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Abstract

In the present study, a commercial TiO2, several BiVO4 photocatalysts, a WO3

nanomaterial, and their composites were used to prepare photocatalytic poly-

vinylidene fluoride (PVDF) ultrafilter membranes. Their photocatalytic activi-

ties and the effects of coatings on the filtration of oil-in-water emulsion (crude

oil; coil = 100 mg L−1) were investigated. Fluxes, filtration resistances, purifica-

tion efficiencies, and fouling resistance abilities—like flux decay ratios (FDRs)

and flux recovery ratios (FRRs)—were compared. The solar light-induced

photocatalytic decomposition of the foulants was also investigated. WO3 was

used as a composite component to suppress the electron–hole recombination

with the goal of achieving higher photocatalytic activity, but the presence of

WO3 was not beneficial concerning the filtration properties. However, the

application of TiO2, one of the investigated BiVO4 photocatalysts, and their

composites was also beneficial. In the case of the neat membrane, only

87 L m−2 h−1 flux was measured, whereas with the most beneficial BiVO4 coat-

ing, 464 L m−2 h−1 flux was achieved. Pure BiVO4 coating was more beneficial

in terms of filtration properties, whereas pure TiO2 coating proved to be more

beneficial concerning the photocatalytic regeneration of the membrane. The

TiO2(80%)/BiVO4(20%) composite was estimated to be the most beneficial

combination taking into account both the aspects of photocatalytic activity

and filtration properties.
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1 | INTRODUCTION

Increasing amounts of oily wastewaters are produced all
over the world by several industrial activities (such as oil
refining and metal and food industries1,2) and also during
the continuous cleaning of the increasing amount of reg-
istered vehicles—it is estimated to be 2 billion until
2035.3,4 These wastewaters contain several contamina-
tions that has been proven to pose serious risks to both
the natural environment and human health.5–7 Hydrocar-
bons in particular can be harmful to living organisms
because of coating and poisoning.8,9 Oil contaminations
can reduce the bacterial activity of soils and also the
plant growth by affecting the root elongation and germi-
nation.10,11 Concerning animals and human beings, some
oil contaminations can damage the DNA and produce
genotoxic, carcinogenic, and mutagenic effects; more-
over, many of these compounds are persistent and can
accumulate through the food chain.12–14

Because of these harmful effects and the growing pro-
duction of these kinds of wastewaters, more stringent
emission limits have to be imposed to protect the envi-
ronment and the health of humanity. Therefore, the
development of effective treatment methods of oily
wastewaters is of great interest.15,16 To comply with the
stringent emission limits, conventional techniques—such
as skimming,17 sand filtration,18 centrifugation,19

flotation,20 adsorption,5 or chemical destabilization21,22—
must be augmented with advanced method(s) such as
membrane filtration, which can eliminate the usually
remaining microsized and nanosized oil droplets.23–26

Membrane filtration has numerous advantages, like
high purification efficiency, facile operation, easy integra-
tion, and the absence of chemical additives.26,27 However,
for its economic utilization, the mitigation of membrane
fouling needs to be solved, especially in the case of oily
wastewaters, because the formation of hydrophobic layer
results in significant flux reduction, which reduces the pro-
ductivity and life span of the membrane and increases the
energy consumption and the cost of the treatment.25 A
promising way to solve the flux reduction is to minimize
the interaction between the oily foulants and membrane
surface by improving the membrane's hydrophilicity.28,29

Different nanomaterials can be used for this purpose, thus
achieving higher flux and even higher rejection rates

compared with conventional membranes.30–32 Titanium
dioxide (TiO2) nanoparticles proved to be useful in enhanc-
ing the membrane's hydrophilicity—therefore achieving
higher fluxes—during the filtration of oily wastewaters.33–39

Moreover, TiO2—as a photocatalytic semiconductor—also
enables the photocatalytic degradation of organic foulants
without the addition of chemicals, only by activating them
with simple UV, visible, or solar light irradiation,40–42 thus
generating charge carriers (electrons [e−] and holes [h+])
and highly oxidative radicals (such as hydroxyl radical),
which can decompose organic contaminants.

Therefore, photocatalytic membrane reactors (PMRs)—
equipped with photocatalyst-modified membrane surfaces—
are able to eliminate organic fouling contaminants and to
recover the flux via an efficient and chemical-free way that
is based on the photocatalytically generated oxidative spe-
cies.40,41,43,44 Immobilization of photocatalytic nanoparticles
can be carried out by physical deposition,37,45,46 cross-
linking,47 in situ precipitation,33 dip coating,48 grafting,35

blending,34,39,43,49 and so forth. There are numerous studies
in the literature that proved the beneficial properties of these
photocatalytic membranes—such as lower filtration
resistances, reduced fouling, increased flux, higher separa-
tion efficiency, advanced flux recovery, and self-cleaning
ability—during the filtration of wastewaters containing
dyes,46,47 oils,33–38,45–49 or other hydrocarbons.34,35,46

TiO2 is probably the most investigated photocatalyst
because of its numerous beneficial properties—such as low
cost, chemical stability, relatively high photocatalytic activ-
ity, and easy preparation50—but it is not free from draw-
backs, because the significant electron/hole (e−/h+v)
recombination limits the photocatalytic activity, and pure
TiO2 can be activated mainly by UV photons. Therefore,
many researchers seek to suppress e−/h+ recombination
more effectively and to reduce the semiconductors' band
gap values, thus reaching higher solar light-induced excit-
ability. These efforts are also important for the development
of photocatalytic membrane surfaces. For the suppression
of e−/h+ recombination, for example, carbon nanotubes
(CNTs) can be used as a composite component because of
their high conductivity51; moreover, the presence of CNTs
on the membrane surface also proved to be beneficial in
the case of oil-in-water (o/w) emulsion separation.38

Utilization of tungsten trioxide (WO3) as a composite
component can also be beneficial to suppress e−/h+
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recombination,48,52,53 whereas bismuth vanadate (BiVO4)—
a well-known visible light active photocatalyst54–60—is also
promising for use for membrane surface modification to
reach higher solar light-induced excitability.

On the basis of these considerations—which are sum-
marized in Figure 1—in the present study, commercial
TiO2, WO3, five different home-made BiVO4 photocatalyst,
and their composites were immobilized onto poly-
vinylidene fluoride (PVDF) ultrafilter (UF) membranes.
Their photocatalytic activities were investigated in detail,
using both visible and UV light excitations. The filtration
of o/w emulsions was also investigated using the
nanomaterial-modified membranes: achievable fluxes, fil-
tration resistances, and characteristics concerning the
fouling resistant ability—like flux decay ratios (FDRs) and
flux recovery ratios (FRRs)—were compared in detail.
Moreover, the solar light-induced photocatalytic decompo-
sition of the foulants was also investigated.

2 | MATERIAL AND METHODS

2.1 | Synthesis of different BiVO4 samples

For the present study, five different BiVO4 photocatalysts
(named as BiVO4-I-V) were synthesized by hydrothermal
methods.The BiVO4-I photocatalyst was produced by our
recently optimized synthesis method: 2.5-mmol Bi
(NO3)3�5H2O (Alfa Aesar, ≥98%, ACS) was dissolved in
55.7 ml of 2-M nitric acid (Merck Millipore, 69%, ACS
reagent), and 2.5-mmol NaVO3 (Sigma Aldrich, ≥98%
[RT]) was dissolved in 55.7 ml of distilled water. The two

solutions were stirred continuously for 20 min at room
temperature, and then the NaVO3 solution was added
dropwise to the other solution under vigorous stirring.
After the appearance of a yellow precipitate, the solution
was additionally stirred for 30 min, and then the pH
value was adjusted to 5 by the dropwise addition of 10-
and 2-M NaOH (Sigma-Aldrich, 100%, puriss) solution.
One hundred twenty milliliters of the resulting solution
was transferred into a 150-ml Teflon-lined stainless steel
autoclave, and the hydrothermal treatment was carried
out at 180�C for 15 h. The products were washed by cen-
trifugation (applying 4,400 rpm stirring speed) three
times with ethanol as purifying solvent and three times
with Milli-Q water, and then the synthesized BiVO4

nanoparticles were dried at 60�C for 24 h, and the pow-
der was ground in an agate mortar.

During the synthesis of BiVO4-II and III photo-
catalysts, NH4VO3 (Sigma Aldrich, ≥99%, ACS reagent)
was used as vanadium-containing precursor (in the same
concentration: 2.5 mmol; same volume: 55.7 ml), and the
pH value was adjusted to 5 by the addition of 15 wt.%
NH4OH (Sigma-Aldrich, 25%, reag. Ph. Eur.) solution to
avoid Na+ addition. Fluoride ions were used—by adding
NH4F (VWR, ≥98%, ACS reagent) to the solution—to
modify the surface, because by the fluorination of BiVO4

crystals, the direct oxidation of the adsorbed molecules
by the holes can be intensified, as it was described by Liu
et al.59 In the case of BiVO4-II, a Bi3+:F− = 1:1 molar
ratio was used, whereas in the case of BiVO4-III, this
ratio was 2:1. The synthesized bismuth vanadates were
purified with centrifugation, and then they were dried
and ground the same as before.

FIGURE 1 Schematic figure about the mechanism of the photocatalytic decomposition of oily contaminants on the membrane surfaces

and about the required beneficial properties of novel photocatalysts
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The BiVO4-IV and BiVO4-V samples were synthesized
by following the methods of Jiang et al.,60 which can be
used to produce porous BiVO4. This property can poten-
tially be beneficial when the material is used for the sur-
face modification of membranes. Twenty millimoles of
Bi(NO3)3�5H2O was dissolved in 100 ml of 2-M nitric acid
(Merck Millipore, 69%, ACS reagent), and Pluronic P123
surfactant (BASF) was added in a calculated amount,
resulting in Bi3+:P123 = 1:0.034 molar ratio. Then,
20 mmol of NH4VO3 was added dropwise to the solution,
and finally, the pH value was adjusted to 3 with NH4OH
(Sigma-Aldrich, 25%, reag. Ph. Eur.). The hydrothermal
synthesis was carried out at 80�C (BiVO4-IV) and at
100�C (BiVO4-V) for 6 h. The synthesized bismuth vana-
dates were purified with the previously detailed
centrifugation procedure, and then it was dried and gro-
und, the same as before. Then, the yellow powders were
calcined in air at 400�C in a tube furnace (Thermolyne
21100; heat-up rate was 1�C min−1) for 4 h.

2.2 | Characterization of the BiVO4
photocatalysts

X-ray diffraction (XRD) measurements were applied to
identify the crystalline phases of the samples. The XRD
patterns were recorded using a Rigaku MiniFlex II dif-
fractometer with Cu-Kα radiation (λ = 0.15406 nm,
30 kV, 15 mA), equipped with a graphite monochroma-
tor. The XRD measurements were recorded from 10� to
65� (2θ�). The scanning speed was 3� min−1. The average
size of the crystals was calculated using the Scherrer
equation.61

The morphology of the particles was analyzed by a
Hitachi S-4700 Type II scanning electron microscope
(SEM). The applied accelerating voltage was 10 kV. The
samples were attached to an adhesive carbon tape, which
was fixed to an aluminum sample holder.

The diffuse reflectance (DR) spectra of the samples
(λ = 250–800 nm) were measured using a JASCO-V650
UV–Vis spectrophotometer equipped with an integration
sphere (ILV-724). To obtain the band gap energies, the
reflectance data were converted to F(R) values according
to the Kubelka–Munk theory.62 The band gaps were
obtained from the plot of (F(R)E)1/2 versus energy of the
incident light.

2.3 | Production of nanomaterial-
modified membranes

Multicomponent nanocomposites—containing home-
made BiVO4, commercial TiO2 (Aeroxide P25; Evonik

Industries), and WO3 (Sigma-Aldrich, puriss)—were pre-
pared by grinding them together in calculated amounts
in an agate mortar for 15 min.

Forty milligrams of the given nanomaterial or
nanocomposite was suspended in 100 ml of 2-propanol
(Molar Chemicals Ltd., analytical grade) followed by
2 min of ultrasonic homogenization (Hielscher UP200S)
at 25�C (maximal amplitude and cycle were applied). The
homogenized nanoparticles were immobilized onto the
surface of a PVDF UF membrane (New Logic Research
Inc., MWCO: 100 kDa; 1.0 mg cm−2 catalyst coverage) by
physical deposition: the suspension was filtered through
the membrane in a batch-stirred membrane reactor
(Millipore, XFUF07601), applying high (0.3 MPa) trans-
membrane pressure, and then the membranes were dried
in air at room temperature.

2.4 | Photocatalytic activity
measurements

The photocatalytic activities of the different BiVO4

samples were compared by the photocatalytic decomposi-
tion of methylene blue solutions in a double-walled,
thermostated (25�C) glass photoreactor, which was sur-
rounded with a LED strip (5050 SMD type; l = 1 m; cool
white; 60 pcs of LEDs; 14.4 W; 1,170 lm), which emits
only visible light (Figure 2). One hundred milligrams of
the given photocatalyst was suspended in 100 ml of dis-
tilled water with ultrasonic homogenization (Hielscher
UP200S; 25�C; 2 min), and then methylene blue was
added to the suspension (c = 1.0 × 10−5 mol L−1). During
the photocatalytic experiments, the suspension was
stirred intensively with a magnetic stirrer. After taking
the samples, they were centrifuged (Thermo Scientific
Megafuge 16R; 13,000 rpm; 2 min), filtered (0.25 μm),
and finally analyzed with a spectrophotometer
(Biochrom Biowave II+) by measuring the absorbance at
λ = 661 nm.

The photocatalytic activities of the different TiO2/
WO3 composite-coated membranes were determined by
the photocatalytic decomposition of methyl orange
(c = 1.0 × 10−5 mol L−1, V = 100 ml) in a modified Mil-
lipore (XFUF07601) membrane reactor equipped with
different light tubes (Lightech; 10 W; UV365nm or Vis)
and a magnetic stirrer (Figure 3).

2.5 | Production of oil-in-water emulsions

The o/w emulsions (coil = 100 mg L−1) contained crude
oil (provided by a South Hungarian oil production com-
pany), and the oil droplets had a diameter of 50–1,500 nm

4 of 15 NASCIMBEN SANTOS ET AL.



with an average droplet size of �500 nm (determined by
dynamic light scattering measurements). Their prepara-
tion was carried out in two steps: an intensive mixing
(Skil F0151415AC; 35,000 rpm), which was followed by
a 10-min-long ultrasonic homogenization (Hielscher
UP200S) at 24 kHz frequency (using maximal amplitude
and cycle) providing constant 25�C temperature by
circulating water in the thermostating jacket of the
double-walled glass reactor.

2.6 | Membrane filtration experiments

The filtration experiments with the o/w emulsions
were carried out in a batch-stirred membrane reactor
(Millipore XFUF07601, USA), which was equipped with
the given commercial or nanomaterial-modified PVDF
UF membrane (New Logic Research Inc., MWCO:
100 kDa; 76 mm diameter; active filtration area:
37.4 cm2), using 0.1 MPa transmembrane pressure and
5.83 s−1 stirring speed (350 rpm). In all cases, 250-ml
emulsion was added into the reactor, which was followed

by filtration until the production of 200-ml permeate (vol-
ume reduction ratio: VRR = 5). Purification efficiencies
were determined by measuring the chemical oxygen
demand (COD) and the extractable oil content
(TOG/TPH) of the feed and the permeate. The measure-
ment of COD was based on a standard potassium
dichromate-oxidation method, using standard test vials
(Hanna Instruments). The digestions were carried out in
a COD digester (Lovibond, ET 108) for 2 h at 150�C, and
the COD values were measured with a COD photometer
(Lovibond PC-CheckIt). The extractable oil content was
measured with a Wilks InfraCal TOG/TPH type analyzer,
using hexane as extracting solvent.

2.6.1 | The determination of filtration
resistances

The membrane resistance (RM) was calculated as

RM =
Δp

JWηW
m−1
� �

, ð1Þ

FIGURE 2 (a) Schematic

figure and (b) photograph of the

photoreactor used to compare

the visible light excitability of

the bismuth vanadate

photocatalysts

FIGURE 3 (a) Schematic

figure and (b) photograph of the

photoreactor which was used for

the comparison of the

photocatalytic activities of

different TiO2/WO3

nanocomposite-covered

membranes
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where Δp is the applied transmembrane pressure (Pa),
JW is the water flux of the clean membrane (m3 m−2 s−1),
and ηW is the viscosity of the water (Pa s).

The irreversible resistance (RIrrev) was determined by
remeasuring the water flux on the used membrane after
the filtration, followed by a purification step (intensive
rinsing with distilled water):

RIrrev =
Δp

JWAηW
−RM m−1

� �
, ð2Þ

where JWA is the water flux after the cleaning procedure.
The reversible resistance (RRev)—caused by non-

attached oil layer and concentration polarization—can be
calculated as

RRev =
Δp

JcηWW
−RIrrev−RM m−1

� �
, ð3Þ

where Jc is the flux at the end of the filtration and ηww is
the viscosity of the emulsion.

The total resistance (RT) can be calculated as the sum
of the previously detailed resistances:

RT =RM +RIrrev +RRev m−1
� �

: ð4Þ

To evaluate the fouling resistance of the membranes at
different conditions, the FDR and FRR were also
calculated:

FDR=
Jw−Jc
Jw

100%, ð5Þ

FRR=
JWA

Jw
100%, ð6Þ

where JW is the water flux of the clean membrane, Jc is
the flux at the end of the filtration of the given o/w

emulsion, and JWA is the water flux after the cleaning
procedure.

2.7 | Purification of the contaminated
photocatalytic membranes by solar
irradiation

After the o/w emulsion separation—followed by an
intensive water rinsing—the water fluxes were measured,
and then the photocatalytic purification of the contami-
nated membranes was carried out by natural solar irradi-
ation. Subsequently, the water fluxes were remeasured
after 150 min to describe the efficiency of photocatalytic
flux recovery. For this experiment, flat ceramic beakers
were placed onto a multiposition magnetic stirrer. The
contaminated membranes were placed to the bottom of
these ceramic beakers and fixed with O rings, as it is
illustrated in Figure 4. Then, narrow (26 mm) and thin
(1.0 mm) glasses were placed onto the O rings to keep a
6-mm distance between the magnetic stirring bars and
the membrane surfaces for the purpose of preventing
damage to the nanomaterial coating and to let the solar
light reach the membrane. The glasses reduced only 20%
of UV-A intensity—measured by an Optix UVTEX UV
dosimeter.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of home-made
BiVO4 photocatalysts

X-ray diffractometry was used to analyze the crystal
structures of the synthesized BiVO4 photocatalysts. The
measured diffractograms are presented in Figure 5,
which shows a series of characteristic peaks (101, 011,
121, 040, 200, 002, 211, 051, 240, 242, 202, 222, 170, 321)
in all cases, which are in accordance with the

FIGURE 4 (a) Schematic

figure and (b) photograph of the

experimental setup, used for the

solar photocatalytic membrane

cleaning experiments
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photocatalytically active monoclinic structure (JCPDS
No. 14-0688).55–57

The morphology of all the bismuth vanadate
nanomaterials was characterized by SEM (Figure 6). In
the case of the BV-I sample, thin and anisotropic crystal-
lites were observed, whereas BV-II—synthesized in the
presence of fluoride ions—contained smaller particles
with both spherical and straight facets. The BV-III sam-
ple contained even smaller spherical particles; BV-IV
contained huge aggregates of very small particles, and
lastly, BV-V could be described with thin, compressed,
“comb-like” morphology.

The optical properties were investigated by UV–Vis
DR spectroscopy (Figure 7). From the DR spectra, the
band gap values (Figure 7) were also calculated using the
Kubelka–Munk equation. The band gap values were
between 2.30 and 2.38 eV, which indicates that these
photocatalysts can be excited with visible light up to
520–539 nm wavelengths.

Photocatalytic activities of the synthesized BiVO4

photocatalysts were compared with each other and also
with commercial Aeroxide P25 TiO2 (Figure 8). Before the
photocatalytic decomposition, the suspensions were kept
in the dark to reach adsorption–desorption equilibrium.
Most of the nanomaterials adsorbed 3%–5% of methylene
blue, except BV-IV, which adsorbed 35%. The TiO2 had
negligible photocatalytic efficiency under visible light
irradiation: the concentration of methylene blue
decreased the same way as in the case of simple photolysis
(i.e., visible light irradiation, without any nanomaterial).
All the synthesized BiVO4 photocatalysts showed great
photocatalytic activity; however, in the case of BV-I and
BV-II samples, it was slightly lower (88% and 85% decom-
position after 60 min of irradiation, respectively)

compared with the BV-III, BV-IV, and BV-V photo-
catalysts because these nanomaterials decomposed more
than 90% of the dye molecules in the first 40 min of the
irradiation. So both the intense fluorination of the surface
(BV-III) and the synthesis of porous BiVO4 photocatalysts
(BV-IV) proved to be efficient to achieve excellent photo-
catalytic activity, whose results are in good accordance
with the literature.59,60 It should be mentioned that in the
case of BV-IV, the enhanced adsorption capacity could
also contribute to the high photocatalytic activity.

3.2 | Photocatalytic activities of TiO2/WO3
composite-covered membranes

As detailed in Section 2.3, 2.5, 5, 10, and 25 wt% WO3 con-
taining TiO2/WO3 composite-covered membranes were
prepared, and their photocatalytic activities were also
investigated by using the modified Millipore membrane
photoreactor (Figure 3). Both visible and UV light irradia-
tions were investigated, and the concentration decreases—
after 120 min of irradiation—were compared with the pure
(100%) TiO2-covered membrane (Figure 9). A slight photo-
catalytic enhancement was achieved in the case of 5 wt%
of WO3 content. Higher and lower WO3 contents did not
increase the photocatalytic efficiency significantly.

3.3 | Effects of TiO2, BiVO4, and WO3
coatings on the membrane filtration of oil-
in-water emulsions

In the next experimental series, the effects of the pure TiO2,
five different BiVO4, and WO3 coatings on the membrane

FIGURE 5 X-ray diffraction (XRD)

patterns of the synthesized BiVO4

photocatalysts, showing the presence of the

monoclinic crystal phase in all cases
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filtration efficiency of o/w emulsions (100 mg L−1 crude oil
content) were investigated. All of the filtration experiments
were carried out in three steps: first, the flux of distilled
water was determined, then the flux was continuously
followed during the filtration of the o/w emulsion until the
VRR reached 5, and finally, the water flux was remeasured
after rinsing the membrane. On the basis of the measured
fluxes (Figure 10), the filtration resistances (Figure 11) were
calculated as detailed in Section 2.6.1.

In the case of the uncoated membrane, the flux inten-
sively decreased at the very beginning of the filtration
(Figure 10) because of the early formation of a hydropho-
bic cake layer, which was built up by the attached oil
droplets. At the end of the filtration, only 87 L m−2 h−1

flux was measured. Therefore, the calculated total

resistance was very high (Figure 11), which was caused
mainly by the irreversible resistance, but the reversible
resistance was also significant. This means that the foul-
ing, the strong attachment of the droplets, and the con-
centration polarization also contributed to the intense
flux reduction. Coating with TiO2 resulted in significantly
higher (almost doubled: 155 L m−2 h−1) flux (Figure 10)
and a considerable reduction of both irreversible and
reversible resistances (Figure 11). The reduced fouling
and reduced attachment of the oil droplets resulted in a
significant reduction of the total filtration resistance due
to the TiO2 coating.

All the BiVO4 photocatalyst coatings significantly
reduced the irreversible resistance (Figure 11). BV-I coat-
ing resulted in the best filtration properties: the flux was

FIGURE 6 Scanning electron microscopy (SEM) micrographs of BV-I–V bismuth vanadate photocatalysts

8 of 15 NASCIMBEN SANTOS ET AL.



464 L m−2 h−1, and negligible reversible and irreversible
resistances were measured, which resulted in by far the
lowest total filtration resistance value of the series.
Despite the relatively low photocatalytic activity of this
photocatalyst compared with most of the other BiVO4

samples, only this material can be beneficial for mem-
brane surface modification, because of the following
results.

The BV-II and BV-III photocatalysts also resulted in
very low irreversible resistances, but because of the sig-
nificant reversible resistances, the measured fluxes
(86 and 128 L m−2 h−1, respectively) were lower, com-
pared with the fluxes provided by the TiO2 or BV-I coat-
ings (155 and 464 L m−2 h−1, respectively). These results
can be related to the fluorinated surfaces of these

nanomaterials, which resulted in increased photo-
catalytic activity, as it was expected.59 However, fluorina-
tion of the surface can result in less hydrophilic
properties (higher water contact angles)—as it has
already been proven for TiO2 nanomaterials63—which
slightly facilitates the adherence of the hydrophobic oil
droplets.

In the case of the BV-IV coating, the measured zero
irreversible resistance was caused only by an apparent
total flux recovery: during the cleaning procedure of the
membrane—after using it for o/w emulsion separation—
not only the contaminant layer but also the BV-IV parti-
cles were removed from the membrane surface. In addi-
tion to the fact that during the filtration, the flux was
significantly reduced—to 14 L m−2 h−1 at the end of the

FIGURE 7 Diffuse reflectance (DR) spectra of the synthesized

BiVO4 photocatalysts and the calculated band gap values (by using

the Kubelka-Munk equation for the calculations)

FIGURE 8 Photocatalytic activity experiments using the

BiVO4 photocatalysts in suspension form, under visible light

irradiation

FIGURE 9 Relative photocatalytic activities of different TiO2/

WO3 composite-covered membranes compared with the activity of

pure TiO2-covered membrane

FIGURE 10 Representative flux curves, measured during the

filtration of the o/w emulsions with the different membranes until

the volume reduction ratio (VRR) was 5
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experiment—it can be also stated that this porous BiVO4

with high adsorption capacity cannot be recommended
for membrane surface modification, because even at the
beginning of the filtration, relatively high fluxes were
measured, but at higher VRR values, the flux was
reduced significantly (Figure 10). The BV-V coating
reduced the total filtration resistance, compared with the
neat membrane, but slight particle leaching was observed
in this case as well.

The WO3 coating was not beneficial either concerning
the filtration of o/w emulsion, because a relatively low
flux (70 L m−2 h−1) was measured (Figure 10) and a high
total filtration resistance was calculated (Figure 11.). Nev-
ertheless, because the 5 wt% WO3 content in the TiO2/
WO3 composites was beneficial concerning the photo-
catalytic activity, the investigation of the composites con-
taining 5 wt% WO3 was also carried out in the following
experiment series.

On the basis of the extractable oil content and
COD of the permeates, higher than 97% purification
efficiencies can be achieved with the used PVDF mem-
branes, and no significant differences were observed in
relation to the absence or presence of the different
nanomaterial coatings.

3.4 | Solar photocatalytic recovery of the
different nanomaterial-coated membranes

In the next experimental series, various nanomaterial-
covered membranes were used for the filtration of o/w
emulsions, and then solar photocatalytic purification of
the contaminated surfaces was carried out. For these
experiments, a neat membrane (as control), a TiO2-

coated membrane, a BV-I-coated membrane (as the most
beneficial BiVO4, in relation to the filtration properties),
a WO3-coated membrane (as control), and four different
TiO2/BiVO4/(WO3) composite-coated membranes were
used (compositions are detailed in Table 1). The filtration
resistances (Figure 12), FRR (Table 1), and FDR (Table 1)
were also calculated (as it is detailed in Section 2.6.1). A
number was assigned to the different nanomaterial-
coated membranes, as detailed in Table 1.

First, the results of the filtration experiments before
the solar regeneration are discussed. On the basis of the
filtration resistances—taking the results of membranes
1–4 into account, which were discussed in the previous
section—it can be stated that 5 and 20 wt% BV-I con-
taining TiO2/BiVO4 composites (membranes 5 and 6;
respectively) provided better conditions than the pure
TiO2 coating, as total filtration resistances and irrevers-
ible resistances were lower, but these coatings were not
as beneficial as the pure BV-I coating (Figure 12).
Regarding the total filtration resistance, the 5 wt% WO3

containing TiO2/BiVO4/WO3 composite coatings (mem-
branes 7 and 8, with 5 wt% and 20 wt% BV-I contents,
respectively) were also more beneficial than simple
TiO2 coating, but in these cases, the irreversible resis-
tances were higher. Consequently, the application of
WO3 as a composite component of membrane coatings
is not recommended.

Because higher FRR values indicate more effective
flux recovery—reached by water rinsing—pure BV-I
(membrane 3) and 20 wt% BV-I containing TiO2/BiVO4

composite (membrane 6) coatings resulted in the best
cleanability, as 66% and 52% FRR values were calculated,
respectively (Table 1). Moreover, simple BV-I coating
(membrane 3) was the most beneficial in relation with

FIGURE 11 Different filtration resistances during the

filtration of 100 mg L−1 o/w emulsion, in the case of the neat and

the different nanomaterial-coated membranes

TABLE 1 Membrane nanomaterial coating compositions,

FRR, and FDR values of the different membranes

No. Membrane
FRR
(%)

FDR
(%)

1 Neat commercial PVDF 22 87

2 PVDF + TiO2 33 75

3 PVDF + BiVO4 66 45

4 PVDF + WO3 40 89

5 PVDF + TiO2(95%)/BiVO4(5%) 45 71

6 PVDF + TiO2(80%)/BiVO4(20%) 52 70

7 PVDF + TiO2(90%)/BiVO4(5%)/
WO3(5%)

31 73

8 PVDF + TiO2(75%)/BiVO4(20%)/
WO3(5%)

40 72

Abbreviations: FDR, flux decay ratio; FRR, flux recovery ratio;
PVDF, polyvinylidene fluoride.
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the FDR values (45%) as well, because the lower FDR
values indicate lower fouling and lower flux reduction
during the filtration. All the other BV-I containing com-
posite coatings (membranes 5–8) also resulted in better
FDR values (70%–73%) than the neat (FDR = 87%), TiO2-
coated (FDR = 75%), or WO3-coated (FDR = 89%) mem-
branes, which proves the general advantage of the pres-
ence of this material on the membrane surface, in the
case of o/w emulsion separation.

After the filtration of the emulsion, followed by inten-
sive rinsing, the water fluxes were measured again
(to calculate the FRR values), and then the photocatalytic
purification of the membrane surfaces were carried out
by solar irradiation as it is detailed in Section 2.7. The
water fluxes were measured again after 150 min of irradi-
ation to characterize the photocatalytic flux recovery,
named as “Solar-FRR” (Figure 13).

The lowest (22%) FRR value was determined for the
neat membrane, and slightly enhanced relative flux (26%)
was measured after the 150 min solar irradiation (Solar-
FRR). This indicates that the contaminant layer cannot
be eliminated by the applied stirring, nor can it be
decomposed by photolysis with the UV photons of the
solar irradiation.

On the basis of Figure 13, it may look like that the
pure WO3 coating ensured 100% flux recovery, but it was
again only an apparent recovery because it was caused by
the significant leaching of the WO3 nanoparticles
together with the contaminants. Moreover, the immobili-
zation of other WO3 containing nanocomposites (mem-
branes 7 and 8) were also not long-lasting.

As the higher FRR values are beneficial, the mem-
brane 3 and membrane 6 were the most beneficial both

before (FRR) and after solar irradiation (Solar-FRR).
Among them, the pure BV-I coating (membrane 3) had
higher FRR value but lower Solar-FRR value, whereas
the 20 wt% BV-I containing TiO2/BiVO4 composite coat-
ing (membrane 6) had lower FRR but higher Solar-FRR
value, which indicates much higher solar photocatalytic
activity for the TiO2 containing coating. This result is in
good accordance with the fact that the most significant
differences between FRR and Solar-FRR values were
determined in the case of the pure TiO2 coating (Solar-
FRR was 2.2 times higher than FRR in this case),
which clearly indicates that TiO2 is more effective
in decomposing oily contaminants than the BV-I
photocatalyst under solar irradiation.

In summary, pure BV-I coating was the most benefi-
cial in relation with the filtration properties, whereas
pure TiO2 coating was the most beneficial concerning the
photocatalytic purification of the contaminated mem-
brane, and the TiO2(80%)/BiVO4(20%) composite repre-
sented a good compromise, as it resulted in the second
highest FRR and the highest Solar-FRR value.

Additionally, for the interpretation of the high solar
photocatalytic recovery efficiency of the TiO2 coating, the
photocatalytic efficiency of the pure TiO2 and BV-I-
coated membranes were compared in the modified PMR.
The results proved that when UV photons are used for
the excitation of the photocatalysts, the TiO2 showed sig-
nificantly (almost twice) higher efficiency.

3.5 | Discussion

Similarly to other studies, the TiO2 coating resulted in
significant flux enhancement and reduced membrane

FIGURE 12 Different filtration resistances during the

filtration of 100 mg L−1 o/w emulsion, in the case of the neat,

different nanomaterial-, and different nanocomposite-coated

membranes (coating compositions are defined in Table 1)

FIGURE 13 Solar photocatalytic flux recoveries after 150 min

of solar irradiation of the contaminated membranes (coating

compositions are defined in Table 1)
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fouling. In the present study, the used commercial neat
PVDF membrane provided only 87 L m−2 h−1 flux, which
was increased by 78%, achieving 155 L m−2 h−1 flux in
the case of the used 0.1 MPa transmembrane pressure
during the filtration of 100 mg L−1 o/w emulsion. In com-
parison, Ong et al.49 measured only 32.5 L m−2 h−1 flux
for a neat PVDF membrane (with 0.1 μm pore size) dur-
ing the filtration of a 250 mg L−1 o/w emulsion which
was increased up to only 75.7 L m−2 h−1 with TiO2 modi-
fication, and the authors did not investigate the photo-
catalytic purification of the used membranes. Moslehyani
et al.34 also modified PVDF membranes (dpore = 50 nm)
with TiO2, achieving close to twice as high fluxes during
the filtration of 200 mg L−1 oil in water emulsion at dif-
ferent (0.02–0.08 MPa) transmembrane pressures. The
highest flux was 95 L m−2 h−1, which was achieved by
setting a 0.08-MPa pressure. The authors also proved the
successful photocatalytic decomposition of the filtered oil
contaminants, as GC–MS peaks of the retentate were
reduced by more than 90% after 8 h of UV irradiation,
and the hydrocarbon concentration of the permeate was
found to be below the EU standards, similar to our
results. Significant flux (382 L m−2 h−1) was also achieved
by Shi et al.35—by modifying a PVDF membrane with
TiO2—during the filtration of a diesel/water emulsion,
applying 0.09 MPa transmembrane pressure. To the best
of our knowledge, there is no publication in the literature
about the preparation of BiVO4 photocatalyst-modified
membranes and their application for o/w emulsion sepa-
ration. The presented (i) high flux (464 L m−2 h−1) which
exceeded all the mentioned results, (ii) the estimated low
FDR (FDR = 45%) and (iii) the high FRR (FRR = 66%) in
the case of pure BiVO4 (BV-I) coating, and finally,
(iv) the effective solar photocatalytic recovery—especially
in the case of the TiO2(80%)/BiVO4(20%) composite—
indicate that BiVO4 photocatalysts and their composites
deserve attention in the research area of nanocomposite-
based photocatalytic membranes and that they are worth
applying for oil-in-water emulsion separation. Investiga-
tion of other immobilization methods—like blending or
chemical immobilization—is also highly recommended
as during long-term application, these methods are
more beneficial to preparing composite membranes.44

Although WO3 did not live up to our expectations in the
present study, the investigation of three-component com-
posites is recommended as they are promising in achiev-
ing low band gap and suppressed recombination ratio at
the same time. For example, graphene oxides and CNTs
are also promising for use as the third component of a
TiO2/BiVO4 or other composite systems, as they can
improve the homogeneity and/or the antifouling proper-
ties of the surfaces and may also suppress the charge car-
rier recombination.38,45,47

4 | CONCLUSIONS

WO3 was found to be inappropriate for membrane sur-
face modification with physical deposition, as it resulted
in low flux (70 L m−2 h−1) and high total filtration resis-
tance; moreover, during the solar photocatalytic regener-
ation of the WO3-coated membrane, significant leaching
of the nanoparticles was observed. Furthermore, despite
the slight positive effect of the presence of 5 wt% WO3 in
nanocomposites, the immobilization of these composites
were not long-lasting.

TiO2, BiVO4, and their composites can also be used to
modify membrane surfaces used in o/w emulsion separa-
tion. Pure BiVO4 coating was more beneficial concerning
the filtration properties, whereas pure TiO2 coating was
more beneficial in relation to the photocatalytic purifica-
tion of the fouled membrane. The TiO2(80%)/BiVO4(20%)
composite represented a good compromise that could be
purified with solar irradiation with high efficiency without
the application of any purifying chemical. On the basis of
the presented results, BiVO4 photocatalysts are promising
for a more thorough investigation for the preparation of
nanomaterial-modified photocatalytic membranes.

Nanocomposite-based photocatalytic membranes are
very promising for the treatment of oil-contaminated
waters, because they combine advanced antifouling and
self-cleaning properties; thus, this field is thoroughly
investigated, and after pilot-scale studies, industrial appli-
cations are also expected in the near future.
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