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Abstract
The sustainability of clean water supply remains as one of the grand crises faced by today’s world. The rapid expansion of
membrane technology has opened up the opportunities for its applications in the sector of water and wastewater treatment.
However, the commercial polymeric membranes are suffered from low degree of hydrophilicity and prone to different types of
surface fouling. The incorporation of inorganic nanomaterials as nanofillerswithin polymericmatrix to produce nanocomposite
membranes has received enormous attention because of its ability to resolve underlying issues encountered by conventional
polymeric membranes. Among various nanoparticles, iron oxide (Fe3O4) nanoparticles have sparked great interest in the
fabrication of nanocomposite membranes owing to its intrinsic properties that could improve not only the membrane surface
hydrophilicity and antifouling properties but also its removal rates against pollutants via sieving and/or adsorptionmechanisms.
This review aims to provide insights on the recent advances of Fe3O4-modified microporous membranes for both water
and wastewater treatment. Novel strategies such as surface functionalization and nanohybridization of Fe3O4 nanoparticles
and its impacts on membrane physicochemical properties and separation performances have been explored and critically
reviewed. Finally, the technical challenges in utilizing Fe3O4-modified microporous membranes for potential applications in
real operation are also discussed.
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1 Introduction

As water reclamation has become critical to relieve clean
water scarcity, membrane technology has emerged as a
promising alternative that could overcome the limitations of
the conventional water treatment methods due to its high
separation performance, reliability, small footprint, ease of
operation and cost-effectiveness [1]. Polymeric membranes
in particular have gained widespread attention owing to its
ease of fabrication, good balance between water flux and
rejection, as well as low manufacturing cost [2, 3].

Among various pressure-driven membrane filtration pro-
cesses, ultrafiltration (UF) membranes are widely used
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to remove organic matters, colloidal particles and macro-
molecules present in water and wastewater. UF membranes
offer several unique advantages such as high separation effi-
ciencies against particles/molecules of micron size, promis-
ing water production rate, minimum energy requirement
(due to its low operating pressure) and low maintenance
cost [4–6]. Various polymers have been used as the main
material for the development of UF membranes, and some
of the commonly used materials for commercial UF mem-
brane manufacturing are polyvinylidene fluoride (PVDF),
polysulfone (PSf) and polyethersulfone (PES). Although
the membranes made of these polymeric materials do not
encounter major issues in the industrial operation, their low
degree of surface hydrophilicity which is prone to different
types of fouling could lead to flux declination and increase
in operation cost [3, 7].

In order to mitigate fouling phenomenon such as colloid
and organic fouling, focus has been placed on surface modi-
fication of polymeric membrane via inorganic nanoparticles
incorporation, aiming to develop nanocomposite membranes
with improved surface characteristics. The research on this
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topic had sparked great interest as the presence of inorganic
materials in the polymeric matrix could offer synergistic
effects to the resultant membrane, improving not only the
membrane fouling resistance but also its water permeation
rate without compromising solute rejection [8]. In certain
cases, the presence of nanoparticles in polymeric matrix
was found to promote the membrane chemical, thermal and
mechanical stability, making them suitable for use in harsh
conditions such as corrosive and high temperature environ-
ments [9–13].

One of the popular nanoparticles that have been always
reported as the promising nanofillers in modifying micro-
porous membrane is iron oxide (Fe3O4) nanoparticles
[14–17]. Similar to other commonly used nanoparticles such
as titanium oxide (TiO2) [18–20], zinc oxide (ZnO) [21–23]
and silica (SiO2) [24–26], Fe3O4 also shows promising
results in enhancing the characteristics of microporousmem-
branes for water applications [27–29]. In general, Fe3O4

can be used to modify either top surface of membrane
(via coating technique) or its bulk structure (via blending
method during dope preparation) and its quantity intro-
duced varies depending the applications. Besides exhibiting
good hydrophilicity and good thermal and chemical stabil-
ity, Fe3O4 also possesses outstanding magnetic properties,
low toxicity and adsorption ability that make it suitable for
membrane modification [30–32]. A literature search indi-
cated that the Fe3O4-modified membranes have been studied
for wide range of applications. These include palm oil mill
effluent treatment [33, 34], dye removals [35, 36], high
strength wastewater such as oily wastewater and food indus-
trial wastewater [16, 37, 38], as well as heavy metal removal
[39–41].

We have seen a significant number of review articles pub-
lished over the years on the development of nanocomposite
membranes incorporated with different types of nanoma-
terials including TiO2, ZnO, carbon nanotubes (CNTs),
graphene oxide (GO) and metal organic frameworks (MOF)
[42–46], but a comprehensive review of Fe3O4-modified
microporous membranes is still limited despite its extensive
scientific literature. Figure 1 shows the number of research
articles related to Fe3O4-modified membranes for water and
wastewater treatment published over the past decade with
an upward trend observed in recent two years. Many studies
have proved that themembranes incorporatedwith Fe3O4 are
able to compete if not surpassing the conventional polymeric
membranes performances. Thus, there is a need to review
these developments in order to lead further studies in the
near future.

This paper aims to review the recent progress of Fe3O4-
modified microporous membranes for both water and
wastewater treatment. The impacts of different types of
Fe3O4 such as typical, functionalized, hybrid Fe3O4 on
the surface properties and filtration performance of the

Fig. 1 Number of relevant research articles published in refereed jour-
nals between 2011 and 2020 for water and wastewater treatment (Data
from Scopus, Assessed on May 16, 2021. Search: Fe3O4 membrane
water or iron oxide membrane water; Field: Article title, abstract, key-
words; Limit to: Top20most relevant source titleswith further screening
on the article contents)

membranes will be reviewed for both pressure-driven and
adsorptive processes. At last, the technical challenges of
making Fe3O4-modified microporous membranes will also
be discussed to provide insights into development of better
nanocomposite membranes.

2 Characteristics of Iron Oxide Nanoparticles

Iron oxide nanoparticle, which is composed of iron (Fe) and
oxygen (O) atoms, has molecular weight of 159.69 g/mol. It
has many forms in nature, among which are the commonly
known phase magnetite (Fe3O4), maghemite (γ -Fe2O3) and
hematite (α-Fe2O3) as shown in Fig. 2.Magnetite has a cubic
inverse spinel structure with Fe3+ ions randomly distributed
between octahedral and tetrahedral sites, and Fe2+ ions in
octahedral sites.Maghemite meanwhile has the similar cubic
structure but with a defect spinel, where the absence of Fe2+

ions in its structure is composed of Fe3+ and O2− ions. In
hematite, O2− ions are in rhombohedral/hexagonal close-
packed arrangement, with Fe3+ ions occupying octahedral
sites [32, 47, 48].

Magnetite is the most preferred material as it exhibits
several promising properties such as great biocompatibility
and chemical stability, low toxicity, ease of synthesis/surface
functionalization and excellent magnetic properties due to its
symmetrical structure sites [32, 49, 50]. It is worth noting that
different properties of Fe3O4 nanoparticle such as its size,
shape, morphology, dispersibility and magnetism can affect
its application as nanofillers in polymeric membrane [31,
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Fig. 2 Crystal structure of Fe3O4, a hematite, b magnetite and c maghemite (Note: black ball: Fe2+, green ball: Fe3+ and red ball: O2−) [30]

Fig. 3 TEM images of
a micro-sized Fe3O4 and
b nano-sized Fe3O4 [60]

51]. Hence, many efforts have been focused on developing
different synthesis methods to produce Fe3O4 nanoparticles
with desirable properties. Some of the synthesis methods are
co-precipitation, hydrothermal reactions, thermal decompo-
sition, microemulsion, sol–gel reactions and electrochemical
method. Among them, co-precipitation and sol–gel reactions
are the most extensively used methods due to their simplicity
and ease of particle size control [52, 53].

Fe3O4 can appear in two different scales as shown in
Fig. 3. Micro-sized Fe3O4 (0.2–1.5 μm) usually possesses
Brunauer–Emmett–Teller (BET) surface area of between 6
and 29.23 m2/g, while nano-sized Fe3O4 (5–37 nm) could
show significantly higher BET surface area of 165.05–286.9
m2/g [54–57]. Besides showing different surface area, both
particles also display different magnetic properties, surface
energy level and dispersibility [57, 58]. As the particle size
decreases, the surface area-to-volume ratio tends to increase
which allows more molecules to attach on its active sur-
face sites. Nevertheless, the nanoparticles tend to aggregate
more compared to the microparticles due to its larger surface

area. Since nanoparticles are commonly used in membrane
fabrication, the issues associatedwith aggregation and ununi-
formed nanoparticles are one of themain concerns as it could
lead to microdefects which affect separation rate [2, 59].
In view of this, surface modification is recommended as a
strategy to improve nanoparticles dispersion and stability in
the membrane matrix. In addition, surface functionalization
could also be useful to enhance biocompatibility of nanopar-
ticles with the membrane which as a consequence leads to
better performance [30–32].

Fe3O4 nanoparticles have been extensively used as
nanofillers in nanocomposite membranes, taking advan-
tage of its hydrophilicity, superparamagnetic and excellent
adsorptive capacity. The abundance of hydroxyl groups avail-
able on the large surface of Fe3O4 is the main factor making
this nanomaterial highly hydrophilic in nature and important
in attracting water molecules during water filtration process.
This as a result improves membrane water permeability [2,
61–63]. Due to the superparamagnetic behavior of Fe3O4

nanoparticles (at zero net magnetization), the use of external
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Table 1 Important characteristics of Fe3O4 nanoparticles formembrane
fabrication [15, 52–54, 61, 62, 67–69]

Physical property Chemical property Biocompatibility

High surface area to
volume ratio

Small particles size

Highly
hydrophilicity

Antifouling
characteristics

Excellent
absorptivity

Superparamag-
netism

Good
biocompatibility

Low toxicity

magnetic field can enhance membrane properties and perfor-
mances by rearranging the alignment orientation of Fe3O4

nanoparticles closer to membrane surface, producing mem-
brane with sturdy sublayer and more hydrophilic top surface
[15, 57, 64–66]. It also demonstrates excellent adsorptivity
toward heavy metal contaminants. For instance, the maxi-
mum adsorptive capacity of Fe3O4 against copper(II) ions
was reported to be 18.61 mg/g and such value was further
improved to 59.6 mg/g upon integrating it with carboxy-
late multi-walled carbon nanotubes (MWCNTs) [67–69].
The good adsorptive performance of Fe3O4 nanoparticles
is due to its small size coupled with the electrostatic attrac-
tion between the nanoparticles and metal ions that facilitates
ion exchange. The key characteristics of Fe3O4 nanoparticles
that would be useful in improving membrane properties are
listed in Table 1.

3 Impact of Iron Oxide Nanoparticles
onMembrane Properties

While nanocomposite membranes are known to be plagued
with some significant bottlenecks such as nanofiller load-
ings, dispersibility and leaching, the technical progress and
the accompanying knowledge in the development of mem-
branes incorporated with Fe3O4 nanoparticles have grown
rapidly to address the underlying problems. The addition of
nanofillers at its optimum loading is generally known to bring
an improvement in membrane permeability and selectivity
without affecting its structural integrity [2, 3, 70, 71], but
tendency of the nanoparticle to agglomerate at an excessive
loading might cause severe problems including poor mem-
brane mechanical property, significant reduction in water
flux (due to pore blocking) and extremely rough membrane
surface which is prone to surface fouling. All these issues
could restrict the applications of resultant membranes. Thus,
it becomes essential to improve Fe3O4 nanoparticles disper-
sion in the polymeric membrane matrix [3, 70, 72].

It has been reported in the literature that surface function-
alization of Fe3O4 nanoparticles has a substantial influence

in boosting not only its dispersion in membrane matrix, but
also its biocompatibility, surface activity and physicochemi-
cal properties [30–32]. Aside from modifying nanoparticles,
the development of hybrid nanomaterials has also garnered
attentions in an effort to reduce the aggregation effects of
Fe3O4 nanoparticles. By coupling the Fe3O4 with a dif-
ferent nanoparticle, a synergistic effect could be created,
hence producing hybrid nanoparticles that are good for the
nanocomposite membrane development [70, 73, 74].

3.1 Conventional Pressure-DrivenMembranes

Conventional pressure-driven UF membranes have been a
leading separation technology for a wide range of water
and wastewater treatment applications. The following sub-
sections will provide a review the impacts of different types
of Fe3O4 nanoparticles on the properties of microporous UF
membranes.

3.1.1 Typical Fe3O4

One of the earliest works that incorporated Fe3O4 nanoparti-
cles in the membrane matrix was reported by Jian et al. [65].
In this study, oleic acid-treated Fe3O4 nanoparticles were
blended into PSf solution and the resultant modified mem-
brane was used for lysozyme rejection (molecular weight of
lysozyme: 14,300g/mol).Due to its superparamagnetic prop-
erties, Fe3O4 nanoparticles can be manipulated to arrange
along the force magnetic line when it is magnetized. The
behavior of Fe3O4-modified membrane was observed under
magnetic field influence to examine whether it would affect
the rejection performance. Figure 4 shows the surface and
cross section structures of the membranes with and with-
out 0.27 wt% Fe3O4 incorporation. It was apparent that the
nanoparticles were uniformly distributed across the mem-
brane surface, inner pores and walls. With respect to contact
angle, the Fe3O4-modified membrane showed higher value
(73°) compared to the neat PSf membrane (58°), owing to
the use of oleic acid to modify Fe3O4 nanoparticles. This in
turn improved membrane surface hydrophilicity.

As Fe3O4 nanoparticles possess magnetic property, the
use of it for membrane modification could lead to differ-
ent lysozyme rejection rates when a different magnetic field
intensity was used during filtration process. Jian et al. [65]
showed that the membrane rejection against lysozyme was
recorded at 88% when magnetic field of 0.18 Tesla (T)
was used. This was significantly higher compared to the
rejection (55%) achieved at higher magnetic field (0.4 T).
When stronger magnetic field was used, it tended to cause
lysozymemolecules tomove in a circle that couldweaken the
membrane sorption and decrease boundary layer thickness,
leading to lower rejection. When compared with the neat
PSf membrane, the magnetic field has little to no effect on
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Fig. 4 SEM micrographs of
surface (top) and cross section
(bottom) of a, c neat PSf
membrane and b,
d Fe3O4-modified PSf
membrane [65]

the lysozyme rejection due to the absence of Fe3O4 nanopar-
ticles in the membrane matrix.

Rambabu and Velu [75] modified PES-based membranes
using Fe3O4 nanoparticles (0–4 wt%) and used the resul-
tant membranes for removal of Orange II and Congo Red.
Compared to the pristine PES membrane, it was found that
the presence of nanofillers tended to increase the surface
pore size and porosity of the membrane. In addition, the sur-
face hydrophilicity of membrane was also improved which
could be attributed to the decrease in water contact angle
upon Fe3O4 incorporation. As shown in Fig. 5, the mem-
brane blended with 3 wt% Fe3O4 nanoparticles showed 4
times higher pure water flux than that of pure PES mem-
brane, recording 64 L/m2.h at 2.76 bar. Nevertheless, it must
be noted that the separation efficiency of the membrane was
negatively affected when large amount of Fe3O4 nanoparti-
cles was used (>3 wt%). With respect to thermal stability,
the Fe3O4-modified membranes showed improved thermal

resistance as uniform distribution of Fe3O4 nanoparticles in
the membrane matrix increased the thermal stability of the
membrane.

Bagheripour et al. [77] reported an improvement in salt
separation and antifouling performance of PES membrane
upon incorporation of Fe3O4 nanoparticles. Based on the
atomic force microscopy (AFM) images, the introduction
of Fe3O4 nanoparticles (<3 wt%) was found to be able to
reduce the number of peaks and valleys on the membrane
surface, creating a smoother surface. This is due to the fill-
ing of Fe3O4 on the membrane surface that significantly
reduces the surface roughness. Despite the improved sur-
face hydrophilicity upon Fe3O4 nanoparticles incorporation,
the flux of the Fe3O4-modified membrane was still lower (23
L/m2.h) than that of pure PES membrane (35 L/m2.h) when
both membranes were tested at 5.5 bar. This might be due to
pore blockage by the Fe3O4 nanoparticles which increased
water transport resistance and thus reducedwater permeation
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Fig. 5 Performance of PES and Fe3O4-modified PES membranes, a pure water flux and b dye rejection (Note: M1: pure PES membrane, M2: PES
membrane with PEG, M3–M6: PES membrane with 1, 2, 3 and 4 wt% Fe3O4 in the presence of PEG) [76]

rate. Nevertheless, the improved surface hydrophilicity of the
modified PESmembranewas found to be effective in enhanc-
ing antifouling performance against milk solution as high
flux recovery rate (FRR) of 87.4% was achieved by Fe3O4-
modified membrane in comparison with 38.1% shown in
the pristine membrane. The FRR of modified membrane,
however, was dropped to 71.1% when 4 wt% Fe3O4 was
introduced into the membrane matrix as increase in mem-
brane surface roughness made it more susceptible to organic
fouling.

Gholami et al. [78], on the other hand, reported the pos-
itive effect of Fe3O4 nanoparticles on the hydrophilicity
of membrane made of polyvinyl chloride (PVC). With the
incorporation of only 0.1 wt% Fe3O4, the water content
of the modified membrane was found to increase (corre-
sponding to improved hydrophilicity) in comparison to the
pure PVC membrane. When tested at 5 bar, the modified
membrane also showed 50% greater water flux (75 L/m2.h)
than that of pure membrane (50 L/m2.h). However, flux was
reported to decrease when high loading of Fe3O4 nanoparti-
cles was introduced (1 wt%). This is likely due to membrane
pore blockage caused by the excessive use of nanomate-
rial. Although the Fe3O4-modified membrane showed much
higher lead (Pb) ion removal (14%) than the pure membrane
(4%), the removal ratewas still very low tomeet the industrial
expectation.

Huang et al. [79], Ansari et al. [80] and Mehrnia and
Homayoonfal [81] also separately reported that incorporat-
ing themembranewith small quantity of Fe3O4 nanoparticles
(<0.3 wt%) could improve not only the membrane water
permeability but also solute rejection. Huang et al. [79]
found that the flux of 0.3 wt% Fe3O4-modified PES mem-

brane was 75% better than the unmodified PES membrane.
Upon incorporation of 0.05 wt% and 0.07 wt% Fe3O4 into
poly(phenylene ether–ether sulfone) (PEES) and PSf mem-
brane matrix, respectively, Ansari et al. [80] and Mehrnia
and Homayoonfal [81] reported the water flux of resultant
membranes was enhanced by 60–150%. The improvement
in the membrane properties was attributed to the higher level
of surface hydrophilicity, increased structural porosity and
greater water content. Excessive use of Fe3O4 (e.g., >1 wt%)
for membrane modification had been reported to negatively
affect structural integrity of membrane, leading to formation
of large pore size and high membrane porosity which con-
sequently reduced membrane separation efficiency [79]. In
terms ofmechanical strength, the reduction inmembrane ten-
sile strength at higher loading of Fe3O4 can be attributed to
the increased membrane porosity that negatively affects its
mechanical resistance against tear [80, 81].

Instead of evaluating Fe3O4-modified membranes for
synthetic feed solution, Mehrnia and Homayoonfal [81]
examined the potential of the 0.07 wt% Fe3O4-modified
PSf membranes for activated sludge treatment. The modified
membrane was reported to achieve much greater chemical
oxygen demand (COD) and removal rate (97%) than that
of pristine PSf membrane (73%). The authors attributed the
better removal performance to the adsorption property of
Fe3O4 nanoparticles toward organic pollutants in the acti-
vated sludge. The water flux recorded at 3 bar for PSf
membrane with 0.07 wt% Fe3O4 was about 100 L/m2.h,
while the neat PSf membrane only achieved 75 L/m2.h.
The elevated flux obtained was due to increased membrane
hydrophilicity in response to the presence of Fe3O4 nanopar-
ticles.
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Using electrospinning technique, Al-Husaini et al. [28]
fabricated a nanofiber membrane incorporating 1.04 wt%
Fe3O4 and used it for oily wastewater treatment. The authors
showed that the introduction of Fe3O4 in nanofibermat could
improve the pure water flux of pristine PES nanofiber mem-
brane by 17%, reaching a value>3200 L/m2.h (at 1 bar).
The flux enhancement was primarily credited to increased
membrane hydrophilicity, as can be observed from con-
tact angle results, where Fe3O4-modified PES membrane
recorded 21.78° compared to pristine PES membrane of
105.61°. The Fe3O4-modified PESmembrane also possessed
greater oil–water separation performance as it achieved
94.01% rejection which is better than that of pristine PES
membrane at 87.16%. The improved rejection rate of mod-
ified membrane is largely attributed to its smaller pore size
that improved membrane selectivity. With respect to foul-
ing resistance, the authors found that the hydrophilicity of
Fe3O4 nanoparticles was effective in weakening the inter-
action between hydrophobic oily particles and hydrophilic
membrane surface, leading to higher FRR in the Fe3O4-
modified PESmembrane (79.50%) compared to the neat PES
membrane (61.46%).

3.1.2 Surface Functionalized Fe3O4

Despite its advantages, Fe3O4 nanoparticles tend to agglom-
erate which leads to poor distribution and dispersion in
membranematrix and limits the applications of nanocompos-
ite membranes for water applications. Several strategies have
been performed to increase the stability and affinity of Fe3O4

nanoparticles within membrane body. Prior to the addition
of Fe3O4 nanoparticles into membrane matrix, Daraei et al.
[82] performed coating on the surface of Fe3O4 nanoparti-
cles using polyaniline (PANI). As PANI is considerablymore
hydrophilic compared to Fe3O4 nanoparticles, the use of it
as coating layer could improvemembrane hydrophilicity and
show positive impact against whey protein separation. The
water contact angle of membrane was decreased in the order
of pristine PES (71.45°)>PES with Fe3O4 (53.38°)>PES
with PANI-coated Fe3O4 (51.12°). The reduction in con-
tact angle was corresponded to the increase in membrane
hydrophilicity which led to the increase in membrane water
flux in the order of PES � PES with Fe3O4 (33–36 L/m2.h
at 4 bar)<PES with PANI-coated Fe3O4 (45 L/m2.h). When
tested with whey protein solution, the PES membrane with
PANI-coated Fe3O4 exhibited significantly greater FRR
(80%) compared to other two membranes (52–68%), sug-
gesting its high degree of antifouling properties. Superior
hydrophilicity of PANI-coated Fe3O4 tended to reduce the
irreversible fouling ratio by minimizing adhesion of foulants
on the hydrophilic membrane surface.

The addition of O-carboxymethyl chitosan (OCMCS)-
coated Fe3O4 nanoparticles into membrane matrix as

reported in the work conducted by Rahimi et al. [83] and
Zinadini et al. [35] also showed promising results in produc-
ing membranes with improved flux and rejection abilities
as shown in Fig. 6. The former work attempted to incorpo-
rate 0.05–1 wt%OCMCS/Fe3O4 into PVDFmembranes and
evaluated the separation performance using BSA solution. It
was found that the membrane flux at 1 bar was enhanced
with increasing OCMCS/Fe3O4 loading, where at a lower
dosage (0.05 wt%), the flux was recorded at 1164.6 L/m2.h
compared to 314.2 L/m2.h by pure PVDF membrane. The
dramatic increase in flux (>10,000 L/m2.h.bar) at the highest
OCMCS/Fe3O4 dosage (1 wt%) was attributed to the defects
formed in the producedmembrane caused by poor dispersion
of nanoparticles. The separation performance of 0.05 wt%
OCMCS/Fe3O4 -modified PVDF membrane against BSA
solution (48%) was found to be far more superior than the
neat membrane (18%) and commercial microfiltration mem-
brane (pore size: 0.22μm,Millipore Corporation) (6%). The
antifouling assessment using activated sludge suspensions
revealed the FRR of modified PVDF membrane (incorpo-
rated with the lowest loading of OCMCS/Fe3O4) was at
95.7% and the result was significantly better compared to
the neat PVDF membrane at 64.3%. This made 0.05 wt%
the optimum loading for the incorporation ofOCMCS/Fe3O4

into PVDF membrane.
In the latter work by Zinadini et al. [35], OCMCS/Fe3O4

nanoparticles at a loading of 0.1, 0.5 and 1wt%were, respec-
tively, incorporated into PES membranes to study the filtra-
tion performance against Direct Red 16 dye. It is noteworthy
that regardless of the nanofiller concentration, the membrane
hydrophilicity was greatly enhanced due to the hydrophilic
properties of the modified nanoparticles. The contact angle
of pure PES membrane and PES membrane with 0.5 wt%
OCMCS/Fe3O4 is 64.4° and 53.2°, respectively. Although
the 1 wt% OCMCS/Fe3O4-modified PES membrane dis-
played the highest hydrophilicity (contact angle of 52.5°), its
pure water flux at 4 bar dropped significantly from 36 L/m2.h
(0.5 wt% OCMCS/Fe3O4-PES membrane) to 29 L/m2.h.
The is likely due to nanoparticles agglomeration caused by
high loading that resulted in pore blockage. The rejection
capability of the OCMCS/Fe3O4-modified PES membrane
displayed much greater performance with an average of 99%
rejection compared to 88% reported in the pure PES mem-
brane. The authors ascribed that since both the nanoparticles
and dye have negative charges which resulted from the disso-
ciation of sulfonic group of the dye and carboxylic group of
theOCMCS/Fe3O4, respectively, the creation of electrostatic
repulsion force could lead to higher rejection and alleviate
membrane antifouling property simultaneously.

The effect of Fe3O4 nanoparticles graftedwith polyacrylic
acid (PAA) on the morphology and separation performance
of PES membranes was studied by Bagheripour et al. [84].
The authors observed apparent difference in the structure
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Fig. 6 Performance in terms of flux (Left) and rejection (Right) of, a,
b Pure PVDF and OCMCS/Fe3O4-modified PVDF membranes (Note:
PVDF-MF: Commercial MF, M1: Pure PVDF, M2-M4: PVDF mem-
branes with 0.05, 0.1, 1 wt% OCMCS/Fe3O4) [83], and c, d Pure PES

membrane and OCMCS/Fe3O4-modified membranes (Note: M0: Pure
PES, M1-M4: PVDFmembranes with 0.1, 0.5, 1 wt%OCMCS/Fe3O4)
[35]

of PES membrane before and after the incorporation of
PAA-grafted Fe3O4 nanoparticles in which the pores and
channels radius at top andmembrane sublayer increasedupon
1 wt% nanofiller incorporation. As presented in Fig. 7, at
the threshold loading (1 wt%), agglomerated PAA-grafted
Fe3O4 nanoparticles were detected within the membrane
matrix and this could cause obvious pore blockage and pore
size reduction. This study revealed that the membrane with
0.5 wt% PAA-grafted Fe3O4 nanoparticles exhibited higher
flux (8.71 L/m2.h at 6 bar) than the pristine PES membrane
(2.68 L/m2.h). As a result of strong interfacial bonding of 0.5
wt% PAA-grafted Fe3O4 with PES polymer, the modified
membrane has better endurance for load stress (4825 kPa)
compared to the neat PES membrane (3874 kPa). However,
it must be pointed out that the water flux of the best per-
forming membrane in this work is still significantly lower
compared to the performance of UF membranes reported in
the literature.

Fig. 7 SEM cross-sectional images of PES membrane with 1 wt% of
PAA-grafted Fe3O4 nanoparticles [84]
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3.1.3 Hybrid Fe3O4

The incorporation of hybrid nanomaterials into polymer
matrix to develop nanocomposite membranes has demon-
strated a synergistic effect to improve membrane perfor-
mance [85]. Tan et al. [34] and Subramaniam et al. [33] incor-
porated coupled zinc–iron oxide nanohybrid (ZnO/Fe3O4)
into PVDF and PES membranes, respectively, and reported
the resultant membranes could attain high removal efficiency
when they were used to treat aerobically treated palm oil
mill effluent (AT-POME). ZnO and Fe3O4 nanoparticles are
widely used as photocatalytic nanofillers as they can induce
self-cleaning under the illumination of UV and visible light.
A slight increase in membrane hydrophilicity was observed
by Tan et al. [34] where the contact angle of PVDF mem-
brane decreased from 78° to 73° upon the addition of 0.5
wt%ZnO/Fe3O4. The increased hydrophilicity improved the
water flux of PVDFmembrane by 50%, reaching 170 L/m2.h
(at 1 bar). The ZnO/Fe3O4-modified PVDF membrane also
improved the color removal rate of neat PVDF membrane
by 17%. This achievement was mainly attributed to the neg-
atively charged membrane surface that minimized foulant
deposition on membrane surface and improved membrane
antifouling properties.

Despite being the commonly used polymeric materials
for membrane fabrication, the hydrophobic nature of PES is
always associated with poor fouling resistance [7]. In view
of this, Subramaniam et al. [33] improved the membrane
hydrophilicity by embedding 0.5 wt% ZnO/Fe3O4 into PES
matrix. The contact angle of the nanocomposite membrane
was 87.6°, a slight improvement from the neat PES mem-
brane at 99.5°. Besides developing more membrane pores,
the addition of hydrophilic ZnO/Fe3O4 into PES membrane
also improved the negative membrane surface charge and
played a significant role in the decolorization of AT-POME
by repelling the color pigments. Consequently, the modified
membrane exhibited better color rejection (76.2%) compared
to the neat membrane (32.5%).

The superior hydrophilicity of 2D GO nanosheets makes
it highly suitable for Fe3O4 nanoparticles to be attached
on its surface, forming GO/Fe3O4 nanohybrid [86]. Xu
et al. [87] and Huang et al. [53] studied the properties of
GO/Fe3O4-modified PVDF membranes that were fabricated
under magnetic field. Xu et al. [87] found that GO/Fe3O4

nanohybrids were able to migrate toward the top surface of
PVDFmembrane due tomagnetic attraction (0.2T), thus pro-
ducing membrane with improved contact angle and water
flux (55° and 595.39 L/m2.h at 1 bar). The GO/Fe3O4-
modified PVDF membrane prepared without magnetic field
influence only showed 62° and 446.74 L/m2.h, respectively.
The neat PVDF membrane meanwhile only demonstrated
74.5° and 200 L/m2.h, respectively. The separation perfor-
mance of PVDFmembraneswas tested againstBSAsolution,

where all membranes have a rejection of more than 92%. The
FRR of the modified membranes, however, were better com-
pared to the neat membranewith the order ofmodified PVDF
under magnetic field influence (86.4%)>modified PVDF
without magnetic field influence (82.1%)>neat PVDFmem-
brane (43.3%). This suggested that inducing magnetic field
during membrane casting was able to enhance membrane
performance in terms of membrane hydrophilicity, flux and
antifouling properties.

The performances of PVDFmembranes incorporatedwith
1 wt% GO/Fe3O4 were reported by Huang et al. [53] under
magnetic field influence of 0.05 T. The deflection and ori-
entation behavior of GO/Fe3O4 nanohybrids in the presence
of magnetic field were observed under the microscope, as
shown in Fig. 8. With the aid of the magnetic field, the
GO/Fe3O4 could be arranged along the direction of the field
and be embedded on membrane top surface. This, as a result,
modified the surface properties of membrane. The modified
membrane also exhibited greater purewater flux (484 L/m2.h
at 1 bar) than the pristine PVDF membrane (320 L/m2.h)
with slight reduction in the BSA rejection. With respect to
fouling resistance, the modified membranes displayed high
FRR of 83.0% compared to the pristine membrane of 47.9%,
indicating that the nanohybridmodifiedmembrane has better
antifouling performance.

As reported in the work of Chai et al. [73], the blending
of GO/Fe3O4 into PSf membrane increased the membrane
permeability and hydrophilicity but with the compensation
of humic acid rejection due to enlarged pore size. The contact
angle of PSf membrane with 1 wt% GO/Fe3O4 was greatly
reduced from 75.86° to 43.98°, showing its hydrophilicity
improvement. This is due to the presence of nanohybrid that
contains abundance of hydroxyl group to promote water pas-
sage through membrane. The flux of modified membrane
was also greatly enhanced and achieved 156.99 L/m2.h.bar,
i.e., much higher than the PSf membrane (51.78 L/m2.h.bar).
Although pore enlargement occurred upon the addition of
GO/Fe3O4, the modified membrane could still achieve rea-
sonably good rejection against humic acid, i.e., close to 85%
rejection.

Fe3O4 and MWCNT nanohybrids have been proven
to possess excellent properties in electrochemistry, mag-
netism and adsorption [88]. Upon incorporation of 0.65
wt%MWCNT/Fe3O4 into PVC membrane, Wang et al. [89]
observed an enhancement in membrane morphologies, sur-
face hydrophilicity and filtration performance against BSA.
The addition ofMWCNT/Fe3O4 was found to increasemem-
brane pore size and its pore number as well as hydrophilicity,
which subsequently promotes water permeability. Compar-
ing with the flux of neat PVCmembrane, the flux of modified
PVC membrane was increased by 31%, reaching 118.3
L/m2.h.bar.
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Fig. 8 Microscope images of GO/Fe3O4 in the presence of magnetic field; a after 0 s, b after 5 s and c after 7 s [53]

The surface modification of ZrO2/Fe3O4 nanohybrid was
performed by Noormohamadi et al. [90], in which the syn-
ergistic effect of Fe3O4 nanoparticles helped in increasing
membrane pore size and ZrO2 nanoparticles reduced PAN
membrane surface roughness and hydrophobicity. Upon the
blending of 1 wt% ZrO2/Fe3O4 into PAN membrane, the
contact angle decreased by 51% compared to neat PAN
membrane, from 72° to 35°. The flux of 1 wt% ZrO2/Fe3O4-
modified PANmembrane at 0.3 bar was doubled (29 L/m2.h)
than that of pure PANmembrane (13 L/m2.h). The separation
capability of PAN membranes was evaluated using activated
sludge with microorganism population of 12,000 mg/L. The
modified PAN membrane recorded COD removal of 93%, a
slight increase from 86% by the neat PAN membrane. The
authors attributed the increased FRR from 35 to 58% to the
enhanced membrane surface roughness and hydrophilicity
due to the addition of ZrO2/Fe3O4 into PAN membrane.

Table 2 summarizes the key findings related to the use
of Fe3O4 for modification of polymeric membranes for
water application. Their performances were compared with
the respective pristine membrane, and the results generally
indicated that the Fe3O4-modified membranes always yield
better filtration performances.

3.2 Adsorptive Membranes

The combination of membrane filtration and adsorption pro-
cess has been proven to be an effective alternative in remov-
ing ions (e.g., metal or salt ions) from water/wastewater at
relatively low operating pressure [92]. In this case, polymeric
membranes act as a host for the adsorptive nanoparticles in
which the adsorption ability of nanoparticles can be manip-
ulated to selectively remove targeted ions. Zainol Abidin
et al. [62] blended PSf membrane with 5 wt% Fe3O4 for
adsorptive removal of phosphate (PO3−

4 ). Figure 9 shows
the microscopic images of PSf membranes with and without
Fe3O4. For the modified PSf membrane, Fe3O4 was found
to distribute uniformly throughout the membrane, indicating
good interaction between the nanoparticles and the polymer
matrix. Upon the incorporation of Fe3O4, the contact angle
of pristine membrane was decreased from 73.5° to 63.9° and

its pure water flux was increased by 5 times, reaching 55.2
L/m2.h.bar. With respect to the phosphate adsorption, the
results revealed that the Fe3O4-modified membrane could
achieve maximum adsorption capacity of 73.5 mg/g.

Rowley and Abu-Zahra [93] modified Fe3O4 nanopar-
ticles with 3-aminopropyltriethoxysilane (APTES) before
adding it into PES membranes. It was found that the mem-
brane with 3 wt% APTES-modified Fe3O4 recorded much
lower contact angle (63.68°) than that of neat PESmembrane
(74.8°). The presence of hydroxyl groups on APTES/Fe3O4

boosted the membrane surface hydrophilicity and perme-
ability. In addition, the APTES/Fe3O4-modified membrane
exhibited arsenic adsorption rate of 14.6 mg/g due to the
role of nanomaterials in adsorbing arsenic ions. The pristine
PES membrane meanwhile showed almost zero adsorption
rate. When tested using 1 ppm of arsenic solution, the
APTES/Fe3O4-modifiedmembrane was able to remove 76%
of arsenic ions. Nevertheless, the low arsenic removal rate
could be due to the relatively low adsorption rate of themem-
brane itself.

Fe3O4 nanoparticles also show potential for Pb(II) ions
removal.Moradihamedani et al. [94]modifiedPSfmembrane
by incorporating 7–13 wt% talc-modified Fe3O4 nanopar-
ticles. Optimum loading was reported at 9 wt% in which
the resultant membrane could achieve 89.4% Pb(II) ions
removal. The authors attributed the results to the electro-
static attraction between positively charged Pb(II) ions and
negatively charged silanol group on the surface of talc/Fe3O4

that led to efficient adsorption of ions.
Using 0.1wt%SiO2-coated Fe3O4 nanoparticles, Ghaemi

et al. [61] fabricated a new type of composite membrane
that showed improvement in the membrane hydrophilic-
ity and rejection rate. The reduced water contact angle of
the modified PES membrane (69°) compared to the neat
PES membrane (78°) was ascribed to increased surface
hydrophilicity and smoothness. Flux improvement of more
than 3 times was achieved by the modified PES mem-
brane (27.8 L/m2.h at 4 bar) in comparison to the pure PES
membrane (8.8 L/m2.h). The separation efficiency of PES
membranes was tested against copper (Cu(II)) ion, where the
modified PES membrane demonstrated a rejection of 92%, a
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Fig. 9 SEM images of cross section of a neat PSf membrane, b PSf membrane with Fe3O4 nanoparticles and c EDX mapping of Fe element on
PSf membrane [62]

significant increase from25%by the pristine PESmembrane.
The dual modification of Fe3O4 nanoparticles with silica and
metformin tended to increase the availablemembrane surface
active sites, leading to increased membrane rejection ability.

Daraei et al. [41] also explored the potential of using PES
membrane incorporating PANI-coated Fe3O4 nanoparticles
for the adsorption process of Cu(II) ion. As previously men-
tioned, the coating of Fe3O4 using PANI could significantly
improve membrane hydrophilicity. Nevertheless, despite the
enhanced hydrophilicity, the addition of nanofillers led to
reduction in membrane flux due to the reduced pore size
and pore blockage caused by migration of PANI/Fe3O4 to
membrane top surface. The PANI/Fe3O4-modified mem-
brane only exhibited 25 L/m2.h (at 4.5 bar), while pristine
PES at 50 L/m2.h. Although the authors reported the modi-
fied membrane could achieve 85% Cu(II) ions removal rate
(Fig. 10), the flux reduction and extremely low adsorption
capacity of the membrane (i.e., 1.6 mg/g) could indicate the
separation mechanism is mainly governed by sieving effect
rather than adsorption mechanism.

In addition to heavymetal ions removal, Modi and Bellare
[95] studied the potential of 0.5 wt% GO/Fe3O4-modified
PSf membrane for the adsorptive removal of contaminant
of emerging concern—2,4-dichlorophenol (2,4-DCP). The
modified membrane was reported to have much lower con-
tact angle (37.1°) compared to neat PSf (76.3°), and this had
caused the membrane to exhibit better surface hydrophilicity
and subsequently higher water flux. A remarkable removal
of 2,4-DCPwas achieved byGO/Fe3O4-modifiedmembrane
(96.5%), a significant improvement from the bare PSf mem-
brane (55%). With respect to the adsorption capacity, the
modified and the neat PSf membrane recorded 0.0192 and
0.0385 mg/g, respectively. Based on the data, it must be
pointed out that the low adsorption capacity of membrane
(<1 mg/g) is not the main factor causing the membrane to
have good separation rate.

The PVDF membrane blended with various loadings
(0.1–0.8 wt%) of Fe3O4 modified with halloysite nanotubes
(HNT/Fe3O4) was developed by Liu et al. [59] and used for

Congo Red dye removal. Figure 11 displays the TEM images
of pure HNT and HNT/Fe3O4 nanohybrids, where Fe3O4

nanoparticles were uniformly attached on the top surface of
HNT. Owing to the presence of Fe3O4 on the HNT surface,
the specific surface area of the nanocomposites is boosted and
its adsorption ability is enhanced accordingly. The contact
angle of all membranes gradually declined with the increas-
ing HNT/Fe3O4 loading. Due to its hydrophobicity, the bare
PVDF membrane recorded contact angle of 80.1°, while the
lowest contact angle of 60.7° was achieved by the PVDF
membrane with 0.4 wt% HNT/Fe3O4. This modified mem-
brane also exhibited the highest flux of 39.8 L/m2.h (at 3 bar),
an increase of 104.6% from 19.45 L/m2.h by the pure PVDF
membrane. The enhancement of Congo Red removal by the
modified membrane (92.1%) compared to the pure PVDF
membrane (82.1%) was attributed to the adsorption abil-
ity of HNT/Fe3O4. Furthermore, the FRR of the modified
PVDF membrane was reported to increase, revealing the
improved antifouling behavior upon HNT/Fe3O4 incorpo-
ration (Table 3).

4 Technical Challenges of Fe3O4-Modified
Membranes Fabrication

Although Fe3O4 nanoparticles have demonstrated its poten-
tial as nanofillers for nanocomposite membrane fabrication
for laboratory-scale water and wastewater treatment, there
are several key challenges related to the membrane fabri-
cation and these limitations should be addressed in order
to produce more cost competitive and high-performing
Fe3O4-modified membranes for possible use in the indus-
trial applications.

One major challenge of Fe3O4-modified membrane fab-
rication is the agglomeration of Fe3O4 nanoparticles in
membrane matrix. Fe3O4 nanoparticles have high aggrega-
tion effect due to van derWaals forces that disrupt its uniform
distribution and cause low dispersion ability throughout
membrane matrix. Due to having large surface-to-volume
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Fig. 10 Performance in terms of a water flux and b Cu(II) rejection of neat PES membranes and PES membranes incorporated with 0.01, 0.1 and
1 wt% PANI/Fe3O4 nanoparticles [41]

Fig. 11 TEM images of a,
b pure HNTs and c,
d HNT/Fe3O4 nanocomposites
[59]

ratio, Fe3O4 possesses high surface tension. In order to
reduce the surface energies, these nanoparticles tend to
aggregate. Nanoparticle agglomeration and non-uniformed
dispersion are generally reported as the factors leading to
incompatibility between nanofillers and polymers, causing
voids and non-selective defects in membrane structure and
negatively affecting the membrane filtration capabilities [72,

96, 97]. Incorporating Fe3O4 nanoparticles at a higher load-
ing (>4 wt%) normally would cause severe agglomeration
that results in poor integrity of membrane structure. Conse-
quently, the membranes exhibit poor filtration performance
and/or low mechanical property [2, 98, 99].

Although reports on Fe3O4 nanoparticles leaching from
nanocomposite membranes are rare, the phenomenon of
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Fe3O4 nanoparticles leaching from membrane during fab-
rication and filtration process is likely to occur. It has been
previously reported that the possible nanomaterials leaching
is very small and is normally found during early stage of
permeation in the case where nanomaterials are not strongly
attached to membrane [100–103]. However, it must be noted
that the frequent use of chemical agents during cleaning pro-
cess could attack the polymeric membrane surface which
leads to nanoparticle leaching during operation. Besides
affecting membrane performance, the nanoparticles leach-
ing from membrane could also pose risk of water poisoning
if such membrane is used in drinking water purification pro-
cess [2, 3]. The leaching process may be caused by physical
damage on membrane or improper nanoparticle incorpora-
tion techniques that results in lack of proper anchor points
for the nanomaterials embeddedwithin themembranematrix
[104, 105].

Manufacturing cost is another main concern that governs
the commercial readiness of Fe3O4-modified membranes.
Nanocomposite membranes are typically considered more
expensive to produce compared to conventional polymeric
membrane [3, 106]. While Fe3O4 nanoparticles are known
for its relatively low cost, the cost involved in the develop-
ment of membranes incorporated with Fe3O4 nanoparticles
still remains as an obstacle for its commercial deployment.
Despite extensive research on Fe3O4-modified membranes
was conducted in laboratory scales over the past years,
the industrial applications of Fe3O4-modified membranes
for water and wastewater treatment are yet to be found,
largely due to increased production costs of high-quality
Fe3O4 nanoparticles and its surface functionalization. Recent
development in synthesis of nanomaterials may enable the
large-scale manufacturing of high-quality Fe3O4 nanopar-
ticles at a low price [107, 108], but still an in-depth cost
analysis study is needed to prove its cost competitiveness.

5 Conclusions

The development of Fe3O4-modified membrane can address
the limitations posed by typical polymeric membrane by out-
performing it with respect to permeability/selectivity and
antifouling properties. This review focuses on the recent
advancement ofmembranes incorporatedwith different types
of Fe3O4 nanoparticles including unmodified Fe3O4, sur-
face functionalized Fe3O4 and hybrid Fe3O4 for water
and wastewater treatment, classified according to pressure-
driven and adsorptivemembranes. The introduction of Fe3O4

nanoparticles into polymer matrix could improve mem-
brane hydrophilicity, separation performance, adsorption
capacity as well as fouling resistance. Despite these pro-
gresses, several challenges were identified in utilizing Fe3O4

nanoparticles as nanofillers for nanocomposite membrane

fabrication and its process. These include agglomeration
within membrane pores, ununiformed dispersion and lack
of affinity between nanofillers and polymer matrix, water
permeability/rejection trade-off effect, nanoparticles leach-
ing, as well as manufacturing cost concern. These limitations
might restrict the applications of modified membranes.
Some strategies were proposed by researchers to effectively
improve Fe3O4 nanoparticles employment into membrane
such as incorporation of Fe3O4 nanoparticles at a low load-
ing (<1 wt%), surface modification of nanoparticles and use
of externalmagnetic field tomanipulate the nanoparticles ori-
entation. Although some Fe3O4-modified membranes have
shown good potential in treating water and wastewater, e.g.,
high rejection against protein [79, 82] and good adsorption
capacity against phosphate and arsenic [62, 93], more reli-
able studies in the application of Fe3O4 nanoparticles as
nanofillers are needed in order to develop Fe3O4-modified
membraneswith greater yet stable performance for industrial
application. With the continuous and further exploration car-
ried out by scientists for functionalizing Fe3O4 and designing
membrane structure, the nanocomposite membranes are pos-
sible to become attractive option for commercial water and
wastewater treatment in the future.
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