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Removal of bisphenol A (BPA) from water has presented a major challenge for the water industry. In this work, we report the BPA
separation properties of truly low-cost kaolin-based visible light-activated photocatalytic hollow fiber membranes. The ceramic
hollow fiber support was successfully fabricated by phase inversion and sintering method, whereas Ag@TiO2 photocatalyst was
prepared by liquid impregnation method. Different factors that affected the BPA removal were thoroughly investigated,
including Ag loading in TiO2 catalyst and immersion time during dip coating method. A reference BPA (10mgl-1) was used to
check the photocatalytic performance of Ag@TiO2 photocatalysts and prepared membranes. Comprehensive characterization
including X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy-dispersive X-ray (EDX/S),
Brunner-Emmer-Teller (BET), and UV-Vis spectroscopy revealed altered morphological and physicochemical properties of the
photocatalytic membrane. UV-Vis results exhibited that the extended absorption edge of Ag@TiO2 photocatalyst was observed
into the visible region that led to its maximum BPA removal of 93.22% within 180min under visible light irradiation. The
FESEM images of the prepared membranes evinced a significant change in the structural morphologies, and UV-Vis showed the
absorption edge in the visible region owing to the coating of the Ag@TiO2 photocatalyst on the surface of the membrane. The
resultant membrane showed a significant photocatalytic performance in the degradation of BPA (90.51% within 180min) in an
aqueous solution under visible light irradiation. At inference, the prepared membrane can be considered a promising candidate
for efficient removal of BPA.

1. Introduction

Endocrine-disrupting chemicals (EDCs), such as bisphenol A
(BPA), in water can be removed by a benign technique such
as photocatalysis [1]. Specifically, semiconductor photocata-
lysis has attracted interest since solar energy or visible energy
is an infinite and ecologically friendly energy resource [2].
Moreover, it has been used effectively in the degradation of
EDCs and natural organic matter previously [3–5]. BPA is
a raw material for epoxy resins and polycarbonates, which

can be detected in some consumer products. Its exposure
has been linked to infertility, hormonal imbalance, heart dis-
ease, breast cancer, and premature birth [6].

Nowadays, the most extensively examined photocatalyst
titanium dioxide (TiO2) is still activated under UV light.
The utilization of photocatalysis under visible light or sun-
light has not been widely adopted. TiO2 exists in the form
of anatase (band gap energy 3.2 eV) and rutile (band gap
energy 3.0 eV), respectively, and these band gaps make it
UV responsive [7, 8]. Moreover, low quantum efficiency
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and stability restrict its development [9, 10]. It has been man-
ifested that metal doping, for example, with palladium (Pd),
platinum (Pt), gold (Au), cupper (Cu), and silver (Ag) could
narrow the band gap of a photocatalyst by changing its crys-
tallinity and boosting its photocatalytic performance [11].
Liu et al. prepared a visible light-activated Cu@TiO2 photo-
catalyst for the removal of dissolved organic nitrogen
(DON) and showed 10% amplified removal of DON under
a visible light-activated Cu@TiO2 photocatalyst compared
to a conventional TiO2 system [9]. A Ag-doped TiO2 photo-
catalyst was comprehensively studied for the degradation of
an organic substrate, and the results evinced 78% faster deg-
radation than nascent TiO2 photocatalyst [12]. Despite out-
standing benefits of visible light-activated photocatalysis,
there are two major disadvantages of photocatalysis, namely,
separating the catalyst from the suspension solution and cat-
alyst loss. Various studies have addressed these problems
through membranes [2, 13] and porous materials, such as
activated carbon [14] and nickel foam [15].

Membrane technology can be a promising technique for
removing organic pollutants, suspended solids, and bacteria
from the water [16, 17]. Photocatalytic membranes (PMs),
the technology of filtration with both membrane and photo-
catalysis, have been investigated because they may improve
the degradation efficiency of EDCs [18, 19]. For instance,
Song et al. prepared a TiO2/PVDF membrane and displayed
improved NOM removal efficiency with enhanced self-
cleaning ability [16]. Shareef et al. fabricated the PESf/TiO2
membrane by phase inversion and sintering method, show-
ing the augmented BPA removal efficiency under visible light
irradiation [20]. However, previous studies have been
focused on fabricating the TiO2-based polymeric membrane
under UV light, which exhibited polymer aging and could
not stand harsh conditions.

Herein, novel low-cost kaolin-based visible light-
activated Ag@TiO2 photocatalytic hollow fiber membranes
(Ag@TiCHFs) were prepared by the promising dip coating
method for a highly efficient removal of bisphenol A
(BPA). The effects of Ag loading (0.5, 0.8, 1.1, and 1.4 g) in
TiO2 catalyst and immersion time (0.5, 1.0, 1.3, and
2.0min) during coating, on the degradation of BPA through
the Ag@TiO2 photocatalyst and the prepared membrane,
were investigated thoroughly. The physiochemical properties
of both the Ag@TiO2 photocatalyst and prepared membrane
were evaluated by different characterization (XRD, BET,
UV-Vis spectrometry, FESEM, BET, and TOC) techniques.
BPA (10mgl-1) as a pseudotenacious chemical was adopted
to test the photocatalytic performance. Meanwhile, a Xenon
lamp (100W) was utilized as the light source to irradiate
the visible light photocatalyst/composite membrane. The
effects of Ag loading on TiO2 catalyst and immersion time
during coating on the membrane showed 93.21% and
90.51% BPA removal, respectively.

2. Experimental

2.1. Chemicals and Materials. The ceramic support was pre-
pared from abundantly available kaolin (Al2H4O9SiO2, MW
= 258.16 g/mole, Aldrich). N-methyl-2-pyrrolidone (NMP,

solvent) and Arlacel P135 (dispersant) were purchased from
Croda International Chemicals Ltd., UK. Polyether sulfone
(C12H8O3, PES, A300, AMECO Performance Product, USA)
was used as a polymer binder. Deionized water (DI) was used
as an external and internal coagulant during the spinning pro-
cess. Ag@TiO2 photocatalysts were synthesized from two
materials: anatase (P25 Degusa TiO2, purity ≥ 99%, BG =
3:2 eV) and silver nitrate (AgNO3, purity ≥ 98%, Merck
KGaA, Germany). Bisphenol A (BPA, purity ≥ 99%) was
delivered by Sigma-Aldrich, and it was used as an EDC.
All chemicals were used as received without purifications.

2.2. Preparation of Ag@TiO2 Nanoparticles. The Ag@TiO2
nanoparticles were prepared by the liquid impregnation
method according to a previous report [20]. Firstly, 3.0 g of
TiO2 and 100ml of DI water were mixed in a 500ml conical
flask to make TiO2 suspension. After that, based on prior
literature silver nitrate (0.5, 0.8, 1.1, and 1.4 g) was added
into the suspension and the samples were designated as
P-0 (neat TiO2), P-1 (0.5 Ag@TiO2), P-2 (0.8 Ag@TiO2),
P-3 (1.1 Ag@TiO2), and P-4 (1.4 Ag@TiO2), respectively.
Homogenous slurry was obtained after 6 h continuous stir-
ring with a magnetic stirrer. The homogenized slurry was
dried at 90°C in an air oven for 10 h to make sure all
the remaining water was removed followed by grinding
with agate mortar to get fine particles. In the end, the fine
particles were calcined at 400°C for 6 h in a muffle fur-
nace. Fig. S1 and Table S1 in supplementary information
(SI) illustrate the complete process for the preparation of
Ag@TiO2 nanoparticles.

2.3. Fabrication of Ceramic Hollow Fiber Support (CHF).
α-Alumina is used as a main material for the fabrication
of ceramic membranes [9]. However, it is expensive and
a high sintering temperature is needed. Hence, to over-
come these issues, current research is focused on cheaper
materials like dolomite, clay, and kaolin for the fabrication
of a membrane [10]. In the fabrication of a ceramic mem-
brane, kaolin is extensively used as the foremost constitu-
ent. The fabrication of hollow fiber ceramic membrane
(CHF) followed the method similar to a previous work
[20]. Briefly, for the preparation of a casting solution,
NMP, Aracel, and PESf were dissolved in the mass ratio
of 42.5 : 1 : 6.5. A homogeneous polymer solution was
obtained after stirring for 48 h. Moreover, 50wt% of kaolin
was mixed in the solution and stirred for the next 48 h.
The ceramic supports were obtained by spinning the cast-
ing solution through tubes in an orifice spinneret. DI
water was used for the phase inversion and ceramic sup-
ports were sintered at 1400°C for 24 h in a muffle furnace.
The membranes were kept in a DI water to remove the
remaining NMP and dried at 70°C before use. The spin-
ning parameters and casting solution composition are
given in Table S2 in SI.

2.4. Preparation of Ag@TiO2 Modified Ceramic Hollow
Membrane (Ag@TiCHFs). The Ag@TiO2 nanoparticles were
deposited on the hollow fiber ceramic membrane via the dip
coating technique (Fig. S2 in SI). Briefly, 0.6 g of Ag/TiO2
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nanoparticles was dissolved in 400ml of DI water followed by
sonication for 1 h. Moreover, an epoxy resin was used to close
both ends of CHF and potted on the adapter for overnight
drying at room temperature. After that, the CHF having the
length of 15 cm was dipped into the Ag@TiO2 solution for
different immersion times (IT = 0:5, 1.0, 1.3, and 2min)
and then dried at ambient temperature for 20h. The resultant
membranes (PM-0: pristine membrane; PM-1: IT = 0:5min
Ag@TiCHF; PM-2: IT = 1min Ag@TiCHF; PM-3: IT = 1:3
min Ag@TiCHF; and PM-4: 2min Ag@TiCHF) were sin-
tered at 500°C for 2 h (2°C per minute).

2.5. Characterizations

2.5.1. Morphology. The surface morphology of the pristine
membrane and the Ag@TiCHF membranes was observed
by field emission scanning electron microscopy (FESEM,
Quanta 200F, FEI) coupled with energy-dispersive X-ray
analysis (EDX) for elemental analysis. The Brunauer-
Emmet-Teller (BET Quanta chrome Autosorb-1 MP) was
used to investigate the surface area of Ag@TiO2 photocata-
lysts. X-ray diffraction (XRD-6000, Cu Kα radiation,
Shimadzu Lab, Japan) was used to get the crystallinity of
the pristine membrane and Ag@TiCHF membrane followed
by the UV-Vis spectrometry (UV-2000, Shimadzu, Japan)
analysis for optical properties. Finally, concentration of total
organic carbon (TOC) in the solution was measured using a
TOC analyzer (Shimadzu, Kyoto, Japan). The TOC was
determined as the difference between total carbon (TC) and
inorganic carbon (IC).

The band gap energy of Ag@TiO2 photocatalysts and
Ag@TiCHF membranes was calculated by the following
correlations.

E = hv, ð1Þ

λ =
1240
E

, ð2Þ

E eVð Þ = 1240
λ

: ð3Þ

2.5.2. Pure Water Flux (PWF) and BPA Rejection. The sepa-
ration performance of the pristine membrane and
Ag@TiCHF membranes was examined using a pilot scale
crossflow filtration device (Fig. S3 in SI). Prior to calculating
the flux, the membrane samples were immersed in deionized
water at 1.0 bar for 0.5 h to reach a uniform state, and then
pressure was amended to 2.0 bar. The pure water flux and
rejection (R) of BPA were calculated through the following
equations.

PWF =
V

A × Δt
: ð4Þ

Here, V is the volume (l) of water permeated during the
experiment, A is the effective area (m2) of the membrane,
and Δt is the filtration time (h).

R = 1 −
CP
CF

� �
× 100, ð5Þ

where Cp is the BPA concentration in permeate and Cf is the
concentration in the feed. The rejection of BPA was tested in
100mgl-1 of feed solution.

2.6. The Assessment of Photocatalytic Performance

2.6.1. The Photocatalytic Performance of Ag@TiO2
Photocatalyst. The performance of the pure TiO2 and
Ag@TiO2 photocatalysts was investigated using a photocata-
lytic reactor coupled with a 100W Xe lamp used for irradia-
tion (Fig. S4 in SI). The photocatalytic reactor (250ml)
contains 0.2wt. % Ag@TiO2 photocatalyst and 10mgl-1 of
BPA solution. To confirm the adsorption equilibrium of
BPA on the catalyst, the solution was mixed in the dark for
30min followed by a continuous reaction under a light
source. To test the BPA concentration, samples were taken
from the solution at certain time intervals (after 0.5 h), which
were tested for absorbance of BPA at 276nm using a UV-Vis
spectrophotometer.

2.6.2. The Photocatalytic Performance of Ag@TiCHF
Membrane. The photocatalytic performance of a pristine
membrane and Ag@TiCHF membranes was determined in
the photocatalytic reactor (fig. S4 in SI). The reactor was
attached with a Xe lamp (100W), which acts as a light source
for irradiation. In addition, the membrane (7.0 cm) was
drenched in the solution (100ml, BPA 10mgl-1) and stirred
for 0.5 h in the dark followed by continuous stirring under
the Xe lamp for photocatalytic reaction. The sample was
taken from every 0.5 h to be tested for BPA concentration.

3. Results and Discussion

3.1. The Effect of Ag Loading in the Properties of
Ag@TiO2 Photocatalyst

3.1.1. Surface Morphology. Figure 1 illustrates the FESEM
images of neat TiO2 and Ag@TiO2 photocatalysts. According
to images, the amount of Ag observed on the surface of the
TiO2 photocatalyst in the white spot, increased with increas-
ing Ag concentration, leading to the aggregation on the sur-
face. Moreover, the Ag was not uniformly distributed on
the TiO2 surface [21]. In addition, the Ag@TiO2 photocata-
lyst presented as irregular-shaped aggregates composed of
smaller Ag particles [22]. The aggregation amplified with
increasing the concentration of Ag loading from 0.5 g to
1.4 g, as confirmed by EDX analysis. The aggregation is more
prominent in the P-4 (1.4 g Ag@TiO2) sample, and this may
tremendously reduce the band gap of TiO2 and consequently
improved photocatalytic removal efficiency [23]. The EDX
analysis of P-4 (Figure 2) demonstrated that Ag is not uni-
formly dispersed on the surface of TiO2, which is in accor-
dance with previous works [24, 25]. The elemental
compositions of Ag@TiO2 photocatalysts are shown in
Table S3 in SI, which exhibited lower amount of Ag than
the targeted amount. One possible reason could be
sequestrated AgNO3 during annealing in the furnace. This
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confirms the unequal distribution of Ag followed by the
absence extraneous roots, which agrees with the FESEM
result. Minor traces of vanadium were also observed in the
graph owing to impurities from FESEM analysis. The
assumption is based on the fact that there was no peak of
impurity on the XRD patterns.

3.1.2. Crystalline Properties. The XRD results in Figure 3
evinced that all Ag@TiO2 samples are composed of anatase
with the (101) characteristic peak established at 25.25° corre-
sponding to ICDD-PDF (01-089-0553) followed by other
small peaks at 37.4°, 47.0°, 54.0°, 63.12°, 69.8°, 71.31°, and
74.8°, agreeing to planes (1 1 3), (2 0 1), (2 1 2), (2 0 5), (1
1 7), (2 2 1), and (3 0 2), respectively (JSPD 01-079-3104)
[26]. However, the rutile peaks start from 26.37°, 38.02°,

40.34°, 44.89°, 55.28°, 55.5°, and 88.3°, which correspond
to the diffractions planes (1 1 0), (2 0 0), (1 1 1), (2 1 0),
(2 1 1), and (2 2 0) with JSPD card no. 01-079-1543. More-
over, Ag peaks were observed at 20.57°, 22.53°, and 25.21°

with the diffraction plans (1 1 1), (2 0 1), and (0 2 0) accord-
ingly (JSPD card no. 01-073-4889). It has been reported that
Ag mixing in TiO2 does not have an effect on the structure
of anatase, showing that the silver dopant is not uniformly
distributed on the surface of TiO2, which is in agreement
with FESEM and EDX [27].

Debye Scherrer’s formula was used to calculate the crystal
size of all the samples [28].

D =
0:94λ
β cos θ

: ð6Þ
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Figure 2: EDX analysis of P-4 (1.4 g Ag@TiO2).
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Figure 1: FESEM images of Ag@TiO2 photocatalysts: (a) P-0 (neat TiO2), (b) P-1 (0.5 g Ag@TiO2), (c) P-2 (0.8 g Ag@TiO2), (d) P-3 (1.1 g
Ag@TiO2), and (e) P-4 (1.4 g Ag@TiO2).
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Here λ, θ, and β is the wavelength, Bragg’s angle, and
FWHM (full-width half-maximum), respectively. The results
are demonstrated in Table S4 in SI. It was observed that the
grain size of all Ag@TiO2 samples elevated from 28.81 to
50.22 nm corresponding to increased Ag concentration.
The variations in grain size were noticed with the change
in deposition time which affected the photocatalytic
efficiencies of the membrane [28].

3.1.3. BET Analysis. The BET surface area (Sa) of neat TiO2
and Ag@TiO2 photocatalysts was calculated by N2
adsorption-desorption isotherms. The isotherms manifested
a hysteresis loop, which confirmed the mesoporous charac-
teristic of the materials [29]. The BET surface area along with
the crystal size of all the samples is listed in Table S4 in SI.
The results in Table S4 and Figure S5 showed that changing
the concentration of Ag from 0.5 to 1.4 g in the TiO2
solution gradually reduces the surface area owing to the
deposition of Ag aggregates on the surface of TiO2 catalyst,
leading to pore blocking [22], which confirms both FESEM
and XRD results. Hence, for the P-3 sample, the surface
area, pore volume (Vp), and pore diameter decreases in size
as the amount of Ag deposition increases, reaching
31.747m2/g, 0.214526 cm3/g, and 7.8 nm, respectively. This
may be because Ag clusters block the TiO2 capillaries [30].

3.1.4. UV-Vis-NIR Diffuse Reflectance Spectroscopic
Measurement. Figure 4 shows the absorption curves of
Ag@TiO2 photocatalyst estimated by UV-Vis-NIR spectro-
scopic measurement. The photocatalysts appear as the sharp
edge in the visible region at about 427 nm [31]. Moreover,
there is no change observed in the absorption edge with the
addition of different amounts of Ag in the TiO2 catalyst, lead-
ing to the distinctive plasmon absorption of Ag at 400 to
500nm slowly mixed up and amplified in correlation with
Ag content, exhibiting the aggregation of Ag on the surface
of TiO2 catalyst [32]. The Kubelka-Munk function was used
to calculate the band gap of all the Ag@TiO2 samples. The

band gaps of all the samples are given in Table S4 in SI.
The broad absorption observed between 350 and 550nm
(Figure 4 inset) is possibly because of the enhancement of
absorption of the visible light harvesting [33]. Notably,
when the Ag concentration is increased up to 1.4 g (P-4,
Ag@TiO2), an increase is observed in the wavelength value,
because of bigger size Ag clusters present on the surface of
TiO2, which confirms with FESEM results. Therefore, P-4
sample with the concentration of 1.4 g was selected for the
coating.

3.2. The Effect of Immersion Time of Ag@TiO2
Photocatalyst in the Properties of Ceramic Hollow
Fiber Membrane

3.2.1. Morphology of Ag@TiCHFMembrane. Figure 5 showed
the FESEM images of Ag@TiCHF membranes demonstrat-
ing that Ag@TiO2 photocatalyst were successfully deposited
on the surface of ceramic hollow fiber membranes, and the
EDX graph (Figure 6, PM-4: IT = 2min) confirmed the exis-
tence of Ag, O, and Ti on the porous CHF, while mapping
exhibited the uniform dispersion on the surface. Teow et al.
found similar results while preparing the TiO2-doped mixed
matrix membrane [34]. Moreover, the thickness/layer of the
Ag@TiO2 photocatalyst on the porous surface depends on
the immersion time in the soaking of the ceramic hollow fiber
membrane into the photocatalyst solution, and it can be visu-
alized more vividly by increasing the immersion time [7].
Therefore, there are few Ag@TiO2 nanoparticles on the sur-
face of the PM-1 membrane (Figure 6(d)) compared to
PM-2 (Figure 6(f)), PM-3 (Figure 6(h)), and PM-4
(Figure 5(j)), respectively. This indicates higher aggregation
on the surface with the increase of the immersion time from
0.5 to 2.0min, leading to pore blocking of membranes which
might affect the pure water flux and photocatalytic efficiency
of the membranes.
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Figure 3: The XRD peaks of Ag@TiO2 photocatalysts.
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3.2.2. Structure Analysis of Ag@TiCHF Membrane. Figure 7
manifests the clear XRD graphs of the Ag@TiO2 photocata-
lyst, pristine membrane, and Ag@TiCHF membranes,
respectively. The kaolinite peaks of pristine membrane
(PM-0) were seen at 2θ of 9.48°, 15.9°, 24.32°, and 26.18° with
planes (1 1 0), (1 2 0), (1 1 1), and (1 2 1) confirmed by JCPDS
card No. 01-0791456 [35]. As Ag@TiO2 photocatalyst was

deposited on the surface of CHFs, the peaks slightly shifted
from 15.9° to 26.0° to higher intensity with the difference of
10.1° of 2-theta. These variations in peaks may be caused by
the augmented aggregation of the Ag@TiO2 photocatalyst
on the surface [35, 36]. In addition, as the immersion time
increased from 0.5 to 2min during deposition, the nanopar-
ticles became more agglomerated, which is in accordance
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(a) (b)

(c) (d)

(e) (f)
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(i) (j)
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nanoparticles

Figure 5: FESEM images of Ag@TiCHF membranes, PM-0 (pristine membrane), P-1 (IT = 0:5min), PM-2 (IT = 1min), PM-3 (IT = 1:3
min), and PM-4 (IT = 2min).
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with FESEM results. Moreover, Figure 8 also displays the
peaks of the Ag@TiO2 photocatalyst with obvious peaks of
anatase at 10.5°, 20.7°, 31.8°, and 51.2° in accordance with
JSPD card no. 01-083-0471 also indicating the silver peaks
at 43.4° and 63.6° (JCPDS card no. 02-0821), respectively.

3.2.3. Optical Properties. The absorbance spectra of Ag@TiO2
photocatalyst (P-4, 1.4 g Ag@TiO2) and Ag@TiCHF mem-
brane (PM-4, IT = 2min) from the UV diffuse reflection
spectrometer are displayed in Figure 8, indicating the large
absorption edge of the coated membrane, which is a charac-
teristic of its sound removal performance of BPA under the
Xe light. Figure 8 also showed the absorption edge of the
photocatalyst at about 420nm. It has been reported that the
structural defect of crystal lattice and variation in energy level
might be caused by doping Ag; therefore, the absorption edge
has varied and reduced the band gap [37, 11], which is calcu-
lated by the equation stated previously [38] and reported in
Table S4 in SI. Narrowing the band gap of the Ag@TiCHF

membrane exhibited that the Ag@TiO2 photocatalyst was
more agglomerated on the surface of the membrane with
increased immersion time, which agrees with the FESEM
results (Figure 6(h)).

3.2.4. Pure Water Flux. The pure water flux (PWF) of the
pristine membrane and Ag@TiCHF membranes is exhibited
in Figure 9. The PWF decreased significantly with the
increase of the immersion time from 0.5 to 2min during
the coating of Ag@TiO2 nanoparticles on the ceramic mem-
branes. One possible description of this inference could be
the accumulation of the photocatalyst on the surface as
increasing the immersion time. These results are similar with
the literature reported in the literature [39, 40]. On the other
hand, higher amount of nanoparticles on the porous surface
can lead to pore blocking due to the existence of macropores
on the surface, as can be seen on the FESEM images
(Figure 6(b)) consequently reducing the pure water flux [41].
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Figure 6: EDX and mapping of the PM-4 membrane.
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3.3. Photocatalytic Performance

3.3.1. Effect of Immersion Time on the Performance of BPA
Removal. The effects of Ag loading on TiO2 catalyst for
BPA removal under visible light irradiation is displayed in
Figure 10. Sample P-3 (1.1 g Ag@TiO2 photocatalyst) showed
the highest BPA removal efficiency of the photocatalysts
tested, achieving 93.21% removal under visible light irradia-
tion. Higher Ag loading leads to higher BPA removal capabil-

ity, as expected and seen in the photocatalysts P-0 to P-3.
However, it appears that higher amount of Ag loading
becomes inhibitory to photocatalytic activity, as can be seen
in the reduction in performance from P-3 to P-4, despite
the increase in Ag loading. The extra silver ions present on
the surface of TiO2 could decrease its photocatalytic and
charge separation efficiency by spinning into another recom-
bination center of electron-hole sets [42]. In addition, By
comparing the TOC values for TiO2 modified with varying
amounts of silver (Table S5), it can be clearly observed that
the reduction in the TOC value in the presence of P-3 (1.1 g
Ag@TiO2) is significantly higher than other samples. Based
on the results presented in this section, the P-3
photocatalyst was identified as the optimal Ag loading that
leads to the highest BPA degradation rate under visible
light irradiation, hence chosen for coating on the ceramic
membrane.

3.3.2. Effect of Silver Loading on the Performance of BPA
Removal. The photocatalytic properties of the pristine mem-
brane and photocatalytic Ag@TiCHF membranes were eval-
uated by measuring the BPA degradation under visible light
irradiation. Figure 11 shows that the photocatalytic mem-
branes, each prepared with varying immersion time from
0.5 to 2min as well as the neat membrane, manifested vary-
ing levels of degradation of BPA under the Xe lamp. The
Ag@TiO2-doped membranes showed the higher rate of deg-
radation of BPA than the undoped membrane, and among
the Ag@TiO2-doped membranes, higher immersion time
during their preparation correlate with higher BPA degrada-
tion. Higher immersion time can be construed to lead to a
greater number of Ag@TiO2 nanoparticles which is the
responsible of the photocatalytic activity. A covalent linkage
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Figure 9: Effect of immersion time on pure water flux of
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Figure 10: The effects of Ag loading on the BPA removal efficiency
of TiO2 catalyst under visible light irradiation.
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might occur on the surface of the membrane that indicates
the hydrogen bonding between nanoparticles and the mem-
brane [43]. Figure 11 shows that the PM-3 membrane pos-
sesses the highest degradation of BPA (90.51%) under
visible light irradiation. Nevertheless, when the immersion
time is raised to 2.0min, additional Ag@TiO2 nanoparticles
on the surface of the membrane exhibited major agglomera-
tion, which decreased the number of active sites of the mem-
brane leading to the reduction of BPA removal.

3.4. Possible BPA Degradation Mechanism by Ag@TiCHF
Membrane. Figure 12 shows the possible BPA removal mech-
anism by the Ag@TiCHF membrane. Initially, BPA mole-
cules rapidly agglomerate and penetrate into the porous
surface through adsorption, after which the photocatalysis
process takes place under visible light [42]. Doping silver ions
into TiO2 narrows its band gap by presenting impurity, caus-
ing the local states to lower the conduction band edge and
shift its absorption frequency into the visible light region.
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The Ag@TiO2 nanoparticles inside the prepared membrane
perform the separation of a photogenerated carrier under
the Xe lamp. The electrons move from valence band to con-
duction band to create photoelectrons (e-) and positive holes
(h+), which react with oxygen and water to produce O2

⋅- and
-HO⋅ free radicals. These free radicals could breakdown BPA
into CO2 and H2O [44].

3.5. Performance Comparison with Available Photocatalytic
Membranes in Literature. Several membranes doped with
different photocatalysts have been reported these days.
Table 1 contains different membranes coated with different
catalysts. The table is cataloged with membrane material,
types of nanoparticles, fabrication method, investigated ben-
efits, and source of light. According to Table 1, Ag@TiO2
coating on the porous surface changes the morphology and
enhances the separation performance of the membrane,
whereas former researchers emphasize on the improvement
in the hydrophilicity, PWF, and antifouling properties of
the membrane. Also, their focus is to investigate the perfor-
mance of TiO2-doped photocatalytic polymer membrane
under UV light, which will cause the polymer degradation
in the long-term operation. Ceramic membrane with good
physiochemical and mechanical properties can perform
under harsh conditions, but a high price restricts its extensive
applications. In this study, the Ag@TiO2 photocatalytic
membrane was fabricated by the dip coating method and
performed under visible light which led to the degradation
of BPA up to 90% under visible light irradiation. Therefore,
this membrane can be the prime candidate for the removal
of EDCs from the liquid media.

4. Conclusion

In this research, Ag@TiO2 photocatalytic ceramic hollow
fiber membranes (Ag@TiCHF) were prepared by dip coating
method. The effects of Ag loading on BPA removal efficiency
of Ag@TiO2 photocatalysts were studied comprehensively.
In addition, the influence of immersion time of Ag@TiO2
nanoparticles on the surface of ceramic membrane during
dip coating method was discussed in detail. The FESEM
results of the membranes indicated the deposition of
Ag@TiO2 nanoparticles on the ceramic membrane, and

UV-Vis confirmed the absorption edge in the visible region.
In addition, the coating of nanoparticles on the ceramic sur-
face enabled the membrane to perform visible light photoca-
talysis and separation simultaneously. The membrane
containing 1.1 g Ag@TiO2 photocatalyst with immersion
time 1.3min displayed the highest BPA removal under visible
light irradiation. Hence, these photocatalytic membranes are
considered for the removal of carcinogenic chemicals from
the water.
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