. [86], on the
other hand, produced an optimized spacer with a filament
thickness of 0.4 mm, and the optimized spacer produced
8% greater water flux than the standard 31-mil (0.86 mm)
spacer under optimized conditions, as shown in Fig. 5.

A study by Gu et al. [82] investigated four different
feed spacer configurations with 20 geometric
modifications. 3D CFD simulations were used to
investigate the effect of feed spacer design on membrane
performance. Fully woven spacers produced the
maximum water flux when built with a mesh angle of
60°, but the pressure drops are slightly larger than the
nonwoven equivalents. The lowest water flux was
produced by middle-layer geometries with a mesh angle
of 30°. Meanwhile, spacers with a mesh angle of 90°
exhibited the lowest pressure drop among all filament
arrangements studied. Furthermore, the pressure is highly
sensitive to the attack angle (the angle formed by the
axial filaments and the direction of input) [82].

In recent years, a combination of both experimental and
numerical investigations has been conducted to enhance
the effectiveness of membrane filtration in terms of
fouling and hydrodynamics [87]. Ali et al. [87] developed
a column-type spacer by adding column-type nodes in the
spacer structures. Additionally, 3D CFD simulations were
used to numerically simulate the fluid flow behavior in
the channel for this spacer, which was then compared to
the conventional spacer. It was observed that the column
spacer’s specific flux was two times higher than the
conventional spacer. The specific fluxes for the column
spacer at 0.16 and 0.18 m's™! feed solution velocities
were 101 and 95 LMH-bar!, respectively. Meanwhile,
the specific fluxes for the conventional spacers were
recorded at 50 and 47 LMH-bar™' of pressure drop across
the test cell at the same velocities. Moreover, when a
synthetic feed solution with a very high fouling potential
was employed at the same velocities, the pressure drop
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Fig. 5 Performance of different spacers under the same conditions applied in the optimization: (a) pressure drop and (b) water flux.
Reprinted with permission from Ref. [87], copyright 2022, Elsevier.

for the column spacer was three times lower than that of
the conventional spacer [87].

In 2020, Kerdi et al. [88] proposed novel feed spacers
with a range of helices (1-3) along the spacer filament.
At two distinct feed flow velocities (U, = 0.162 and
0.188 m-s!), the intrinsic effect of helices was
experimentally explored to improve the permeate flux,
reduce the pressure drop, and mitigate fouling. It was
reported that the spacer with the most helices (3-helical)
increased specific permeate flux the most (237% and
291% at U, = 0.162 and 0.188 m-s~!, respectively), as
shown in Fig. 6. Moreover, the performance of 3-helical
spacers resulted in the greatest reduction in pressure drop,
which was recorded at 65%, compared to 2-helical and 1-
helical spacers, where the reduction in pressure drop was

recorded at 55% and 46%, respectively. The significant
low-pressure drop by the 3-helical spacer allowed the
entire filtration module’s energy consumption to be
further reduced. The 3-helical spacers also demonstrated
the highest increase in permeate flux and the most
minimized fouling [88].

Qamar et al. [89] conducted a study comparing the perfor-
mance of a non-woven commercial spacer, symmetric
pillar, and hole-pillar spacer. The mentioned spacers were
designed and developed using a 3D printer, as shown in
Fig. 7. It was found that the hole-pillar spacer had a
smaller initial channel pressure drop compared to the
commercial spacer and pillar spacer, implying that the
hole-pillar spacer consumes the least initial energy. On
top of that, the hole-pillar spacer delivered the maximum
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Fig. 6 Specific permeate flow (a) with average specific permeate flux at steady-state filtration (inset) and (b) percentage of flux
recovery relative to the standard spacer as a function of the number of helices in the spacer’s structure. Reprinted with permission

from Ref. [88], copyright 2020, Elsevier.
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Fig. 7 3D-printed spacers (a) commercial spacer, (b) pillar
spacer, and (c) hole-pillar spacer. Reprinted with permission from
Ref. [89], copyright 2021, Nature Portfolio.

permeate flux regardless of applied pressure. The flux
gain was 75% when P = 0.5 bar compared to the
commercial spacer. However, the flux gain was reduced
to 63% when P = 1.0 bar was used. The hole-pillar spacer
also recorded minimized biofouling at all applied
pressures, as the hole-pillar spacer had the lowest shear
stress compared to the other two spacers analyzed [89].
Similar results were obtained by AlQattan et al. [90],
where the hole-type spacer helped to boost the water flux
slightly more than a regular spacer at the initial phase of
the experiment. Moreover, at the end of the experiment,
the pressure drop increased with the regular spacer but
did not change with the hole-type spacer, which could
significantly reduce energy consumption. The physical
cleaning efficiency of a hole-type spacer was higher
(100% flux recovery) than that of a standard spacer (95%
flux recovery). This discovery was due to the presence of
holes in the spacer filament intersections, which aided in
the destruction and removal of the scaling layer on
membrane surfaces, leading to improved overall
operation [90].

In terms of spacer shapes, a novel honeycomb-shaped
spacer is claimed to have the best-enhanced performance
due to its structural merits as the most stable and
economical structure in nature [91]. Park et al. [91]
conducted experiments to compare the performance
between honeycomb-shaped and diamond-shaped
spacers. The outcome revealed that the honeycomb-
shaped spacer significantly increases the permeate flux by
26.4% under heavy fouling circumstances compared to
empty channel filtration. The results were also higher
than those of the standard spacer, which showed an
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increase of 9.0%. Hydraulic cleaning studies showed that
honeycomb-shaped spacers have a greater capability for
overcoming fouling resistances caused by the CP layer
and cake layer, resulting in increased permeate output
compared to normal spacer filtration.

Ali et al. [24] developed a dynamic turbo-spacer to
compare its performance with a diamond-shaped spacer
of equal thickness. The diamond-shaped feed spacers
employed in the membrane created excessive blockage in
the channel, increasing flow unsteadiness and shear
stress, causing foulants to accumulate in the constriction
zone and increasing the pressure drop across the channel.
The results showed that the turbo-spacer minimized
fouling in a FO system and experienced a 15% lower flux
decline compared to the diamond-shaped spacer, as
shown in Fig. 8. The fouling effects also hampered
turbo-spacer performance, but at a considerably lower
rate. As illustrated in Fig. 6, the foulant resistance of the
turbo-spacer at the end of the sixth cycle rose to 6.76 x
10" m™!, approximately 2.7 times less than the reference
spacer [24].

Overall, based on the studies conducted previously, it is
shown that specific geometric design, including the
shape, thickness, and even the length of the spacer,
impacts overall performance. A spacer that gives the
highest accessible cross-section (voidage) possesses the
lowest pressure loss and turbulence rates, and vice versa.
With high turbulence rates, the concentration of
polarization decreases, whereas the pressure drop
increases significantly. As the pressure drop increases,
the dead zones in spacer geometry are reduced, causing
the tendency for the occurrence of biofouling phenomena
to decrease as well [24]. More creative and efficient
shapes have been fabricated in recent years and are
expected to be further developed in the future to achieve
the optimum design that can increase efficiency and
reduce maintenance costs. With the help of new
technologies such as AM, including 3D printing, the
testing of the designs has become widely accessible,
aiding in the progress and advancements of membrane
spacers.
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Fig. 8 (a) Flux decline (%) after the 6th filtration cycle and (b) transient foulant resistance (m™') during the FO operation using the
turbospacer and the reference spacer (diamond-shaped spacer). Reprinted with permission from Ref. [24], copyright 2021, Elsevier.
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3.2 Materials of spacer

As reported by other studies [6], the stagnation points in
the spacer, caused by low velocity and recirculation,
serve as the starting point for biofouling. The biofouling
point then migrates and enlarges on the membrane
surface. In addition to geometry, improving spacer
material can help mitigate foulant accumulation, spacer
fouling, and the increase in pressure drop in the
membrane system. Traditionally, membrane spacers are
designed with mesh-like structures created by extruding
and welding low-density PP filaments. These spacers are
chosen for their outstanding flexibility and chemical
stability. However, exploring alternative materials with
improved permeability and reduced resistance can
contribute to better mass/heat transfer and lower energy
consumption. Exploring new materials or surface
modifications that promote favorable fluid flow
characteristics can be highly beneficial for membrane
filtration.

As a thermally driven process, membrane distillation
needs to be modified in terms of the heat-transfer
coefficient as well as mass transfer. Tan et al. [92]
investigated the effect of the high thermal conductivity of
two metals (nickel and copper) in metallic spacers used
for direct contact membrane distillation (DCMD) via
CFD simulations and experiments. The results revealed
higher uniform temperatures along the feed-side
membrane compared to the same system with PP spacers.
Additionally, the lower heat loss rate and velocity on the
membrane surface with metallic spacers caused a 16%
improvement in the energy efficiency of distillate
production with DCMD. The platinum-coated nickel
spacer showed a better result, achieving a 28% reduction
in the heater input energy per unit volume of distillate.

Another conventional method for improving the
efficiency of spacers is coating PP spacers with various
materials containing metals or metal oxides, polymers,
and carbon-based materials. Metal oxides, specifically
ZnO are suitable for inactivating bacteria and preventing
biofouling due to the reactive oxygen species (ROS)
generated in their presence. The ROS, containing
hydrogen peroxide, hydroxyl, and superoxide radicals,
can initiate lipid oxidation in the bacterial membrane,
resulting in cellular damage and eventual cell death.
Thamaraiselvan et al. [93] investigated the effect of metal
oxide (ZnO, TiO,, and SnO,) nanorods’ thin film coated
on a PP feed spacer in a membrane filtration system. The
first result revealed the negligible biocidal activity of
TiO, and SnO, compared to ZnO in the dark. The
mechanism proposed for the activity of ZnO
nanoparticles involves binding zinc ions to the cell
membrane, leading to bacterial growth inhibition. In
addition, the nanorod coating with ODPA (octadecyl-
phosphonic acid) was studied to enhance the anti-
biofouling performance, with the results revealing a

prevention of permeate flux reduction by more than 40%
compared to the uncoated spacer. The
superhydrophobicity of the ODPA coating layer (contact
angle between 150° and 160°) caused bacterial repulsion
from the spacer’s surface and decreased bio-adhesion.
Thamaraiselvan et al. [94] conducted another study
focusing on the hydrophobic coating effect on
microorganism growth in a membrane system. A thin
layer of poly(dimethylsiloxane) was applied to the surface
of commercial PP to enable feasible candle soot
nanoparticles (CSNPs) coating. As a result of CSNPs
coating, the superhydrophobic surface (contact angle
higher than 150°) caused a signification reduction in
biofilm growth (99% reduction) compared to the
uncoated spacers.

Taiswa et al. [95] compared biofouling in an RO
system between a PP spacer and a spacer coated with Cu
and polydopamine-copper (PD-Cu). The study quantified
biofilms using COMSTAT?2 software with biovolume
(um*-um~) units. Less biofilm accumulation was
observed on Cu and PD-Cu spacers with readings of 2.58
and 2.65 pm’-um~2, respectively, while the control PP
spacer showed a reading of 6.33 pm’-pm=. The results
confirmed that the Cu spacer reduced the biofouling rate
by 41% biovolume compared to the traditional PP spacer.
Aside from that, the permeate flux of the PD-Cu spacer
outperformed the PP spacer by 17.5%. Tan et al. [96]
conducted research on coating commercialized spacers
with two hydrophilic monomers, acrylic acid and 2-
hydroxyethyl methacrylate (HEMA), through a plasma-
enhanced chemical vapor deposition method. Aside from
significantly enhancing surface hydrophilicity, the
HEMA-coated spacer showed a higher flux recovery rate
(94.17%) and salt rejection (95.78%) for the RO
membrane compared to the commercialized spacers with
an 89.44% flux recovery rate and 92.46% salt rejection,
respectively. Moreover, the HEMA-coated spacer
exhibited significantly better antifouling properties, with
a fouling layer that was thinner (200 nm) compared to the
commercialized spacer (700 nm). Based on Table 1,
different coatings can affect membrane systems in terms
of biocidal properties, anti-biofouling performance, and
permeate flux.

Modification of the spacer’s material against biofouling
by mixing it with nanomaterials is another area of
material research on membrane spacers. Kitano et al.
[103] studied the organic antifouling properties of mixed
carbon nanotubes (CNTs) and compared them to
conventional PP nanocomposite spacers using an
injection molding system. To investigate the fouling
resistance of PP/CNTs spacers, different concentrations
of CNTs (from 5 to 15 wt %) mixed with PP were
compared with a plain conventional PP spacer in a cross-
flow RO system with a solution containing bovine serum
albumin (BSA) protein and NaCl salt. Their results
revealed that after 144 h of membrane operation, the
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Table 1 The coating layer effect on the membrane spacer efficiency

Material Coating Membrane Bacteria Mechanism Efficiency Ref.
system
PP ZnO nanoparticles UF Pseudomonas ~ ROS generation Permeate flux improves by at least 50% [97]
(P.) putida
PP Nanosilver UF P. putida ROS generation ~45% permeate flux improvement in 10 d [98]
PP PolySPMA NF/RO E. coli Hydrophilicity, ~ ~50% reduction in bacterial attachment after 24 h  [99]
charge interaction
PP Ag nanoparticles UF P. putida ROS generation Near 3 times higher permeate flux after 10 d [100]
poly quaternary ammonium Charge interaction More than 2 times higher permeate flux after 10 d
PP ZnO nanorods - B. subtilis ROS generation 80% reduction of total bacterial attachment [93]
ODPA P. putida Hydrophobicity 92% reduction of total bacterial attachment
HDPE/PP  Poly(sulfobetaine methacrylate) RO P. fluorescens  Antifouling agent 70% biofouling reduction in 24 h [101]
PP CSNPs RO P. aeruginosa  Hydrophobicity 99% reduction in biofilm growth [94]
Cobetia marina
PP Laser-induced graphene RO P. aeruginosa An electrical ~ 93%, 66%, and 49% reduction of live bacteria in the [102]
Rheinheimera sp.  circuit, charge  front, middle and back part of the spacer, respectively
interaction, ROS
generation
PP Vanillin RO E. coli Quorum 96.7% and 64.3% reduction in the colonies’ number [26]
S. aureus quenching and
hydrophilicity
PP PD-Cu RO E. coli ROS generation 17.5% higher permeate flux and a 58% biofilm [95]
biovolume decrease in 24 h (nak buang)
PP/CNTs nanocomposite spacer exhibited superb @L A} . .

antifouling capability against BSA compared to the plain
conventional PP spacer, due to the reduction of roughness
in the novel spacer and changes in electrostatic
interaction.

With the development of 3D printing technology in
recent years, the performance of membrane spacers has
improved in various fields. Compared to PP-made
spacers, most 3D printed spacers, such as ABS,
polyamide (PA) 2200, and acrylic-based monomer,
demonstrate better flexural performance due to the higher
strength and elasticity of the materials [23]. The material
classification of 3D printing, including solid, liquid, and
powder-based, has all been used in membrane spacer
research. Based on the research by Ibrahim and Hilal
[104], the 3D-printed spacers are around 47% liquid-
based, 36% powder-based, and 17% solid-based. The
liquid-based technique is primarily based on photo-
polymer resins. However, solid and powder-based 3D
printing can be done with thermoplastic, metallic, and
ceramic materials.

Yanar et al. [105] investigated the effect of different
materials (ABS, PP, and natural PLA) on PolyJet 3D
printed spacers in FO membrane systems and compared
them to a commercial PP (Com) spacer as a reference.
The results revealed that the water flux of the ABS and
Com spacers was comparatively higher than that of PP
and PLA spacers (in the order of ABS > Com > PP >
PLA). Based on Fig. 9, the highly smooth surface was
reported as the reason for the higher water flux in the
system with ABS and Com spacers. Although PLA also
has a smooth surface, the relatively smaller hole area
caused a slight difference in water flux compared to the
spacers mentioned above (PLA 6.19 LMH, Com 6.62
LMH, ABS 6.99 LMH).

.00
-.Q‘

Fig. 9 Images of a stereo fluorescence microscope showing the
following spacers: Com, PP, ABS, and PLA. Reprinted with
permission from Ref. [105], copyright 2018, Elsevier.

Furthermore, alginate-based wastewater was utilized in
the fouling test, and the system with the PLA spacer
showed nearly 10% less fouling than the Com spacer.
Based on this improvement, they concluded that the
natural biopolymer PLA could be a comparable choice
for further investigation. In 2021, the same team studied
the modification of PLA-based spacers with electrically
polarized (E-GRP, graphene-polylactic acid) and non-
polarized (GRP) graphene in an FO membrane system
[106]. The 3D printing method they used was the fused
deposition modeling (FDM), so the PLA in these studies
was a solid-based filament, and the ratio of graphene to
PLA in the modified filaments was 8%. The results
showed that the water flux improved significantly from
the system with PLA (20.8 = 2.1 LMH) or GRP (20.5 +
2.3 LMH) draw spacers to the system with E-GRP
(32.4 £ 2 LMH) due to the higher surface electrostatic
charge of the spacer after polarization. In another
research, they investigated the effect of these spacers on
fouling caused by calcium chloride and a sodium alginate
solution. They concluded that the FO system with
polarized graphene had 70% less fouling than the other
two, resulting in a 14% water flux decrease after the 5 h
test, which was better than the 31% and 33% water flux
reduction observed in the system with PLA and non-
polarized graphene, respectively.

A study by Ibrahim and Hilal [107] was conducted using
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3D-printed feed spacers made of poly(ether sulfone)
(PES), which were printed directly on a fabricated
membrane. The 3D-printed PES feed spacer was
produced with various concentrations of PES polymer
(18, 20, 22, 25, and 28 wt %) to observe the effect of
solution viscosity on 3D printed pattern fidelity and the
membrane performance. A conventional flat membrane
with a 3D printed non-porous PLA spacer is used as a
comparative reference. The findings showed that the
modified 3D-printed feed spacer integrated into the
membrane increased pure water flux by 31.0%—130%
compared to the utilization of traditional plastic feed
spacers. However, the viscosity of the 3D printing
solution significantly affected the spacer’s performance,
where low-viscosity solutions exhibited lower printing
accuracy. The concentration of PES polymer at 18 wt %
(P18) had the lowest viscosity, and the pattern of the

Table 2 Summary of 3D-printed spacers in membrane systems
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spacer tended to flatten during printing, which
significantly reduced its performance. P18 even showed
the lowest antifouling properties in the antifouling test
compared to the other concentrations, which exhibited
superior antifouling performance [107]. Table 2 shows
some examples of using 3D-printed spacers in membrane
systems.

The study of materials for membrane spacers is still in
the exploration stage. The potential effects of different
materials on the performance of membrane spacers in
various membrane processes are fascinating. With the
increasing use of 3D printing in the membrane
technology field, the options and studies on materials
have become broader, as different 3D printing materials
for spacers offer different finishes and performances.
Additionally, the blending of nanomaterials with 3D
printing materials has yet to be deeply studied, and the

Material 3D printing Membrane

Material ¢ Pollutant solution Mechanism Efficiency Ref.
ype method system
PA 2202 Powder SLS DCMD Calcium sulfate Improvement in design and thus 50% flux increase [108]
(thermoplastic powder) flow hydrodynamic
PA 2202 Powder SLS DCMD Humic acid Improvement in design and thus ~ Flux enhancement by 50%—65% [109]
flow hydrodynamic
Acrylate monomer Liquid DLP UF Bacto™ yeast  Column shape design of the spacer 3 times lower pressure drop, 50% [87]
(BV-007) extract, sodium less flux decline after 48 h
alginate, xhantan
gum
PA 2202 Liquid SLS UF Sodium alginate, Improvement in spacer design  Inhibit the cake formation on the [110]
calcium chloride membrane
VeroClear (PMMA) Liquid PIM RO Sodium chloride, Improvement in spacer design  Improvement in inorganic fouling [111]
silica particles and biofouling
VisiJet® Liquid MIM MF Glycerol, xanthan ~ Changing the flow hydrodynamic Flux enhancement, fouling [112]
M3 crystal gum, plasma due to the addition of spacers reduction
mimicking solution
PA, fluorinated silica  Liquid SLS MD Calcium sulfate Microscale roughness and 74% decrease in the scalant [113]
hydrophobicity attachment on the spacer, 60%
less scale deposition on the
membrane
PA 2202 Liquid SLS MD Deionized and tap ~ Improvement in spacer design  17% flux reduction improvement, [114]
water 50% lower pressure drop
Acrylate monomer Liquid DLP FO KAUST wastewater, Improvement in spacer design Near 15% flux reduction [24]
(BV-007) sodium chloride improvement, 2.5 times lower
foulant resistance
PES, graphite, silver Solid FDM UF Humic acid, sodium Electrical conductivity and Flux improvement, [115]
NPs chloride bubbling, direct integration of self-cleaning ability
spacer and membrane, spacer
design and turbulency
VisiJet crystal Liquid PIM NF Magnesium sulfate Improve in spacer design More than 69% reduction in the [116]
(photosensitive resin) energy cost
Photopolymer resin, Solid FDM UF Humic acid Improve in design and turbulency Reduced fouling, nearly 150%  [115]
PVDF higher flux
PLA Solid FDM FO Olive oil, sodium  Improve in design and turbulency 20% increase in flux, [117]
dodecyl sulfate improvement in fouling resistance
PlasCLEAR Liquid DLP MD Sodium chloride ~ Photothermal conversion effect of Near 100% increase in water flux, [118]
photopolymer, Ti,C,T, the MXene 85% improvement in energy
MXene consumption
PLA, CNT, graphene  Solid Fused MD Sodium chloride Turbulence due to the formed 43% and 75% increase in [119]
filament roughness permeate flux using 1% graphene
fabrication and 2% CNT, respectively
(FFF)
Acrylate monomer Liquid LFS UF  Bacto™ yeast extract Improvement in the spacer design 228% enhancement in permeate [120]

and the local hydrodynamics inside flux, 23% reduction in specific
the filtration channel energy consumption, and 74%
biofouling development
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possibilities are promising. The main challenge in
blending these components is attaining a uniform
nanomaterial distribution in the polymer matrix, since
agglomerations of the nanomaterials could lead to
reduced material properties. Furthermore, the selection of
nanomaterials to be blended in the 3D matrix is crucial,
since the compatibility of interactions between the
nanomaterials and the matrix must also be considered.

4 3D printed membrane spacer

The fabrication of membrane spacers can be conducted
through traditional methods or the emerging technology
called AM, specifically the 3D printing method. Common
traditional methods include injection molding, extrusion,
and casting, which are suitable techniques for spacer
production, as most spacers are made of thermoplastics.
Although traditional methods have been established and
refined over time, more studies are focusing on the
promising possibilities of 3D printing. These traditional
methods often involve significant tooling expenses,
longer time consumption for mold creation, and limited
flexibility in rapid design or customization, where
geometries are restricted to conventional ladder- and net-
type structures [23].

Research on spacer fabrication favors the 3D printing
method nowadays, with most studies focusing on
alternatives to improve the efficiency of spacers by
reducing fouling phenomena. In general, 3D printing is
defined as an emerging method that creates parts from 3D
pattern data by utilizing layer-by-layer jointing of
material, showing promising applications in water and
wastewater treatment, biomedical fields, automotive,
aerospace, building, and food industries. The 3D printing
method can produce porous materials with complex
geometries. Aside from the convenience that comes with
the utilization of 3D printing, the method itself offers
various advantages in sustaining the raw materials of the
spacers by reducing the amount of material used for their
development and production.

3D printing has become significant in various fields,
and various 3D printing methods are slowly being
introduced to ensure the flexibility of using different
materials. Despite the various options in methods,
choosing the most suitable method that is compatible with
the material while improving the properties of the
fabricated products remains a challenge. Thus, the need
for more studies in the 3D printing field is evident. While
traditional methods are still widely used in the industry
due to their reliability, 3D printing methods are still being
progressively researched and may replace traditional
methods in the future. In this review, different types of
3D printing methods are discussed to provide a clear view
of their advancement.

4.1 Selective laser sintering (SLS)
One of the significant AM techniques is SLS. Compared
to traditional techniques such as nonsolvent-induced
phase separation and thermally induced phase separation,
which are commonly utilized due to their simplicity and
ease of scale-up, SLS offers more control over the
membrane structure. It provides enhanced control over
fouling, lowers production costs, and prevents
environmental problems by eliminating the usage of
solvents while maintaining high accuracy and strength.
The schematic diagram of the SLS method is shown in
Fig. 10. In the SLS process, laser power heats solid
polymeric particles (powder bed) to melt and lower the
viscosity of the particles, allowing them to fuse with the
membrane (step [3] in Fig. 10). The laser is typically a
carbon dioxide laser used in an inert gas atmosphere.
When the molten polymer cools, it forms a firm sticky
layer on the membrane. After consolidation, shifting the
right piston down lowers the powder bed by the thickness
of a new thin layer (step [4] in Fig. 10). Then, new
powders are spread over the current deposit (steps [1] and
[2] in Fig. 10), and this cycle is repeated several times.
This method of 3D printing does not require support since
the remaining unsintered powder bed can hold the printed
model in place. Moreover, this method can result in high
accuracy for the finished product, since the powder bed
does not move throughout the printing process.
Nevertheless, the excess powder can be eliminated by
ultrasonic cleaning [121] or a sandpaper brush [122].
Polymers have been widely utilized for the powder bed
due to the low processing temperature, low laser power,
and high dimensional accuracy of the printed parts [123].
Polymers are generally categorized into three types:
thermoplastics, thermosets, and elastomers. Thermoplas-
tics, such as polycarbonates and PA, are the most
common polymers in the SLS process due to their high
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mechanical properties, stability, chemical resistance, and
excellent recyclability [124,125].

Some parameters have a significant impact on the
fabricated membrane structures. Yuan et al. [126]
manipulated three different process parameters: laser
power, hatch spacing (distance between laser tracks), and
scan count to optimize the PA-12 microfiltration
membrane performance. PA-12 is one of the most
popular materials for the SLS process. They reported that
laser power is directly linked with rejection and pure
water flux, and the optimum value was 0.1 J-mm~2. They
also mentioned that the membrane structure would be
denser with higher energy density, a smaller distance
between laser tracks, and two laser scan counts. In
another study, Tan et al. [127] investigated SLS
processing parameters such as layer thickness, part bed
temperature, energy density, and scan pattern for
successfully fabricating net-typed PP spacers. PP is a
commercially used material for feed spacers due to its
flexibility in being rolled up around the central permeate
tube, low cost, and excellent chemical resistance
properties. They found that a higher energy density can
lead to a higher Young’s modulus and, consequently,
higher strength of the printed net-typed tensile bars,
consistent with those reported by Yuan et al. [126].
Additionally, favorable results for strength and net tensile
structures included small dimensional variations. Yang et
al. [128] reported that aging is another critical parameter,
noting that the microstructures of parts using aged PA 12
powders were coarse spherulites and showed degraded
surface morphology, yielding rougher surface smoothness
compared with parts from new powders.

Al-Shimmery et al. [129] fabricated a composite with a
thin selective layer of PES onto an ABS-like support with
flat and wavy structures via 3D printing to filter an oil-in-
water emulsion. The results showed excellent
performance of wavy structures in terms of permeation
and cleanability, with the pure water permeance and
permeance recovery ratio through the wavy membrane
being 30% and 52% higher than those of the flat
structure, respectively. Additionally, the wavy structure
exhibited low irreversible fouling and a slow fouling
formation rate, reducing operational costs and the need
for environmentally harmful chemical cleaning.
Simultaneously, both flat and wavy structures
demonstrated an oil rejection of 96%.

Yuan et al. [130] coated CSNPs on a polymer
membrane via SLS method. The fabricated membrane
showed hydrophobic stability after 30 min of sonication,
underwent solvent treatment for 7 d, and exhibited high
separation efficiency (99.1%) for the oil/water separation
mixture. Another application of SLS is shaping
commonly used biomass such as chitosan and cellulose.
In conventional methods, chitosan was dissolved in
solvents and acids, which are harmful to the environment,
and then fabricated into the membrane. Sun et al. [131]

formed a membrane from chitosan by mixing SLS with
thermoplastic polyurethane. The hybrid membrane
demonstrated the ability to adsorb heavy metal ions, with
maximum adsorption capacities of 19.6 and 30.4 mg-g!
for Cu(ll) and Pb(ll) ions, respectively. This
demonstrates the flexibility of the sintering method with
increased functionalities.

4.2 Digital light processing (DLP)

The main limitations of the 3D printing method include
the cost of the equipment. Among the various 3D printing
methods, DLP stands out for its advantages of low
equipment cost, accuracy, and high production rate.
However, it has the disadvantage of being limited to
using a single material [132].

In this method, projected light or UV rays cure the
liquid resin through the polymerization of the liquid resin
contained in a vat, which changes its physical properties
upon exposure to the laser beam. The liquid resin should
be photo-curable and stable with optical transparency.
The beam is projected onto a fluoroplastic film fitted at
the bottom of a vat, allowing it to harden through
polymerization and chemical reaction. This process is
done layer by layer from the top to the bottom of the
product, with the dimensional height of each layer
ranging between 0.01 to 0.2 mm. A platform is required
during the process to keep the object stable. The
schematic of DLP is demonstrated in Fig. 11. Acrylate
monomer and photopolymer resins can be used as liquid
resins; however, acrylate monomer benefits from higher
resolution, with a fine layer height of 50 mm. The
resolution of the product is defined by the number of
pixels [87].

Some parameters have an impact on the fabricated
membrane structure in DLP. Kim et al. [133] produced
fabrics using DLP with a polyurethane acrylate
photopolymer as the printing material. They investigated
parameters such as curing time and layer thickness to
control the physical properties of a printed model,
including tensile strength, elongation, and crease
recovery. They found that the optimum parameters were
10% (v/v) concentration of acrylate oligomer in the
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Fig. 11 Schematic of DLP.
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photopolymer, 14 s of curing time per layer, and a layer
thickness of 100 pm. In another study, Riahi et al. [134]
fabricated a corner array retro-reflective structure using
the DLP method. They also investigated the effect of
layer thicknesses on the surface of the cube. They
reported that the optimum roughness was obtained at an
orientation of 54.7° around the y-direction and 45° around
the z-direction.

Additionally, Monzén et al. [135] showed that the build
direction significantly impacts the mechanical properties,
as shown in Fig. 12. According to them, the vertical build
direction provides better mechanical properties than the
horizontal one. This premise is due to the adhesion
between layers, where the vertical build direction
provides strong adhesion. Another reason that contributes
to this premise is based on the resolution of the DLP
technology, where the entire layer is not entirely cured,
leaving small areas between each pixel.

Li et al. [85] investigated different geometries to
enhance mass transfer in membrane spacers. The results
indicate that the mass transfer performance of the
optimally designed multi-layer spacer with non-woven
nets in the outer layers and twisted tapes in the middle
layer (Fig. 13) was identified as the best-performing
spacer, with the Sherwood number about 30% higher and
power consumption roughly 40% lower than the other
geometries.

Chen et al. [136] have introduced a novel method for
preparing high-flux ceramic membranes by dispersing

@

alumina in a photosensitive resin to form a UV-curable
slurry for the DLP technique. The manufactured ceramic
membrane showed a uniform pore size distribution, a low
tortuosity factor, high porosity, an asymmetric structure,
and high permeate flux. This fabrication method can be
applied to the production of membrane spacers, where the
water flux of such spacers can be analyzed and further
improved.

4.3 Polyjet

Photopolymer jetting, or Polyjet, as shown in Fig. 14
[137], is one of the 3D printing methods that uses
photosensitive resin in liquid form. The printing of the 3D
object is done layer by layer on a platform through the
deposition of resin dispensed from the inkjet nozzle in the
form of droplets. This technology implements the
principle of UV curing, where the final product is cured
and solidified instantly by subjecting it to UV rays
[14,138,139]. Three main steps are involved in this type
of printing: pre-processing, processing, and post-
processing. The pre-processing focuses on optimizing the
part orientation on the build tray. For the processing step,
the inkjet print head deposits droplets of resin onto a built
tray, and each layer is cured by UV light. The process
progresses with the building tray moving down layer by
layer until the part is entirely fabricated. The post-
processing step involves removing the support material
using a water jet recycling station [137]. The printing

Fig. 13 (a) The twisted tapes spacer manufactured, (b) Longitudinal vortices in a flat channel. Reprinted with permission from

Ref. [85], copyright 2005, Elsevier.
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Fig. 14 Schematic diagram of Polyjet printing method.

materials commonly wused for this process are
photopolymers such as PP [105,140] and acrylic-based
monomer [141]. The Polyjet technique provides high
resolution and accuracy, making it suitable for printing
small and delicate objects with a smooth surface finishing
[14,132].

To date, it has been shown that the Polyjet 3D printing
technique is the most effective method to fabricate
membrane spacers. A study comparing spacers produced
by different printing techniques was conducted by
Siddiqui et al. [139] in 2016. It was demonstrated that the
Polyjet 3D printing technique is the most effective
method for fabricating spacers with higher resolution
compared to FDM and stereolithography (SLA) printing
techniques. Spacers produced using FDM and SLA were
found to be brittle, deviated from the intended design, and
exhibited lower mechanical strength [139]. This could
lead to low membrane filtration performance during the
application.

Additionally, Tan et al. [141] also demonstrated that
spacers fabricated using the Polyjet technique had better
performance compared to FDM and SLS. While all the
spacers showed improved performance compared to a
commercial spacer in terms of mass transfer at fixed
power consumption and critical flux, the Polyjet 3D
printed spacer exhibited the most accurate design based
on the intended design, while FDM showed the highest
deviation. Additionally, the semi-anisotropic surface
finish of Polyjet was found to have a significant effect on
critical flux.

Siddiqui et al. [139] conducted a comparison between a
conventional spacer and a spacer fabricated using the 3D
Polyjet technique with similar geometry. The results
indicated that both spacers exhibited the same biomass
accumulation, hydrodynamic behavior, and pressure drop.
However, when the study altered the design of the 3D-
printed spacer, the modified 3D-printed spacer
demonstrated a lower pressure drop over time, and the
biomass accumulation was reduced.

Another study by Lam et al. [142] involved the
fabrication of three spacers using Polyjet techniques with
different materials and compared them to a commercial
spacer. The results revealed that the spacers fabricated
using PLA exhibited the highest precision compared to

the 3D CAD model, while the spacer fabricated using
ABS showed the highest deviation. This may be caused
by the swelling behavior of the ABS material, which
promotes invisible porosities after printing and increases
the thickness of the ABS spacer. Nevertheless, all the
spacers demonstrated better performance for reverse
solute flux and fouling resistance compared to the com-
mercial spacer, and both showed similar water flux [105].

Based on the studies, the Polyjet 3D printing method
could be a good option for fabricating spacers, provided
that the geometric design and materials used alongside
the Polyjet method are suitable for spacer fabrication.
However, despite the potential of Polyjet 3D printing in
membrane spacer technology, the printers and materials
for this technique are expensive, the strength of the
produced parts is considerably low, and the process of
removing supports and cleaning up is rather complicated
[14,132].

44 FDM

FDM, or FFF, is an extrusion-based 3D printing method
commonly preferred among AM processes [143]. This
method involves a rapid prototyping process where each
new layer is created by extruding a filament of wax or
polymer onto the existing part surface from a work
head to fabricate a 3D structure [144]. The filament is
extruded based on the CAD design, with the bed moving
down or the nozzle head moving up following the
required layer thickness, and each new layer is built onto
the previously solidified layer [145]. As shown in Fig. 15
[146], the FFF process starts by heating the thermoplastic
filament held by the printer’s print head until it melts.

Heated

extrusion
head x
y Nozzle

Filam

1\

Fig. 15 Schematic diagram of the FDM printing method.
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The melted filament is then extruded through a nozzle
that moves along the X, Y, and Z axes according to the
instructions while depositing the melted filament layer by
layer to build up the object. Each layer cools down and
solidifies rapidly, after which another layer is deposited,
and the layers bond with each other. Once the prototype
has been fully printed, it is left to cool and harden
completely before being removed from the build
platform.

This technique has been favored by academicians,
researchers, and industrialists due to its simple fabrication
process, reliability, smooth operation, ease of removing
support material, good raw material handling, ability to
utilize different thermoplastics, dimensional stability, low
maintenance, cost-effectiveness, and the ability to
fabricate products with high resolution [145]. Even so,
this technique has many limitations and issues that are
being studied and improved. One of the issues is the
reduced mechanical strength of the products due to the
weak interfacial bonding strength and porosity of the
printed objects [143,147,148]. Aside from that, the
performance and fuctionality of the printed parts are
highly affected by various parameters, including extruder
geometry, processing parameters (such as the hot melt
and hot bed temperatures, and printing speed), and
workpiece depositing parameters (including the number
and thickness of layers, infill geometry and density,
number of layers, raster angle, gap, and width patterning)
[143,149-151].

Yanar et al. [79] conducted a study focusing on the
performance of 3D-printed electrically polarized
graphene-blended PLA spacers produced through the
FDM technique. Three types of spacers (PLA spacer,
graphene-blended spacer, and electrically polarized
graphene-blended spacer) were successfully produced,
and the water flux and alginate fouling of the spacers
were relatively similar. In a related study, Yanar et al.
[106] fabricated an electrically polarized 3D-printed
spacer utilizing a graphene blend using the FDM 3D
printing technique. Although the spacer had been
successfully fabricated according to the CAD model, a
marginal difference in terms of thickness was observed,
with the spacer showing a lower thickness compared to
the CAD model due to the limited resolution of the FDM
3D printing process. This observation aligns with a study
by Siddiqui et al. [139], where the researchers developed
a strategy to design and evaluate feed spacers with a
modified geometry for spiral-wound NF and RO
membranes. The resulting 3D spacer membrane
developed using various 3D printing techniques was
benchmarked with a commercial feed spacer. The study
concluded that FDM is not a suitable technique for
producing feed spacers, as the spacers produced were
thicker than the commercial feed spacer, and they
exhibited brittleness during application. Additionally,
Yanar et al. [106] found that the strength of the melted

filament used for producing the spacer using the FDM
technique is not optimal. However, rigidity and precision
increase when the spacer is blended with graphene.

According to another study, FDM-based materials have
a rough surface finish [152]. Spacers produced using the
Polyjet technique have shown a smoother surface
finishing compared to the spacer produced by FDM
[139], although the Polyjet technique is more costly
[14,132]. Nonetheless, chemical treatments can be used to
improve the surface quality of FDM parts. Various
studies have been conducted in the past to enhance the
surfaces of FDM parts, and it has been observed that most
studies can improve the surface by dipping it in acetone
or treating it with the hot or cold vapor of acetone. Recent
studies have also used dichloroethane for the dipping
process. While a decrease in surface roughness increases
the ductility of the material, it may reduce tensile strength
[153].

There are various 3D printing methods, and it is
significant to choose the method based on the desired
application. Fabricating spacers requires precise and
smooth geometries to optimize flow behavior. One of the
significant factors of choosing 3D printer for spacer is its
accuracy in printing complex and detailed geometries.
Table 3 shows the resolution range and accuracy of 3D
printers. Based on the table, DLP shows the highest
resolution, with an accuracy range of 10-25 um, which
makes it the ideal for complex and high-precision
designs. The Polyjet printer offers excellent accuracy as
well, ranging from 10 to 20 pm, making it suitable for
printing highly detailed components with smooth surface
finishes. On the other hand, SLS provides low accuracy at
300 um, which is insufficient for precise spacer design.
FDM has the lowest accuracy at 350 pm, which makes it
difficult to print an efficient spacer with optimized flow
patterns [154].

4.5 Advancement of 3D printed membrane spacer
AM is still a relatively new technology in the area of
water treatment and requires further improvement to

make it feasible for implementation in the industry.

Table 3 Resolution range and accuracy of 3D printing methods [154]

Methods
SLS

Resolutions range (um)

x: 50 300
y: 50
2:200
x: 25
y: 25
z: 20
x: 30
y: 30
z:20
x: 100 350
y: 100

z: 250

Accuracy (um)

DLP 10-25

1020

Polyjet

FDM
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Balogun et al. [155] have suggested several aspects that
can be improved, including reducing the surface
roughness of the 3D-printed spacer through post-
treatment to reduce biofouling. The number of
publications related to 3D printing for various
applications, including membranes and spacers, has
developed at a fast pace in recent years. Thus, there is a
need to carefully analyze the latest developments in 3D-
printed membranes and membrane spacers. As of now,
3D printing has been used in the production of membrane
spacers at the research level and has not yet been
marketed commercially. 3D printing is a very promising
approach in developing membrane spacers. However, it
still prototypes spacers at rates much slower than
traditional methods, which typically involve injection
mold tools that require expensive investments.

As the membrane industry still utilizes conventional
manufacturing methods to produce membrane spacers,
3D printing is beneficial for verifying a design by
prototyping the spacer and testing it before investing in an
expensive molding tool, an approach that is far cheaper
than redesigning or altering an existing mold [156]. In
addition, it is easier to manufacture the spacer in small
batches using a 3D printer rather than producing it in
larger batches. 3D printing also has the capability to
create complex designs that traditional manufacturing is
not able to achieve. Moreover, 3D printing offers various
advantages in producing spacer membranes, including
design freedom, where the geometric design of the spacer
can be manipulated according to preferences and
suitability, the ability to produce complex designs, and
cost-effective and low-volume production.

Many studies have proven that 3D printing can produce
parts for various applications, but this technology still
faces several challenges that require further improvement.
Prototyping  3D-printed parts, including spacer
membranes, is limited by printing resolution, leading to
problems in the feasibility of 3D printing for wastewater
treatment. Moreover, there are challenges regarding
upscaling the production due to the small build volume
and slow printing speeds [21]. Most manufacturers still
use conventional methods to produce spacers because of
the limitations of 3D printing in mass production. A
product can only be 3D printed one at a time by a single
3D printer. Mass production via 3D printing may
consume significantly more time than production using
conventional methods [64], making it currently
economically unfeasible. Even though several research
and applications have been conducted to implement large-
scale 3D printing [157,158], the implementation is still
new and needs improvements, as current capabilities are
limited to meter-scale fabrication. The trade-off between
accuracy and efficiency is apparent when compared to the
conventional 3D printing technique. While bulk
production of spacers may be possible, the requirements
for various post-processing, material performance

optimization, equipment refinement, and precise printer
control still need to be taken into consideration. The size
effects of production would likely have effects on
uniform distribution in terms of shape, accuracy, quality,
and performance [159].

The production cost of a membrane spacer is highly
dependent on the fabrication methods. Due to a lack of
information, determining the exact details of the
production cost for a membrane spacer using either
conventional or 3D printing methods is generally
challenging. Calculating the cost of 3D printing as a
capital expenditure (CAPEX) is also difficult due to the
rapidly evolving nature of the technology and the wide
variation in printer types, materials, and economies of
scale. For example, the cost of 3D printer resin for SLS
printer cost between 200 and 300 $-kg™! in 2017, whereas
the cost for filaments for FDM printer was around 250 to
350 $-kg™' [160]. However, by 2020, the cost of 3D
resins and filaments for SLS and FDM printers had
dropped as low as 20 and ~50 $-kg™!, respectively [114].
The implementation of material-reuse methods has
significantly aided in cost reduction by 10% and
70%—-80% for SLS and FDM per part [161]. In terms of
printer type, a consumer-grade 3D printer could be
retrieved with a cost as low as $500 (with lower
resolution), while a high-resolution industrial-grade
printer can cost up to $1 M [114].

Thomas et al. [114] had conducted a cost analysis on
the cost-effectiveness of 3D-printed membrane spacers in
air gap membrane distillation (AGMD) and DCMD
systems, taking into account water flux, -energy
efficiency, and pressure drop. The geometry design of the
3D-printed membrane spacer used in their research was
based on triply periodic minimal surfaces (TPMS), which
improve mass transfer and reduce pressure drop, mainly
in AGMD. The study calculated the cost of water (COW),
involving CAPEX (membranes modules and spacer cost),
and operating expenses (OPEX: pumping energy, thermal
energy, and labor). Based on the report, a small-scale
AGMD system (10 m*-d!) using the 3D-printed TPMS
spacer reduced COW by 9.2% with additional heat costs.
On the other hand, a large-scale AGMD system (1000
m3-d~") manages to reduce COW by 8.9% under similar
conditions. However, in DCMD, even though the
pressure drop increased, the flux gains could offset this,
though they cause disadvantages in the economic profile.
Utilizing 3D-printed spacers results in higher CAPEX due
to elevated per-unit manufacturing costs compared to
traditional spacers. However, the OPEX has the potential
to be significantly reduced, mainly due to flexible and
detailed designs like TPMS design, which reduces
pressure drops significantly and leads to reduced
pumping energy. Additionally, the designs offer enhanced
hydrodynamics, which contributes to a higher water flux
and reduces the thermal energy required per unit volume
of treated water. The research concludes that as the plant
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size increases, the overall CAPEX per unit volume of
treated water might decrease due to economies of scale.
However, the manufacturing cost of membrane spacers
may become significant in a large-scale plant, as even a
small increase in cost per unit area of the membrane
spacer can impact the overall cost of the system. Thus,
material selection and design optimization become crucial
factors to be considered in a large-scale system. Aside
from that, the study also concluded that a minimum of
10% improvement in water flux with no increase in
pressure drop could economically justify the employment
of a 3D-printed membrane spacer. Moreover, in a large-
scale AGMD, even a moderate increment in flux water
with steady or reduced pressure drop can exhibit a
prominent COW reduction.

Nevertheless, many studies confirm that less fabrication
expense is required through 3D printing as compared to
conventional methods. One of the reasons is due to the
additional costs associated ~ with  traditional
manufacturing, such as the preparation of mold, dyes,
finishing, additional tools, labor for assembly, and
production unit costs of thousands of dollars [162]. For
3D printing, the costs that are taken into consideration are
the 3D printer purchase cost (investment) and the
materials used for the 3D printer [11]. Furthermore, it is
reported that the cost of 3D printing equipment and the
materials for the printing have decreased remarkably over
a decade [163].

Further research regarding printing materials is greatly
desired, as current materials often exhibit low tensile
strength and reliability. This can be observed with the
Polyjet 3D printing method, where the method itself is
proven to be reliable in printing spacers. However, this
method uses photo-curable resins that are heat and light-
sensitive, which may degrade with time. Therefore, it is
crucial to evaluate the polymer spacer produced for long-
term utilization [155]. Despite its drawbacks, 3D printing
technology remains beneficial in producing specialized
products compared to conventional methods [14], which
require significant capital investment.

More efforts should be devoted to enhancing water
flux, lowering pressure drop in membrane modules, and
increasing resistance toward fouling [22]. It is clear that
the future development of membrane spacers remains
promising, as reflected by recent research and
publications, mainly focusing on modifying the materials
of the spacer and the utilization of 3D printing
technology. The application of 3D printing in spacer
membranes and other areas holds vast potential and
remarkable outcomes. In addition to being low-cost and
flexible in creating various designs, with more
discoveries from recent and future studies regarding
potential materials, novel designs, and capabilities to
reduce fouling, mainly biofouling, the future of 3D-
printed spacers is encouraging. They have the potential
to positively impact the future of water treatment
industries.

5 Simulation of 3D printed spacer

Water and solute penetration within membrane modules,
as well as the factors that govern membrane performance,
have been subjects of experimental and theoretical study
for decades to understand mass transfer phenomena in
membrane processes. The most common form of module
in large-scale RO plants is the spiral-wound membrane
(SWM) module, which uses feed spacers to separate the
membrane sheets, as shown in Fig. 16. By creating
vortices near the membrane surfaces, feed spacers also
encourage mixing, which can reduce CP and fouling at
the expense of a higher pressure drop. To optimize the
performance of an SWM module, it is crucial to
understand how spacers affect the flow of mass and
momentum. Designing efficient and effective NF and RO
membrane processes relies heavily on optimizing
momentum and mass transfer through feed spacer
geometry [82,164—166].

While our understanding of mass transfer has been
significantly advanced through experimental studies, our
comprehension of the local and time-dependent
phenomena occurring within membrane units remains
limited. The study and identification of enhancement
mechanisms are further complicated by the fact that
conventional experimental methods tend to modify the
flow field when making measurements close to the
membrane wall. Computational methods may aid the
study of mass transfer in membrane separation systems.
Without affecting the flow itself, these methods can
report on the state of the flow at any point in the
geometry. In addition, numerical modeling dramatically
diminishes the need for, and the cost of, repeated tests
and experiments. CFD is a numerical method that can be
used to assist in overcoming the limitations [166].

Understanding the hydrodynamic behavior of NF and
RO membrane systems has become more feasible with
the assistance of CFD [167]. Various types of feed
channel spacers have been the subject of numerous CFD
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Fig.16 A schematic of a spiral wound membrane module
showing the flow directions, feed and permeate channels,
including spacers. Reprinted with permission from Ref. [165],
copyright 2008, Elsevier.



20 Front. Chem. Sci. Eng. 2025, 19(11): 103

studies, examining their impact on fluid flow and mass
transfer [168—171]. However, the majority of CFD
research has focused on cylindrical structures, as it is
possible to achieve numerical solution convergence with
low-resolution meshing [167,171]. For non-cylindrical
structures, such as those made possible by the advent of
3D printing technology aiming to improve mass transfer
and reduce pressure loss, novel spacers like twisted
spacers, multi-layer spacers, and perforated spacers can
now be created with 3D printing [172]. There are fewer
CFD and numerical studies for these non-cylindrical
structures [171].

In modeling simulations, setting boundary conditions is
crucial to outline the constraints of the systems and
ensure they closely follow real-world operations. This
boundary is defined by the region where the study’s focus
lies [173]. Selecting the boundary conditions is
significant for predicting performance and outcomes such
as permeate flux and fouling behavior. Most studies
govern the incompressible continuity and Navier-Stokes
equations for Newtonian fluids in channel flows within a
spacer-filled membrane system [174,175]. Aside from
that, in a spacer-filled channel, the flux of the membrane
is highly influenced by the local trans-membrane
pressure, driving force, and the effect of CP or fouling.
Depending on the type of membrane system utilized in
the modeling, suitable boundary conditions are required
to support such a system. In some membrane systems,
such as UF, osmotic pressure will rises due to the
increased surface concentration, which leads to reduced
flux. Since the accumulation of solutes at the membrane
surface depends heavily on mass transfer, the boundary
conditions to simulate the mass transfer must be suitably
defined. Mass transfer can be described using the
Sherwood correlation, which incorporates spacer
geometry, diffusion coefficient, fluid viscosity, and cross-
flow velocity [176]. In a study by El Kadi et al. [177], a
simulation of a spacer-filled DCMD module was
conducted. The flow was considered steady, and the
boundary conditions defined for the system were the flow
inlet as Dirichlet and the outlet as Neumann. The flow
conditions applied included flow maintained in the
laminar regime with an inlet velocity of 0.1 m's™!, a feed
inlet temperature of 75 °C, and a permeate inlet
temperature of 25 °C. In addition, turbulence near the
spacer was governed by the standard k-epsilon (k-¢)
turbulent model. This section evaluates recent studies on
2D and 3D simulation and numerical analysis of feed
spacers.

5.1 2D modeling of feed spacer membrane

Hydrodynamics and CP in spacer-filled membranes can
be evaluated for energy usage optimization. Therefore,
Ahmad et al. [178] integrated permeation properties into
FLUENT 6 to explore how different spacer filaments

affect unsteady hydrodynamics and CP in a spacer-filled
membrane channel. A solute-solvent system was used for
the feed, and the solute mass fraction was fixed at 0.005
kg solute per kg solution. The hydraulic permeability of
the membrane was set at 4.72 x 107! m-Pa!-s™!, and the
reflection coefficient for the membrane was 0.98.
Additionally, the transmembrane pressure was fixed at 11
bar, and the feed Reynolds number for the system was
varied between 50 to 1200. The results of this modeling
show that the transition length is shortest for a triangular
spacer, followed by a cylinder, and finally a rectangle.
Additionally, concentration factors generated by a
cylindrical spacer are typically smaller than those
generated by a rectangular spacer, provided that the
operating Reynolds number is below 400. Therefore, a
cylindrical spacer is preferable for use as a feed spacer in
an SWM module. This also indicates that significant mass
transfer improvement and reduction CP can result from
interactions between forced transient flow and eddy
inducers (i.e., spacers) in SWM modules. This led Foo et
al. [170] to conduct a 2D CFD study on the effect of
changing the geometric parameters of a 2D zig-zag spacer
on the resonant frequency for an unstable forced slip and
the subsequent permeate flux augmentation. This study
utilized Navier-Stokes and mass transfer equations, the
value of gravity is neglected, and laminar flow regimes
are used (Re = 425). For spacer diameters in the center of
the range examined (0.5 < dy/h, < 0.6), an oscillating
forced slip was found to be most successful at improving
permeate flux.

2D CFD simulation can be helpful in illustrating mass
transfer and pressure profiles. The effects of pressure
losses, fluid flow patterns, and CP in open and spacer-
filled channels were investigated using a finite element
numerical model for three different configurations shown
in Fig. 17 [179].

The movement of fluids in spacer-filled tubes can be
obtained through Fig. 18, which shows the velocity vector

(a)

Fig. 17 [Illustration of transverse spacer filament locations in
straight-through CFMF channels with: (a) cavity, (b) submerged,
and (c) zigzag spacer configurations. Flow is from left to right.
Reprinted with permission from Ref. [179], copyright 2006,
Elsevier.
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Fig. 18 Velocity vector diagrams for fluid flow through short
sections of spacer-filled channels assuming: (a) cavity, (b) zigzag,
and (c) submerged spacer configurations. Flow is from left to
right. Reprinted with permission from Ref. [179], copyright 2006,
Elsevier.

graphs. There is a flow reversal behind each filament in
all three spacer designs, but the variations in size and
intensity are significant. When the flow direction
changes, eddies occur, leading to a local decrease in shear
stress. As a result, the fluid flow patterns created by the
various spacer configurations can either increase or
decrease mass transfer and axial pressure losses in
specific regions.

While 2D CFD models are computationally efficient
and practically effective, they are incapable of
representing the intricate geometric details of spacers,
such as the intersection of filaments. Thus, 3D modeling
has become valuable in this context.

5.2 3D modeling of feed spacer membrane

As mentioned earlier, due to certain limitations of 2D
modeling and simulation, such as the inability to
quantitatively evaluate the strand geometry of an
asymmetrical spacer design concerning the main flow in a
2D setting [171], 3D modeling has become a valuable
tool to overcome the issues. Another issue with 2D
modeling is that it often accounts for equally spaced
filaments of spherical, triangular, or square cross-sections
[164,166,180]. Additionally, 2D numerical models do not
consider the potential impact of axially oriented filaments
parallel to the flow direction. Accurate descriptions of
hydrodynamics, therefore, require the use of 3D
simulations.

As a result, a novel 3D computational model was
developed by Picioreanu et al. [180] that takes into
account fluid dynamics, solute transport, and biofouling
due to biofilm formation in NF and RO membrane
modules. The model was applied to a computational
domain consisting of 3 x 5 feed spacer frames with
geometry representative of actual deployments. The
researchers concluded that steady membrane installation
performance at low costs might be significantly aided by
the 3D mathematical modeling approach presented herein

for biofouling of membrane modules.

In another study, spacer configuration efficacy (SCE)
theory and other performance metrics were employed to
evaluate a simple channel without any feed spacers and
three additional channel topologies with feed spacers (a
ladder, a triple, and a wavy or submerged configuration).
Both membrane surfaces and all spacer filaments were
treated as stationary, no-slip walls. The membranes were
considered impermeable and non-porous, with a constant
concentration boundary condition set at 35% w/w NaCl to
simulate saturation conditions. The results showed that
the mass transfer coefficient is significantly impacted by
the estimated saturated solute concentration at the
membrane. Among the obstructed geometries evaluated,
the wavy spacer arrangement performed best based on
SCE for Re > 120, while the Ladder-type geometry
performed best for Re < 120 [181].

Another 3D modeling study by Chong et al. [172]
focuses on RO SWM modules using ANSYS CFX 18.2,
suggesting that they may benefit from spacer geometry
changes. In this 3D CFD study, column and spherical
nodes were used to analyze the hydrodynamic and mass
transfer performance of submerged spacers with varying
node shapes and sizes. In the simulation, the spacer
filament was modeled as a no-slip wall with zero mass
flux, while the membrane surfaces were considered
impermeable, dissolving boundaries with a constant
solute concentration. The feed inlet velocity was set at
0.03 to 0.17 m-s™!, and the transmembrane pressure was
6.5 MPa. As shown in Fig. 19, the Sherwood number and
wall shear both rise by 25% at the expense of a greater
global friction factor (44%) when the dimensionless node
diameter ratio of the column nodes is increased from 0.3
to 1.2. Since the mixing effects of the spacer that promote
mass transfer are more noticeable at high feed inlet
velocity (> 0.1 m's™'), a full-scale examination of
seawater RO found that column node spacers yield higher
average flux than spherical nodes and conventional
spacers.

6 Conclusions

In this study, the advancements of membrane spacers
through the modification of geometric design, materials,
3D printing methods, and simulations have been
discussed, highlighting the high potential for the future of
membrane spacers. Regarding the modification of spacers
through geometric design, it is observed that the shape,
thickness, and even the length of the design impact the
overall performance of the spacer. Currently, the most
optimal design for a membrane spacer is an optimal
multi-layer spacer with optimal non-woven nets in the
outer layers and twisted tapes in the middle layer. Several
studies indicate that the thickest spacer provides the best
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performance with minimal effects on biofouling and flux
decline. However, one study showed that a very thin
spacer provides better performance, contradicting some
previous studies. This issue needs further investigation,
exploring the performance differences between thin
spacers and thick spacers. Additionally, a non-woven
spacer with a mesh angle of 60° demonstrates the best
performance, but there is limited research on the mesh
angle of membrane spacers. More studies are focusing on
fabricating novel geometric designs and are yielding
exciting results that can be used as references in the
future.

This study also provides insights into the modification
of membrane spacers through material innovation, where
experimentation with different materials focuses on fluid
flow characteristics and reducing biofouling. Previous
studies on these issues have led to a range of innovative
approaches to enhance spacer efficiency. For example,
metallic spacers fabricated from high thermal
conductivity materials such as copper and nickel have
been proven to increase the efficiency of thermally driven
processes, such as membrane distillation. Numerous
studies have also experimented with coating spacers with
various materials or mixing spacer materials with other
nanomaterials to reduce biofouling. With the rise of 3D
printing in the membrane technology field, the array of

materials available for spacers has expanded, each
offering unique finishes and performance characteristics.
Additionally, the blending of nanomaterials with 3D
printing materials remains underexplored, and the
possibilities are promising. Regarding the application of
3D-printed spacers in large-scale applications, there are
various limitations that are still being studied, including
limitations with mass production, time-consuming
manufacturing, materials degradation, cost, and limited
long-term performance knowledge. Although 3D-printed
spacers exhibited enhanced properties due to design
optimization, the high material costs contribute
significantly to CAPEX. However, design optimization
that lowers pressure drop (reduces pumping energy) and
increases water flux (decreases thermal energy) offers
potential reduction in OPEX. These performances may
offset the initial higher cost in long-term operation,
mainly in thermally driven membrane processes such as
membrane distillation.

Since the 3D printing method is currently an area of
active research for membrane spacers, this study also
provides insights into the utilization of 3D printing
methods to fabricate membrane spacers. This topic is
fascinating, and more profound research and discussions
are foreseen in the future. Currently, the selection of a 3D
printing method is based on the desired finishing features
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of the membrane spacer, given the various 3D printing
methods available, each with its pros and cons to
consider. With the assistance of 3D simulations, research
on membrane spacers has become more convenient,
particularly in the study of fluid dynamics, solute
transport, and biofouling due to biofilm formation. Since
the modification of membrane spacers leaves ample space
for exploration, especially with the implementation of 3D
printing methods, it is sensible that studies on the
modification of membrane spacers are still progressively
conducted, and the need for further study is encouraged.

7 Future prospectives

Despite numerous research efforts on alternatives to
decrease biofouling through geometric and material
modifications, this issue remains a challenge. Studies on
fabricating novel designs that could decrease dead zones
of the membrane spacer, and studies on incorporating
nanomaterials in 3D print materials, are increasing
significantly as there are many possibilities that exist to
increase the efficiency of the membrane. In addition to
implementing 3D printing methods to fabricate the
membrane spacers, blending materials and testing other
designs are robust alternatives to produce a highly
efficient spacer. As biofouling remains a significant issue
in membrane filtration systems, utilizing antimicrobial
materials such as silver is an excellent idea. Furthermore,
adding other materials, such as graphene oxide, to
enhance the strength of the membrane spacer and act as a
medium for the uniform distribution of antimicrobial
materials on the membrane is another viable approach.
With the convenience that 3D printing methods provide,
more designs need to be studied, as the possibilities are
endless, and they may open new directions to another
branch of study in the membrane spacer field.
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