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A B S T R A C T

Titanium dioxide (TiO2) composite fiber membranes were prepared by means of sol-gel dip coating methods and
were subsequently tested in a photocatalytic membrane reactor (PMR) experiment that incorporated two pol-
lutant removal processes: dead-end filtration and photocatalytic degradation. TiO2 nanoparticle suspensions
were initially prepared using the sol-gel synthesis. Quartz fiber filters were immediately dip coated with un-
doped and doped TiO2 sols producing three types of membranes: undoped, nitrogen-doped, and boron-doped
TiO2. The synthesized composite filters were analyzed for their (i) morphology using scanning electron micro-
scopy and (ii) crystal structure using Raman spectroscopy and X-ray diffraction. Chemical composition and
chemical bonding of the membranes were determined using X-ray photoelectron spectroscopy. The permeability
performance of the membranes was analyzed by measuring the flux using deionized water and the removal of a
representative organic pollutant, acid orange 7 (dye), was measured. The experiments were conducted in the
PMR under dark and ultraviolet illumination. The removal of dye was improved when undoped and doped TiO2

filters were used in place of a bare quartz fiber filter, except in the case when boron was used at a low doping
concentration. The study demonstrates that optimization of doping parameters, such as the type of dopant
(nitrogen or boron) and concentration, on TiO2 filters can improve the removal rates of model molecule using
ultraviolet A irradiation.

1. Introduction

Water pollution caused by refractory organic compounds – phar-
maceuticals, pesticides, and organic dyes – is a prevalent problem.
These compounds are difficult to remove using conventional water
treatment methods, such as adsorption, flocculation, and biological
treatments [1,2]. Membrane filtration and advanced oxidation pro-
cesses (AOPs) can remove these compounds effectively, but have
drawbacks regarding secondary costs associated with their im-
plementation. Membrane filtration can be used to remove organic
compounds, particulates, and microorganisms [3,4], but these same
pollutants can limit the lifetime of the membrane via fouling. Fouling
limits the operation due to a reduction of filtration performance from
the accumulation of particles on the surface. Chemical disinfection can
be used to mitigate fouling, but it requires high dosages to be effective

and can be costly [5].
For several decades, AOPs have been used to remove refractory

organic pollutants through the generation of highly oxidative radical
species, including hydroxyl (HO%), superoxide ( ), and perhydroxyl
(HOO%) radicals [6]. These radicals oxidize organic compounds and
may lead to their mineralization into CO2, H2O, or mineral acids, pro-
vided sufficient exposure and reaction time [7,8]. Semiconductor
photocatalysis, a passive AOP, uses a photocatalyst, often titanium di-
oxide (TiO2), in conjunction with a light source to excite electrons from
the valence band to the conduction band. The main advantage of
semiconductor photocatalysis is the generation of a renewable oxidant
source compared to other AOPs which employ a consumable oxidant
source, such as hydrogen peroxide (H2O2) with UV, or ozonation. TiO2

is often used as a photocatalyst due to its chemical and thermal stabi-
lity, non-toxicity, and lower cost compared to other photocatalysts. It is
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often used in slurry batch setups, which offer high organic degradation
rates [9–11]. However, the major drawback of heterogenous photo-
catalysis in slurry reactors is the introduction of an additional step and
associated costs to remove the catalyst particulates from the liquid
phase to prevent secondary contamination of treated water effluents.
Current methods of separation, such as gravity settling and cen-
trifugation, are neither feasible nor cost-effective due to the low density
and nano-scale size of TiO2 [12]. Immobilized TiO2 nanoparticles on a
substrate offers a potential solution and has been explored previously
[13–18]. Some of the types of substrates that have been used to im-
mobilize TiO2 include glass [19], metals [20], activated carbon [21],
polymers [22–26], inorganic membranes [27], alumina [28], and silica
paper [29].

TiO2 thin films can be adhered onto a substrate using reactive Ti
precursors, or sol-gels, which allow for chemical bonding with various
substrates [15,19,30]. A catalyst film is formed at the induction period
of the sol-gel process and the reaction takes place in an alcoholic so-
lution containing TiO2 alkoxide (Ti(OR)4) and water as precursors. The
chemistry of the process is a combination of hydrolysis and condensa-
tion reactions [31,32], which are as follows:

+ → +Ti(OR) H O Ti(OR) OH ROH4 2 3 (1)

− + − → − − +(RO) Ti OH OH Ti(OR) (RO) Ti O Ti(OR) H O3 3 3 3 2 (2)

− + − → − − + −(RO) Ti OH RO Ti(OR) (RO) Ti O Ti(OR) R OH.3 3 3 3 (3)

The study focuses on using UV irradiation at λ = 365 nm, rather
than solar simulated light, using undoped and doped TiO2 coatings on
filters because the most commonly used light sources are artificial UV
lamps that allow for higher photon fluxes and consistent light output
[33]. Doping TiO2 decreases the bandgap and is achieved by modifying
TiO2 with metals [34], non-metals [35–37], or coupling TiO2 with other
narrow bandgap semiconductors. Choi et al. studied the photoactivity
of metal doped TiO2 using 21 different dopants, including ruthenium
(Ru), molybdenum (Mo), osmium (Os), rhenium (Re), vanadium (V),
and rhodium (Rh) [38]. Other metal dopants have been investigated as
well, such as copper (Cu) [39], zinc (Zn) [40], iron (Fe) [41].

Doping with non-metal atoms, such as nitrogen (N) [42–47], boron
(B) [48], and sulfur (S) [49], has been shown to increase the photo-
catalytic removal efficiency of organic compounds using TiO2 photo-
catalysts under visible light irradiation, and also change the mor-
phology of the photocatalysts [50]. However, their effectiveness under
UVA light irradiation only (λ = 320–400 nm), a common UV source,
against undoped TiO2 has not been evaluated extensively.

The present study is focused on combining filtration and photo-
catalytic processes in a dead-end PMR setup using immobilized un-
doped TiO2, N-TiO2, and B-TiO2 onto quartz fiber filters (QFF).
Undoped and doped TiO2 QFF was synthesized by dip coating deposi-
tion of sol-gel TiO2 using an optimized T-mixer setup. Material char-
acterization and hydraulic properties were carried out to determine the
influence of undoped and doped TiO2 coatings on permeate flux using
deionized (DI) water and acid orange 7 (AO7). The photowetting pro-
cess in DI water was investigated in the absence of AO7. The filter
performance was evaluated using the removal efficiency and cumula-
tive removal of AO7 using a medium mercury pressure lamp (λ =
365 nm), a commonly used artificial UV light source in photocatalytic
reactors. The study highlights the optimization of doping parameters,
such as the type of dopant (N or B) and concentration, on TiO2 filter
using solely UVA irradiation to assess improvements in removal com-
pared to undoped TiO2.

2. Experimental section

2.1. Materials

Titanium isopropoxide (TTIP, 97 %), urea, boric acid, and

isopropanol (IPA, HPLC grade) were used as synthesis materials and
obtained from Sigma-Aldrich. Acid orange 7 (AO7,> 85 %) was also
obtained from Sigma-Aldrich and used as a model pollutant for filtra-
tion experiments. Commercial α-Al2O3 porous ceramic discs (diameter:
50 mm, thickness: 6 mm) with a pore size of 1.4 μm were purchased
from Coors Tek, Inc. Quartz fiber filters (Type A/G, particle
retention = 1.0 μm) were obtained from Pall Corporation and were
used as substrates for TiO2 sol-gel deposition.

2.2. Preparation of membranes

Preparation of the different kind of membranes is adapted elsewhere
[30]. TiO2 quartz fiber filters (TQFF) were prepared using a sol-gel
method using a T-mixer setup (See Fig. S1 in Supplementary
Information). Undoped TiO2 nanoparticles were synthesized by mixing
two solutions: (A) ultra water/IPA and (B) TTIP/IPA (CTi=0.126 M) at
20 °C. Equal volumes of reactant solutions (100 mL) at 20 °C were
pumped into a static T-mixer using two peristaltic pumps at a flow rate
of 0.6 L min−1 [26]. The hydrolysis ratio was Cw/CTi = 2.1. Doped
nanoparticles were prepared using the aforementioned procedure with
the addition of different amounts of urea (CN/CTi = 3, 5, and
7 × 10−2) and boric acid (CB/CTi=3, 5, and 7 × 10−2) for N-doped
and B-doped nanoparticles, respectively. The dopant compounds were
added to solution (A) prior to injection with solution (B) into the T-
mixer.

The particles were immobilized during their period of relative sta-
bility, t < tinduction [51]. QFF were washed with sulphuric acid (98%)
for 1 h and then rinsed with ultrapure water, followed by drying at
70 °C overnight. The supports were submerged for 90 s in the TiO2

nanoparticle suspension at a withdrawal speed of 2 mm min−1 using a
dip-coating apparatus (MTI Corporation, PTL-MMBO1); this process
was repeated 6 times for adequate coating thickness and subsequently
dried at 70 °C overnight. After drying, calcination was conducted using
a ramp rate of 2 °C min−1 to a final temperature of 400 °C. The coated
filters were washed in ultra water to remove any excess non-reacted and
loose nanoparticles from the filter.

For N-TiO2/QFF (NTQFF), the following abbreviations are used to
denote samples at CN/CTi concentration ratios of 3, 5, and 7 × 10−2,
respectively: NTQFF3, NTQFF5, and NTQFF7. Similarly, for B-TiO2/QF
(BTQFF), the following abbreviations were used to denote samples at
CB/CTi concentration ratios of 3, 5, and 7 × 10−2, respectively:
BTQFF3, BTQFF5, and BTQFF7.

2.3. Analytical procedures

2.3.1. Materials characterization
The phase and microstructure of the thin films were evaluated using

X-ray diffraction (XRD), Raman spectroscopy, and scanning electron
microscopy (SEM). The morphology of thin films was characterized
using a ZEISS LEO 1550 FE-SEM at an accelerating voltage of 10 kV.
The crystal phase was determined using an Inel powder X-ray
Diffractometer (XRD) with Cu-Kα1 radiation ( =λ 1.5406Å and a posi-
tion sensitive detector. The tube current was set at 30 mA and the
generator voltage was at 30 kV. Raman spectroscopy was conducted
using a Renishaw Ramanscope equipped with a He-Ne laser (λ =
633 nm, 10 mW, Melles Griot) and a diffraction grating (1800 lines
mm−1). The spatial resolution of the spectrometer was less than 1
cm−1.

X-ray photoelectron spectroscopy (XPS) was conducted to de-
termine the chemical composition and chemical bonds. A Thermo
ESCALAB 250 instrument configured with an AlKα X-ray source
(1486.6 eV, 150 W), a hemispherical analyzer (150 mm radius), and an
analysis chamber was used. Data was collected with pass energy of
20 eV for the core-shell spectra and 50 eV for the survey spectrum. The
takeoff angle, defined as the angle between the substrate normal and
the detector, was fixed at 0°. Non-monochromated AlKα twin anode was
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used to reduce charging in some samples. Ti2p, O1s, N1s, and B1s peaks
were analyzed and their peaks were deconvoluted.

2.3.2. Photocatalytic membrane reactor setup and experiments
The photocatalytic membrane reactor (PMR) test setup is shown in

Fig. 1. The permeate flux, transmembrane pressures and analyte con-
centration were measured. The setup (Fig. 1) is comprised of a com-
pressed air line, pressurized feed tank, pressure gauge, UV irradiation
source, and PMR module. The designed PMR module was made out of
stainless steel and contains an inlet and outlet with a quartz window to
transmit a light source through the enclosure and onto the membrane.
Polyethylene tubing (outer diameter of 5/16″ and inner diameter of 3/
16″) was used as connections. Medium pressure mercury lamp (MPM,
UVP Blak-Ray B-100SP, 100 W) was used as the UV irradiation source
and the beam was collimated using an accessory funnel with a height of
10.2 cm (4″). The effective quartz window and membrane illumination
area was 38.1 cm (1.5″). A porous support disc was used in conjunction
with the photocatalytic membrane to add enough resistance for an
optimum flow rate for testing. A silicon (Si) photodiode (Thorlabs, PM-
100USB) was used to measure the power density at a reference point 2
cm from the collimating funnel of the MPM lamp; the power density
was adjusted to 12.0 mW cm−2 at λ = 365 nm at this reference point.

In order to evaluate the membrane permeate properties, the water
permeability and flux under dark and UV conditions were tested. The
performance of various undoped and doped membranes were evaluated
using AO7 azo dye (See Table S1 for properties of the dye in Supple-
mentary Information). Dead-end filtration was carried out to evaluate
the combined photocatalytic and separation performance using a test
solution of 2 mg L−1 AO7 in a 5 L feed tank. Membranes and porous
alumina supports were immersed in AO7 solution for 1 h prior to the
experiment to eliminate the adsorption effects of AO7 dye. During the
experiment, the MPM lamp was switched on for 1 h, followed by 1 h of
filtration in the dark. The transmembrane pressure was fixed at 0.5 bar.
After single pass filtration, the treated water was collected in the

bottom chamber where it could be analyzed. The concentration of AO7
was determined using a UV–Vis spectrometer (Shimadzu UV-2501 PC)
from a range of 200 nm to 800 nm. The peak height of the AO7 mole-
cule at the 485 nm peak was used to determine the concentration from
prepared calibration curves in the linear range. Adsorption tests were
replicated in triplicates.

3. Results and discussion

3.1. Membrane material characteristics

Pure and doped TiO2 were immobilized onto a QFF during the in-
duction period of the sol-gel reaction. These TiO2/QF filters were
characterized using SEM, XRD, and Raman spectroscopy. Uncoated QFF
(Fig. 2a) consisted of fibers less than 2 μm in diameter, with lengths
ranging from 10 to 100 μm. The coated QFF consisted of thin layers of
TiO2 as seen in Fig. 2. The TiO2 agglomerates are deposited directly on
the QF, allowing for a porous network structure and high surface area.
Pristine TiO2 sol-gel and B-TiO2 appeared homogeneous (Fig. 2b and d)
compared to N-TiO2 in which nanoparticles agglomerated and formed
clusters (Fig. 2c). These agglomerates were also observed by Kadam
et al. when they doped TiO2 nanoparticles with nitrogen [52].

The bandgap energy – the minimum energy for the generation of
electron-hole pairs – was determined from diffuse reflectance spectra of
the membranes. The diffuse reflectance spectrum was converted into a
Tauc plot, hvF R[ ( )] n1/ vs. hv, where h is the Planck’s constant, v is the
frequency, R is the reflectance, n is a constant related to the nature of
the sample transition, and F R( ) is the Kubelka-Munk function, given by:

=
−F R R

R
( ) (1 )

2

2

(4)

The value of n is 2 because TiO2 is an indirect bandgap semi-
conductor [53,54]. The bandgap was estimated as the intercept be-
tween x-axis and the tangent line of the inflection point (See Fig. S2 in

Fig. 1. (a) Schematic of photocatalytic membrane reactor
(PMR) setup containing (1) compressed air line, (2) valve,
(3) pressurized feed tank, (4) pressure gauge, (5) UV irra-
diation source, (6) quartz window, (7) membrane, (8)
α -Al2O3 porous support, (9) permeate outlet; (b) UV light
emission from medium-pressure mercury lamp with colli-
mating funnel targeting PMR quartz window; and (c) TiO2

membrane on porous support in a stainless steel housing.
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Supplementary Information). The optical bandgap of pure TiO2 and B-
TiO2 was 3.20 eV; there is no significant difference in the bandgap
energy of these two materials, which is in agreement with the reported
results [55]. The bandgap of N-TiO2 was narrowed to 3.15 eV, which is
consistent with literature [45–47], and there exists a wavelength range
that can excite electrons in N-TiO2 that are not permissible in undoped
TiO2 or B-TiO2.

The X-ray diffraction patterns of TiO2, B-TiO2, and N-TiO2 produced
by the sol–gel process and heat treated at 400 °C are shown in com-
parison with commercial P25 Aeroxide™ (Fig. 3). The doped and un-
doped TiO2 diffraction patterns show characteristic anatase peaks of
(1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 2 0), and
(2 1 5) planes. The P25 Aeroxide™ contains anatase and a minor
amount of rutile, represented by the (1 1 0), (1 0 1), and (1 1 1)

diffraction peaks. N and B doping conducted from a range of 3 × 10−2

to 7 × 10−2 dopant/Ti concentration ratio did not affect the crystal
phase of the samples, nor produced other crystalline diffraction peaks.
This is either because dopants are highly dispersed into the TiO2

structure, or the XRD is not sensitive enough to detect crystalline peaks
containing these dopants [56–59]. This suggests that dopants may have
moved into substitutional/interstitial sites in the crystal structure rather
than reacting with TiO2.

XPS was used to determine the presence of nitrogen or boron in-
corporated into the TiO2 photocatalyst. Table 1 lists the binding en-
ergies of peaks found in Ti2p, O1s, N1s, and B1s regions which were
deconvoluted (See Fig. S3 in Supplementary Information). All of the
TiO2 samples exhibited Ti2p3/2 and Ti2p1/2 peaks at 459.5 eV and
465.2 eV, respectively, which are consistent with values reported in
literature [15,60]. The O1s peaks of undoped, N-doped, and B-doped
TiO2 possessed of an asymmetric peak that was deconvoluted into two
peaks with binding energy values of 530.6 eV and 532.0 eV. Further-
more, the broader O1 s peaks was apparent in B-doped TiO2 sample
compared to the undoped and N-doped TiO2 samples suggesting greater
surface defects [61].

N-doped TiO2 exhibited a 400.6 eV peak in the N1 s spectra, sig-
nifying the presence of interstitial nitrogen, NeO bonds in the photo-
catalyst matrix, or NH4

+ species [55,62]. It was found that interstitial
nitrogen has no significant shift in conduction or valence bands of TiO2,
but the anti-bonding ∗π NeO orbital between the TiO2 valence and
conduction bands facilitating visible light absorption which benefits
increases efficiency at the visible light range and hence the reaction rate
for treatment processes using solar energy [34]. B-doped TiO2 exhibited
a peak at 192.9 eV associated with the B-O-B bonds in B2O3 [58,63].
The addition of boron by interstitial B-doping or formation of B2O3 on
TiO2 particle have unclear effects in photocatalytic activity in the
treatment of various compounds [58,63].

Fig. 2. SEM images of the following filters: (a) QFF (b) TQFF, (c) NTQFF5, and (d) BTQFF5.

Fig. 3. X-ray diffraction patterns of (a) P25 Aeroxide™, (b) TiO2 sol-gel, (c) N-doped TiO2

and (d) B-doped TiO2 powders. Anatase (A) and rutile (R) phases are labelled.
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3.2. Water permeability experiments

The permeate flux was obtained from the measurements of flow rate
at the outlet of the PMR module as shown in Fig. 1a. The permeate flux
is defined by Darcy’s law:

= = =J Q
A

L
μ

P P
μR

Δ ΔP

m
P

(5)

where Jp is the flux density (m s−1), Q is the flow rate (m3 s−1), A is the
filtration area, Lp is the hydraulic permeability of the membrane (m), μ
is the dynamic viscosity of the solvent used (Pa s), PΔ is the trans-
membrane pressure (Pa), and Rm is the hydraulic resistance of the
membrane [64]. The hydraulic permeability (Lp) of the fiber filters
depend on intrinsic characteristics of the membrane such as size dis-
tribution, thickness and hydrophilic nature. The permeability of all
membranes was obtained from flux vs. transmembrane pressure plots
(See Fig. S4). The total membrane resistance can be determined by the
sum of the contributions of each component in the membrane stack,
given by:

= + +R R R Rm p f c (6)

where Rp, Rf, and Rc are the hydraulic resistances of the porous support,
QFF, and TiO2 coating, respectively. The undoped, N-doped, and B-
doped TiO2 membrane resistances are shown in Fig. 4. The addition of
TiO2 coating decreases the water permeability and increases resistance.
In the case of TQFF and NTQFF5, there is a 9% and 29% decrease,
respectively in water permeability. This phenomenon was also observed
elsewhere [28,31], and is due to increased thickness and pore size re-
duction after TiO2 deposition. Doped TiO2 samples have higher hy-
draulic resistances due to increased deposition of N-doped and B-doped
TiO2 onto the surface of the QFF, albeit different surface morphologies,
as seen in the SEM images (Fig. 2).

3.3. Photowetting processes of TiO2 filters

The addition of a TiO2 layer introduces an effect called photowet-
ting, in which the surface wettability of a substrate can be changed by
light stimuli. Wang et al. observed amphiphilic surfaces when con-
ducting contact angle measurements, in which a TiO2 surface under
dark formed water droplets that varied from 15° to 72°, increasing in
hydrophobicity as a function of time in darkness. Upon UV illumina-
tion, the contact angle changed to 0° [65]. The contact angle, θ, of a
TiO2 film under aqueous conditions generally decreases after UV ex-
posure. This can be modelled using an exponential function [66]:

= −θ θ e k t
0 UV (7)

where kUV is the rate constant. The kUV value from other sources that
use TiO2 films was around 0.15–0.16 min−1 [66,67]. The function was
plotted in Fig. 5a to visualize contact angle decrease of TiO2 on a re-
latively flat surface. As in the case of water, it has been proven that the
same process can be applied to organic solvents and is independent of
photocatalytic activities [37,65,68].

The normalized permeate flux of TQFF using DI water was com-
pared to QFF under two conditions (Fig. 5b): (i) 2 h dark and (ii) 1 h
dark with 1 h UV. In the case of 2 h dark condition, the flux steadily
decreased by around 15% of its initial value for both QFF and TQFF
towards equilibrium conditions. When UV light was introduced, the
flux increased by about 12% initially using TQFF, and did not change
when using naked QFF. The increased flux under illumination and de-
crease in flux in dark conditions using TQFF demonstrates the photo-
wetting effect in TiO2 because the increase in hydrophilicity decreases
the membrane resistance and water passes through the membrane ea-
sily in comparison to more hydrophobic materials resulting in increased
flux [69,70]. QFF also did not show a sudden increase in flux after
illumination indicating that it is not irradiation of UV light alone that
contributes to increased flux, but rather a material property of TiO2 in
TQFF as depicted in Fig. 5a.

The flux measurements were further carried out under dark and UV
illumination conditions as a function of time for NTQFF and BTQFF
samples (Fig. 6). Filtration was carried out in the dark for 1 h, followed
by UV illumination in the next hour. Fig. 6 depicts the normalized flux
of TQFF, NTQFF, and BTQFF. Under UV illumination for 10 min and 60
min, there was an increase of 12% and 14% increase in flux for the
TQFF compared to its baseline under dark conditions (at time point 60
min). This may be due to TiO2 photowetting effect. In the case of
NTQFF samples (Fig. 6a), the flux increased under UV illumination
initially (at time point 70 min) by 0%, 13%, and 7%, respectively. After
1 h of UV illumination, the flux decreased by 7% for NTQFF3 and in-
creased by 20% and 7% for NTQFF5 and NTQFF7, respectively. TQFF,
NTQFF5, and NTQFF7 all demonstrated an increase in DI water flux
when using a UVA radiation source. In the case of BTQFF samples
(Fig. 6b), at doping concentration ratios of CB/CTi = 3, 5, and
7 × 10−2, the flux did not increase under UVA illumination at any
point.

Table 1
XPS peaks for undoped, N-doped, and B-doped TiO2 powders.

Sample Binding Energy (eV) and Percentage of Integrated XPS region spectra

Ti2p region O1s region N1s region B1s region

Ti2p1/2 Ti2p3/2 O1s O1s N1s B1s

Undoped 465.19 459.49 530.72 532.2
TiO2 (32.03%) (67.97%) (85.52%) (14.48%)
N-doped TiO2 465.16 459.46 530.71 532.1 400.62

(32.74%) (67.26%) (86.06%) (13.94%) (100%)
B-doped TiO2 465.21 459.55 530.77 531.52 192.9

(31.42%) (68.58%) (60.45%) (39.55%) (100%)

Fig. 4. Hydraulic resistances of QFF, TQFF, NTQFF, and BTQFF membranes.
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3.4. Removal of AO7 using photocatalytic membrane filtration

AO7 was chosen as a compound of interest for the filtration through
PMR because it is a non-biodegradable dye and any direct biological
treatments are ineffective in removing this organic compound; however
it can be removed through oxidation processes using TiO2 in conjunc-
tion with a UV source or through filtration. In this study, the adsorp-
tion, permeate flux, and removal efficiency were measured and ana-
lyzed for QFF, TQFF, NTQFF, and BTQFF. The water purification
experiments were performed using photocatalytic filtration treatment
of AO7 solutions with concentration of 2 mg L−1 (5.7 × 10−6

mol L−1).

3.4.1. AO7 adsorption on filters
All undoped and doped TQFFs and α-alumina porous supports were

immersed in 50 mL of the solution of AO7 at 2 mg L−1 for 1 h under
darkness and stirring to reach the adsorption equilibrium. The fol-
lowing equation was used to calculate the percentage of the initial
concentration of dye adsorbed on the membrane:

=
−

adsorption
C C

C
%

( )o eq

o (8)

where Co and Ceq are the AO7 concentration at the initial and the
equilibrium state, respectively. The AO7 adsorption of the membranes
was quantified and shown in Fig. 7. Using nitrogen as a dopant, the
adsorption of AO7 was higher than with undoped TiO2. This may be

due to the film morphology in which N-TiO2 sol-gel nanoparticles de-
posited a greater number of TiO2 agglomerates on the NTQFF than
TQFF, increasing the surface area and thus the total adsorption of AO7.
Increased B-doping of BTQFF reduced the adsorption because of its

Fig. 5. (a) Schematic of photowetting effect on TiO2 surface; and (b) Normalized Permeate QFF and TQFF membranes.

Fig. 6. Permeate flux of a) NTQFF and b) BTQFF using DI water under dark and UV illumination period.

Fig. 7. Percentage of initial concentration of dye adsorbed on the surface of the porous
support, bare quartz fiber filter (QFF), and doped and undoped TiO2/QFF.
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“smooth” film morphology (Fig. 2d), in comparison to the high surface
agglomeration of TiO2 particulates on NTQFF (Fig. 2c), which results in
a lower surface area for adsorption.

3.4.2. Permeate flux using AO7 under UV and dark conditions
After equilibrium was achieved, filtration of dye solution was car-

ried out using the PMR setup (Fig. 1). A solution of AO7 (2 mg L−1) was
fed into the PMR module for 2 h, followed by 1 h under UV then 1 h in
the dark, and the permeate flux was measured in Fig. 8. The flux
through the filters in AO7 solution was lower than DI water, which is
attributed to dye molecules accumulating on the membrane surface
forming a cake layer and increasing the membrane resistance [27].

The permeate flux of the uncoated membranes decreased con-
tinuously to 32% of its initial value through 2 h of the experiment and
UV irradiation had no effect on the permeate flux. The permeate flux
decreased less using TQFF and NTQFF than QFF under UV irradiation.
The minimal decrease in flux for TQFF and NTQFF samples compared to
QFF is due to an increase in wettability as mentioned and antifouling
properties of TiO2 caused by photocatalytic degradation on the mem-
brane surface [14,27,30]. The contribution of photocatalysis and pho-
towetting processes is not easily understood as they both occur under
light processes and quantifying the contribution of each is not in the
scope of this study.

The flux of all membranes decreased slightly after switching to dark
conditions after 1 h of UV irradiation. The contact angle does not
change rapidly after UV irradiation is removed so the hydrophilicity
and flux would not significantly changed over 1 h in the dark [71]. This
phenomenon was shown by Lee et al. in which they found that when
switching from the hydrophobic to hydrophilic state (turning the UV
source on) the contact angle change occurs in the order of minutes;
whereas switching from the hydrophilic state to the hydrophobic state
(turning the UV source off), occurs in the order of days [71]. In the case
of BTQFF, there were no significant changes in normalized permeate
flux compared to QFF.

3.4.3. Removal of AO7 under UV and dark conditions
The percentage (Fig. 9a and b) and cumulative (Fig. 9c and d) re-

moval of AO7 were conducted under 1 h irradiation, followed by 1 h
dark condition using undoped and doped filters. The percentage re-
moval and cumulative removal are defined as:

=
−

×
C C

C
Percentage Removal 100(%)o t

t (9)

=
∑ − ×

×
−

C C V
M A

Cumulative Removal
( )

(molm )t o t t 2
(10)

where Co is the initial concentration (mol L−1), Ct is the concentration
at time t (mol L−1), Vt is the total volume filtered (L), M is the molar
mass (g mol−1), and A is the filtration area (m2). The percentage re-
moval does not take into account the hydraulic resistance of the
membranes, and only gives the permeate concentration at specific time
with respect to the inlet concentration. However, the cumulative re-
moval considers the permeate flux, or the volume the membrane has
filtered, and area of the membrane.

The percentage removal of NTQFF3 and NTQFF7 was compared to
TQFF and QFF. The results indicated that the removal of AO7 using
NTQFF was higher than QFF and was dependent on the concentration
of the dopant. After 1 h of UV irradiation, NTQFF5 and NTQFF7 re-
moved 10% and 55%, respectively, more on a percentage basis than
TQFF. However NTQFF3 removed 45% less than the TQFF. Under dark
conditions, the removal percentage lowers as a function of time,
whereas TQFF stays constant over 1 h. This is caused by the greater
photocatalytic activity in NTQFF than TQFF. There is also an increased
hydraulic resistance in doped TiO2 filters (Fig. 8). This observation
suggests that because of the lowered flux, the volume filtered and the
cumulative removal are generally lower compared to undoped TiO2

filters. The NTQFF7 had a greater cumulative removal under UV con-
ditions than TQFF, but the removal rate over time decreased under dark
conditions. The decrease in removal rate was also apparent for NTQFF3
and NTQFF5 when switching from UV conditions to dark conditions.
The change in rate may be due to the wetting properties in which the
contact angle decreases exponentially as in Eq. (7).

The higher photoactivity of the NTQFF compared to TQFF may also
due to the fact that N-doping is accompanied by oxygen vacancy for-
mation. The formation of the oxygen vacancies on the surface favors the
adsorption of water molecules and thus increases the amount of hy-
droxyl radicals which are responsible of the degradation of the pollu-
tant molecule.

BTQFF3, and BTQFF7 had a 70% and 45% lower AO7 percent re-
moval compared to TQFF, respectively. However, BTQFF5 demon-
strated a 20% increase in percent removal compared to TQFF. There
was no difference in dye removal when comparing under UV irradiation
and dark conditions as revealed by the water flux measurements in
Fig. 8b, in which no apparent changes in flux were observed. Boron was
shown to be a poor dopant for TiO2 photocatalysis compared to un-
doped TiO2 sources under UVA radiation sources [72,73]. Additionally,
the cumulative removal of AO7 using BTQFF3 and BTQFF7 was lower
than that of TQFF. The lower cumulative removal was due to higher
hydraulic resistance as in the NTQFF samples except for BTQFF7, which
demonstrated higher cumulative removal than other B-doped filters.

Higher doping concentrations, such as in BTQFF7, may also decrease
photoreactivity and hence removal and may be attributed to the

Fig. 8. Permeate flux of a) NTQFF and b) BTQFF membranes using AO7 (2 mg L−1) in water under UV and dark conditions.
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exponential increase in recombination as a function of the dopant
concentration because the average distance between trap sites de-
creases with increasing the number of dopants confined within a par-
ticle. At lower concentrations below an optimal doping concentration,
photoreactivity increases with increasing dopant concentration because
there are available trapping sites in the crystal structure.

The NTQFF membranes may be further improved using solar
sources as the medium pressure mercury lamp has a peak wavelength of
365 nm and this does not extend to the visible light region. The ap-
plication of solar light in the form of natural sunlight or xenon illumi-
nation may be used to improve N-TiO2, however, this is out of scope for
this study. Doping with nitrogen has been shown in literature to im-
prove the photoactivity under visible light conditions (400–500 nm)
[74].

The removal rates under UV in different studies are presented in
Table 2. The various differences in removal rates are due to structure/
morphology of the substrates, chemical composition, feed pollutant
solution concentration, and different reactor setups. The removal rates
in this study are on the same order of magnitude as the two other
studies analyzed [75]. Only NTQFF7 had a removal rate that was one
order magnitude greater than any of the other substrates compared.

4. Conclusions

Photocatalytic quartz fiber filters were modified using sol-gel pro-
cesses. The pore size and TiO2 deposits were controlled by the sol
properties, immersion time, and thermal treatment temperature and
duration. TiO2 coatings on quartz filters were determined to be anatase
for both undoped and doped TiO2 filters via XRD and Raman analysis.
Coupling adsorption, photowetting, photocatalysis, and membrane fil-
tration into a PMR by adding TiO2 sol-gel coating on QFF increased the
flux and improved the removal rate of dissolved organic matter com-
pared to uncoated QFF. It was discovered that the flux did not drop
immediately after UVA radiation was removed during the AO7 filtra-
tion process due to the photowetting effect. NTQFF and TQFF demon-
strated increased permeate flux using DI water and AO7 under dark and
UV illumination; whereas the flux in BTQFF and QFF did not improve
after UV irradiation was introduced. Higher doping concentrations
generally produced better membrane removal properties than the
lowest dopant concentration used. For example, the percentage and
cumulative removal of AO7 was favourable using NTQFF7 and BTQFF5
compared to TQFF. Only NTQFF samples were able to show distinct
photohydrophylic activity compared to TQFF and BTQFF. The lack of
distinct photohydrophylic activity may be due a combination of lower

Fig. 9. Percentage (a, b) and cumulative removal (c, d) of AO7 in (a, c) NTQFF and (b, d) BTQFF samples.

Table 2
Comparison of different degradation rates of TiO2 membranes in AO7 solution under UV irradiation.

Source This study Mendret [75] Bosc [75]

Substrate TQFF NTQFF3, NTQFF5, NTQFF7 BTQFF3, BTQFF5, BTQFF7 TiO2/Al2O3 TiO2/Al2O3

Filtration type Dead-end Dead-end Cross-flow
[AO7] (mol L−1) 5.71 × 10−6 2.85 × 10−5 2.50 × 10−5

Removal rate (mol L−1 h−1) 4.63 × 10−6 3.54, 8.69, 76.0 × 10−6 1.18, 5.61, 1.45 × 10−6 2.85 × 10−6 3.53 × 10−6
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reactivity and high fluxes. Additional studies on the effect of sunlight or
a visible light source is useful in further determining the efficacy of
doped-membranes in PMR.
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