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Ceramic membranes

A photocatalytic Ce-Y-ZrO/TiO; ultrafiltration membrane was successfully prepared on a ZrO,/SiC support by a
modified sol-gel process. The top active layer is 2 um thick, uniform and defect-free. The membrane presented a
molecular weight cut-off (MWCO) of 19 kDa (equivalent to a pore size of 6 nm) and a high pure water
permeability, 160 Lm~2h~'bar!. The high hydrophilicity and negative surface charge of the membrane fav-
oured its great retention of proteins (bovine serum albumin, whey protein, and hemoglobin), indigo dye, and
humic acid. The membrane was effective in photodegrading phenol and humic acid under simulated sun light
irradiation. During humic acid filtration tests, the membrane presented better anti-fouling properties (smaller
flux decline) and higher permeate flux under irradiation compared to the filtration in the dark. Moreover, self-
cleaning properties were observed by irradiating the membrane, which enabled recovering up to 97% of the
original flux. Consequently, a longer operation without chemical cleaning is possible, reducing costs and the
process footprint. Further investigation would allow the development of innovative treatments for dinking and
wastewaters by combining filtration and advanced oxidation processes for the abatement of contaminants of
emerging concern in the presence of natural organic matter.

1. Introduction

Water is the most precious resource in the world. It is essential in
every aspects of life and economy [1]. A global water crisis is on course
since water demand and pollution keep increasing while many people
still do not have supply of clean water [2]. All these aggravated by the
uncertainties of climate change [3]. Therefore, the world urges for
sustainable, cost-effective, and reliable methods for drinking water pu-
rification and wastewater treatment [4,5]. Compared to traditional
technologies, membrane filtration has many advantages such as high
quality permeate, little or no chemicals requirement, ease of operation,
and modular construction, allowing its easy upscale [6,7]. Polymeric
membranes have been dominant in water treatment [8] but their poor
long-term stability limits their application [1]. On the other hand,
ceramic membranes have extreme thermal, mechanical, and chemical
resistance, longer lifetimes, higher hydrophilicity, high fluxes at low
pressures, higher porosity, and lower fouling compared to polymeric
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membranes [8,9]. Therefore, ceramic membranes are suitable for chal-
lenging water purification processes [10] and harsh environments [11]
to be applied, for instance, to textile and pharmaceutical wastewater
treatment, humic-rich surface water purification [12], oil/water sepa-
ration, mining, and food and beverage industry [13].

Nevertheless, ceramic membranes also have some drawbacks, such
as high temperature sintering and the challenges in obtaining micro-
pores [14]. At the same time, membrane fouling still one of the most
critical issues in the development of membrane processes, since it re-
duces the system performance, increases operation costs, and de-
celerates the scale-up to industrial applications [15]. Fouling is
characterized by the reduction of the permeate flux or increase of the
transmembrane pressure as a result of the blockage of the membrane
pores [16]. The major causes of fouling are the adsorption of feed sol-
utes, the deposition of particles, the gel formation, and the bacterial
growth (bio fouling) [16]. In surface waters and wastewaters filtration,
fouling is caused mainly by the presence of organic compounds [17],
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Fig. 1. (a) ZrO,/SiC support and its (b) cross-section SEM image.

which can be dyes, surfactants, oil, and phenolic compounds [13,18], or
natural organic matter (NOM), such as humic and fulvic acids [17,19].
When the dissolved matter is adsorbed onto the membrane surface
and/or in the pores, it is considered an irreversible fouling [20], which
usually requires chemical cleaning to recover the original flux [21] often
shortening the lifetime of the membranes [9]. In this way, many stra-
tegies were developed for fouling prevention, some of them related to
operation conditions (e.g. backwashing, pre-treatment of the feed,
critical flux, and high cross flow velocity [22,23]), and others focused on
the membrane modification, such as functionalization with polymers
[24], nanoparticles [15], and catalysts [13,25].

Recently, great achievements have been reported for catalytic
ceramic membranes with not only anti-fouling and self-cleaning prop-
erties [26-29] but also serving additional functions, such as disinfection
[27] and pollutant degradation [30]. These membranes combine
filtration with Advanced Oxidation Processes (AOP), in which reactive
oxygen species (ROS), such as hydroxyl radicals (*OH), are generated to
degrade organic pollutants into inorganic molecules [31]. There are
many ways to generate ROS, for instance photocatalysis, in which light
is absorbed by a semiconductor catalyst generating photoinduced holes
and electrons that react with water and dissolved oxygen [22], or Fenton
processes, where the a catalytic decomposition of the oxidant, hydrogen
peroxide (H2053) in presence of Fe2+, generates *OH radicals [32]. In the
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photo-Fenton process, the organics degradation is enhanced by light
irradiation, which promotes the catalyst regeneration by the
photo-reduction of Fe3* to Fe?* [32]. Another approach is to use pho-
tocatalysis to generate HoOy and promote the Fenton reaction by adding
FeZ* to the system [33].

Mendret et al. [28], observed that UV irradiation prevented flux
decline in the filtration of the dye Acid Orange 7 with their photo-
catalytic TiO2/Al,03 membrane (pore size below 0.2 pm) prepared by a
sol-gel route. However, in their work and in many others reported in the
literature [30,34,35], the photocatalytic layer is not an efficient sepa-
ration layer because it is not homogeneous or because the catalyst
particles were only stably immobilized on the membrane. This is
explained by the challenges faced in fabricating a defect-free separation
layer with small pore size without losing the catalytic activity [36]. Even
though, several authors were able to fabricate ceramic membranes in
which the top layer actually acts as photocatalytic and separation layer
[18,26-29,37]. For instance, Manjumol et al. [36] developed an Al-TiO4
ultrafiltration membrane with a pore size around 11 nm able to separate
and degrade methylene blue under UV-light irradiation. In their study
and in the majority of the reports, the active layer is deposited on
macro/mesoporous alumina supports [18,26-30,34-37], but they suffer
insufficient chemical and thermal stability to operate under corrosive
and aggressive conditions such as very low or high pH [38,39].

Therefore, in the present work, an ultrastable macroporous silicon
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Fig. 3. Particle size distribution of the Ce-Y-ZrO,/TiO; sol and the coating
fluid, Ce-Y-ZrO,/TiO4 + TiOy P25, measured by DLS.
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Fig. 2. Scheme of the experimental filtration set-up.
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Fig. 4. X-ray diffactograms of the Ce-Y-ZrO,/TiO; gel fired at temperature T
and unsupported membranes fired at different temperatures. A=anatase TiO,,
R=rutile TiO,, T = tetragonal ZrO,.

carbide (SiC) support with a mesopouros zirconia (ZrO,) intermediate
layer was chosen as a matrix for preparing a photocatalytic membrane
by a sol-gel technique. Both SiC and ZrO; are refractory materials that
can work at high temperatures [14], they also possess high mechanical
strength and chemical resistance [40-42], which make them applicable
in harsh environments, highly contaminated feeds, acid and basic media
[38], where other materials fail [43,44]. In addition, the very good
mechanical properties of these materials able them in supporting high
pressures, backwashing, aggressive cleaning and disinfection processes
[45].

To the best of our knowledge, there is no preceding study that has
specifically explored the fabrication of photocatalytic membranes on a
SiC support. In the present work, a mixed oxide was used as catalyst,
namely cerium-doped zirconia (Ce-ZrO;) in combination with titanium
dioxide (TiO2). TiO, is the most studied and widely applied photo-
catalyst [31,34,46], but there is a limitation to practical application of
pure titania membranes due to the reduction of porosity and cracks
formation caused by the partial anatase to rutile phase transformation
that occurs upon sintering at temperatures higher than 350 °C [35]. In
addition, pure zirconia membranes can crack during sintering because of
large volume variation (~4-9%) involved in the monoclinic to tetrag-
onal phase transformation [14,38]. To overcome these drawbacks, a
mixed TiOy/ZrO5 oxide was chosen as catalyst. In fact, it is known that in
a Ti-doped zirconia, the tetragonal phase is partially stabilized and its
crystallisation temperature increases up to 550 °C [47], which prevents
crack formation and loss of porosity during membrane sintering [48],
allowing the formation of a homogeneous separation layer with smaller
pore size and higher catalytic activity than those exposed by the pure
oxides [35,49,50]. Moreover, by adding cerium to zirconia, the resulting
material partially absorbs visible light [51,52] and it is activated to
generate reactive oxygen species, with a great potential to degrade
organic compounds, or to oxidize directly the organic molecules [53]
exploiting solar irradiation.
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Another challenge in preparing small pore size membranes by sol-gel
technique is the excessive infiltration of the sol particles into the support
framework [54], which usually has elevated surface roughness,
favouring cracks and pinholes in the membrane layer [55]. In order to
solve this problem, TiO, P25 nanoparticles were added to the gel to
prevent penetration of the sol allowing the formation of a homogeneous
layer.

In this context, the aim of the present study was threefold. First, to
investigate the deposition of a Ce-Y-ZrO/TiO, photocatalytic ultrafil-
tration membrane on a ZrO,/SiC support, optimizing the coating and
sintering conditions. Second, to characterize the membrane
morphology, pore size, permeability, retention and photocatalytic ac-
tivity towards phenol, a molecule that does not suffer direct photolysis
[56], as model contaminant instead of the more classically used dyes
[26,28,29,35,36]. Third, to evaluate the anti-fouling and self-cleaning
properties of the developed membrane using humic acid (HA) as a
model foulant.

2. Materials and methods
2.1. Membrane fabrication

2.1.1. Support materials

The membranes were coated on highly porous multi-channelled SiC
flat sheet supports with a monoclinic ZrO, intermediate layer supplied
by Liqtech Ceramics A/S (Denmark). Each support has 100 + 1 mm of
width, a total length of 150 + 2 mm, and 25 channels of 2 x 2 mm each
(Fig. 1a and b). The support and the intermediate layer have pore sizes of
15 ym and 60 nm, respectively, no cracks or pinholes, and a smooth
surface. This support is made for submerged outside-in filtration, being
able to operate in a pH range from O to 14 and temperatures up to
800 °C, according to the manufacturer.

2.1.2. Zr/Ti sols preparation and coating

A modified colloidal sol-gel process (Fig. S.1) was used to fabricate
the photocatalytic ultrafiltration membrane. In a beaker, Ce
(NH4)2(NO3)e (CAS 16774-21-3, >98.5%, Aldrich) was dissolved in 2-
propanol (CAS 67-63-0, >99.5%, Sigma-Aldrich). Next, titanium iso-
propoxide Ti(OCH(CHs)2)4 (CAS 546-68-9, 97%, Sigma-Aldrich) and
zirconium propoxide Zr(OCsH7)4 (CAS 23519-77-9, 70%, Sigma-
Aldrich) were added to mixture. The hydrolysis and peptization of
these alcoxides were carried out with the addition of HNO3 (CAS
7697-37-2, 65%, Sigma-Aldrich) under strong stirring. This system was
brought to ebullition and kept under reflux until a completely trans-
parent bluish sol was obtained. Yttrium nitrate (Y(NO3)3.6 HoO) (CAS
13494-98-9, 99.8%, Sigma-Aldrich) was then added to the sol. Part of
this sol was dried and the resulting gel calcined for characterization.
Next, AEROXIDE® TiO, P25 powder (Evonik, Germany) was dispersed
into this sol by ultrasonication. A temporary binder, based on polyvinyl
alcohol (PVA), was added to adjust the coating fluid viscosity, control
the infiltration of the coating into the support, and increase the strength
of the green body (membrane layer before sintering). Unsupported
membranes were obtained by the dried coating fluid after calcination at
different temperatures (400 <T < 700 °C).

The Ce-Y-ZrO,/TiO5 top layer was fabricated by dip coating the
ZrOy/SiC supports into the coating fluid for a determined interval of
time. The green membrane was dried overnight at room temperature

Table 1
Phase composition, crystallite size, and band gap (E,) of the unsupported membrane (Ce-Y-ZrO,/TiO; +TiO, P25) fired at different temperatures.
Firing temperature (°C) ZrO, TiO, Anatase:Rutile Crystallite size (nm) Eg (eV)
Tetragonal (wt%) Anatase (Wt%) Rutile (wt%) t-ZrO, a-TiOy
T-50 Amorphous 88 12 7:1 - 33 -
T 18 72 10 7:1 7.0 40 25/31
T + 50 18 72 10 7:1 7.3 48 2.4/3.0
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Fig. 5. Tauc’s plot (F(R)*®) for the UV-vis diffuse reflectance spectroscopy of the fired (a) Ce-Y-ZrO,/TiO, gels and (b) unsupported membranes. (c) Zeta potential of

the unsupported membranes fired at different temperatures.

and kept 1 h in a drying cabinet at 40 °C. A second dip coating and
drying cycle was performed, and the green membranes were sintered in
air in three different temperatures with a heating rate of 1 °C min™}, in
order to minimize the crack formation. Own to confidentiality issues, the
three different sintering temperatures were reported as T-50, T,
T 4 50 °C, with T in the range between 400 and 700 °C.

The obtained sol, fired gel, coating fluid, and unsupported mem-
brane were characterized in terms of phase composition, particle size,
zeta potential and UV-Vis absorption. X-rays diffraction (XRD) patterns
were obtained with a diffractometer PW3040/60 X'Pert PRO MPD
(Malvern Panalytical, Netherlands), operating at 45 kV, 40 mA, with a
Cu Ka radiation source (. = 1.5418 A) and a Bragg Brentano geometry
over the range 10°< 20< 80°. Particle size analysis and zeta potential
measurements were performed on a Zetasizer Nano ZS (Malvern Pan-
alytical, Netherlands) using principles of laser Doppler velocitometry
and phase analysis light scattering (M3-PALS technique). 0.1% w/v
suspensions were prepared, their pH adjusted with HCI or NaOH solu-
tion, and then ultrasonicated for 10 min before the analysis. Diffuse
Reflectance Spectroscopy (DRS) data were recorded in the 200-800 nm
range using a Cary 5000 spectrometer (Agilent, CA, USA), coupled with
an integration sphere for diffuse reflectance studies, using a Cary win-
UV/scan software. A sample of PTFE with 100% reflectance was used
as the reference. The optical band gap energy has been calculated from
the Tauc plot.

2.2. Membrane characterization

The morphology of the developed membranes was analysed by
Scanning electron microscopy (SEM) using a microscope EVO 50 XVP
(ZEISS, Germany) with a LaBg source, equipped with detectors for
backscattered electrons, secondary electrons collection, and energy
dispersive X-ray Spectroscopy (EDS). SEM micrographs were obtained
after sputtering samples with a 10-15 nm thick gold film.

Filtration experiments were carried out in a pilot scale filtration unit,
which consists of a feed tank, a recirculation pump, a vacuum pump, and
a membrane module, as schematically shown in Fig. 2. The recirculation
pump ensures a continuous cross flow outside the membrane, while a
vacuum pump applies the transmembrane pressure to drive the filtration
and collect the permeate from the internal membrane channels. The
membranes were placed in a 5 L module with the top side open. First,
the permeability of the membrane was measured using pure deionized
water to evaluate its performance at different transmembrane pressures.
The permeate flux was measured gravimetrically. Then, 50 L of feeds
with different solutes were filtered to evaluate membrane performances
in terms of rejection. These experiments were run at a constant trans-
membrane pressure of 1 bar, and cross flow of 240 L h~?! for 15 min.
Samples from the feed and permeate were taken at the beginning and
during the experiments. Considering that it was expected to obtain an
ultrafiltration membrane, it was selected for the retention study: three
proteins (hemoglobin, bovine serum albumin, and whey protein) with
different molecular weights; indigo blue, a dye present in many indus-
trial wastewaters; and humic acid, a model compound for natural



F.E. Bortot Coelho et al.

(@)

Journal of Environmental Chemical Engineering 9 (2021) 106671

Fig. 6. Surface of the photocatalytic top layer sintered at the temperatures of (a,b,c) T and (d,e,f) T + 50 °C, at the magnifications of (a,d) 1.5k, (b,e) 5.5k, and (c,f)

10k. TiO, P25 dosage= 2%wt.

organic matter in the water and a model foulant.

For the experiments of polyethylene glycol (CAS 25322-68-3,
Sigma-Aldrich) retention, solutions containing 1 gL™! of PEG with
molecular weights of 3, 8, 20, 35, 100, and 200 kg mol ! were filtered.
For humic acid (CAS 1415-93-6, Sigma-Aldrich) and indigo blue (CAS
482-89-3, Sigma-Aldrich) the initial feed concentration was 20 mg L,
while for bovine serum albumin (CAS 9048-46-8, >98%, Sigma-
Aldrich), hemoglobin from bovine blood (CAS 9008-02-0, Sigma-
Aldrich) and whey protein from cow milk (>11% protein basis,
Sigma-Aldrich), 1 g L™ was used. In all the tests, the initial pH was
adjusted to 7, with solutions of HCl and NaOH.

The PEG and proteins concentration in retentates and permeates
were determined by size exclusion chromatography (SEC) using an

isocratic Agilent 1100 pump (Agilent, CA, USA) equipped with an
evaporative light scattering detector ELSD D 2000 (Mandel Scientific,
Canada). A gel permeation chromatography (GPC) column
(300 x7.8 mm) PolySep-GFC-P 4000 (Phenomenex, CA, USA) was used
with water as the mobile phase, flow rate of 1 mL min~!, and injection
volumes of 20 pL. The concentrations of humic acid and indigo blue
were determined considering the absorbance of the samples at 254 and
660 nm, respectively, measured with the UV-vis spectrophotometer
Cary 50 (Agilent, CA, USA).
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3%wt TiO, P25

Fig. 8. SEM images of the photocatalytic membrane (a) surface, (b) surface at higher magnification, and (c) cross-section showing the SiC support, the ZrO, in-
termediate layer, and the Ce-Y-ZrO,/TiO, top layer. (d) EDS elemental mapping of the cross section of the membrane.

2.3. Photocatalytic tests

2.3.1. Batch experiments and filtration with recirculation

The photocatalytic activity of the developed membrane was firstly
evaluated in batch tests. For that, a membrane piece (4 cm length by
4 cm width) was placed into a 250 mL beaker containing 50 mL of an
aqueous solution with 10 mg L™! of phenol or humic acid. This system
was then placed in a sunlight simulator SunTest XLS+ (Atlas-Ametek, IL,
USA), located in Plataforma Solar de Almeria-CIEMAT (Almeria, Spain),
and irradiated by a xenon lamp, with a daylight filter, that provided a

total light radiation of 365 W m~2 (300-800 nm), of which 30 W m~2
was UV radiation (300-400 nm), under continuous ventilation to keep
the temperature at 25 °C. Samples were collected in specific intervals.
HA and phenol quantification were determined, respectively, by UV-
spectroscopy, as described above, and by ultra-performance liquid
chromatography (UPLC). For that, a UPLC 1200 device (Agilent, CA,
USA), with a UV-DAD detector and a Poroshell 120 EC-C18 column
(3.0 x 50 mm) was used. The eluent was 95% water with 25 mM of
formic acid and 5% acetonitrile at 1 mL min~. The injection volume
was 100 pL at a temperature of 30 °C. Samples were filtered through a
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Fig. 9. (a) PEG retention of the photocatalytic membrane and their correspondent pore diameter calculated by Eq. 1. (b) Pure water flux of the membrane at different

transmembrane pressures (TMP).

Table 2
Retention of selected compounds for the filtration at 1 bar with the photo-
catalytic membrane. Initial feed concentrations: 20 mg L™* for humic acid, in-
digo blue, and 1 gL' for bovine serum albumin, hemoglobin, and whey
protein.

Compound MW (kDa)  Isoelectric point Charge at Retention
[36,84,86,87] pH7 (%)

Humic Acid 47 -304 3 negative 100

Indigo blue 0.262 N.A. neutral 100

Bovine Serum 66 4.7 negative 92
Albumin

Hemoglobin 64.5 5-7 negative 87

Whey protein 14-150 4.5 negative 87
(milk)

hydrophobic PTFE 0.2 uym (Millipore, MA, USA) syringe filter prior to
analysis. In order compare the activity of the photocatalytic membrane
with the photo-Fenton reaction and the possibility to combine both
processes, a series of experiments was carried out under the same con-
ditions described above, except in the tests with phenol combined to: (i)
Fe?t, as a negative control experiment; (ii) Fe?* and Hy0,, a homoge-
neous photo-Fenton reaction; (iii) Fe2* and the photocatalytic mem-
brane. In these experiments, the HyO» concentration was 50 mg LY
while the Fe?>" concentration was 5.5 mg L’l, added as iron(Il) sulfate
heptahydrate (FeSO4.7 H20, CAS 7782-63-0, Sigma-Aldrich, >98%).

In the photocatalytic experiments with recirculation of the permeate,
the filtration set-up showed in Fig. 2 was used, with the membrane
module placed inside the solar simulator chamber described above. The
initial feed volume was 5 L and the concentrations of phenol and humic
acid were 10 mg L™} in both cases. Samples of the retentate and
permeate phases were collected and analysed by the same above-
described procedures.

2.3.2. Anti-fouling assessment by humic acid filtration

The fouling behaviour of the photocatalytic membrane was investi-
gated by filtering solutions of humic acid (20 mg L™}, pH 5) in con-
centration experiments (no recirculation of the permeate) with the set-
up, schemed in Fig. 2, placed inside a solar simulator described in the
sub-Section 2.3.1. For that, the permeate flow and the HA concentration
were measured during filtration. Four types of experiments were per-
formed to investigate the membrane fouling. First, it was carried out
separately the filtrations in the dark and under light irradiation. Then, a
test with 1 h intervals of filtration in the dark combined with 1 h of light
irradiation was carried out. In the last experiment, the filtration was
performed initially under dark, until the membrane was fouled; then,
the filtration was continued under light irradiation. After each experi-
ment, the membrane was cleaned with a NaOH solution (pH 10), then

with an HCl solution (pH 3), and finally rinsed exhaustively with
distilled water. This procedure was performed only to guarantee the
same initial conditions, the developed membranes should be self-
cleaning under light irradiation, which means that in an actual opera-
tion, the chemical cleaning is avoided or performed less frequently
compared to non-catalytic membranes.

3. Results and discussion
3.1. Characterization of the Zr/Ti sols

A homogeneous and defect-less top layer is the basic premise for
achieving a selective and high-quality ceramic membrane. To this aim,
the coating sols were optimized to avoid the zirconia phase trans-
formation from monoclinic to tetragonal, since the volume variation in
this transformation can easily generate cracks during membrane sin-
tering [57]. Yttrium and titanium were therefore added to the zirconia
sols as doping elements to stabilize the ZrO, tetragonal phase. These sols
were dried, and the resulting gels were calcined at the temperature T,
being T in the range 400-700 °C. Analysing the X-ray diffractograms of
the unsupported membrane (Fig. S.2), the pure Ce-ZrO, sample pre-
sented 90%wt of the monoclinic and 10%wt of the tetragonal phases. By
adding 20%mol of Ti into the Zr sols, Ce-ZrOy/TiOy (Zr:Ti=8:2), the
tetragonal phase increased to 30%wt and TiO2 patterns was not
observed in the XRD diffractogram, as reported elsewhere [50]. It is
known that the addition of Ti, up to 40%mol, to Zr sols results in the
formation of a solid solution of Ti into zirconia crystals, favouring the
tetragonal polymorph [47]. In order to fully stabilize the tetragonal
zirconia phase, yttrium was added to the Zr/Ti gels (Fig. S.2) achieving a
final concentration of 8%mol Y503, as described in the literature for
producing tetragonal yttria-stabilized zirconia (YSZ) [57], which can be
heated up to 1000 °C without any phase transformation [58].

Therefore, to fabricate the photocatalytic membrane, the sol with a
Zr:Ti molar ratio of 8:2 and with 8%molar of Y03 was chosen. The
particle size analysis of this sol (Fig. 3) indicated nanosized particles
between 2 and 10 nm, adequate for producing small pores ultrafiltration
membranes. However, since the ZrO, intermediate layer on the SiC
support has a pore size of 60 nm, it was required to add 2%wt of TiOq
P25 nanoparticles to the coating fluid in order to avoid its excessive
infiltration into the support void spaces. Moreover, the addition of solid
particles into the gel network allows increasing strength and ductility of
the supported layer, avoiding the gel to crack during the drying and
early stage of sintering [55]. As shown in Fig. 3, the addition of TiO5 P25
particles led to the formation of agglomerates of 100-1000 nm of
diameter, as expected for dispersions in water [59].

In order to investigate the effect of sintering temperature on the
phase composition, the optimised mixture of Ce-Y-ZrO5/TiO3 sol and the
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Fig. 10. Degradation of phenol in (a) batch experiments and in (b) filtration with recirculation. Initial phenol concentration Co = 10 mg L™*, pH 3. Degradation of
humic acid in (c) batch experiments and in (d) filtration with recirculation. Initial HA concentration 20 mg L™, pH 5.

dried coating fluid were calcined in three different temperatures in the
range from 400° to 700°C, reported as T-50, T, and T + 50 °C due to
confidentiality issues. The XRD analysis of the obtained unsupported
membranes (Fig. 4) indicated that the complex system affects the normal
behaviours of the single components as described in the following. a) It
is known that the presence of Ti causes the increase of zirconia crys-
tallization temperature from 400° to 550°C [47,50], which allows sin-
tering the material at higher temperatures without losing the small
pores. In fact, a firing temperature of T-50 °C was not high enough to
promote the crystallization of zirconia. b) TiO, was present with both
polymorphs, anatase and rutile, for all the tested firing temperatures,
nevertheless, as it can be seen in Table 1, the ratio between anatase and
rutile phases for all firing temperatures was 7:1, higher than the raw
AEROXIDE® TiO, P25 ratio of 4:1 [60,61], suggesting the firing process
of the complex system favoured the phase modification from anatase to
rutile (thermodynamically stable polymorph) but avoiding the complete
transformation expected for T > 600 °C [62], probably for a sort of
stabilization effect carried out by Zr presence [47,63]. At the end of
these experiments, the temperature of T-50 °C was discarded since it

was not enough to promote the crystallization of the zirconia phase,

required for the photocatalytic activity. In Table 1, it can also be

observed that in the unsupported membrane (Ce-Y-ZrO2/TiO2 +TiO5
P25) the Zr:Ti molar ratio, which was 8:2 (8.6:1.4 in weight) in the Zr/Ti
gel, went to 1.2:8.8 (1.8:8.2 in weight).

The optical characterization of the fired Ce-Y-ZrOo/TiOy gels
(Fig. 5a) was used to estimate the band gaps of these samples though a
Tauc’s plot. Two band gaps were observed, one around 2.5 and the other
around 3.6 eV. The first one can be explained by the cerium presence, as

Ce promotes a red shift of the absorption within the visible region, as
reported for Ce-doped zirconia [53] and titania [64]. The addition of a
small amount of cerium introduces intra band gap states that act as a
bridge between the valence and the conduction band of zirconia,
allowing the absorption of low-energy photons in a double jump
mechanism [53]. This shift reaches the visible-light region allowing this
photocatalyst to work efficiently under solar light or visible LEDs irra-
diation [65,66]. The band gap around 3.6 eV is explained by the fact
that the addition of Ti to the ZrO5 gel reduces the pristine zirconia band
gap (c.a. 5.0 eV [51]) due to the inclusion of Ti ions into the ZrO, lattice
[67].

Regarding the unsupported membranes (Ce-Y-ZrO,/TiOy gel with
TiO5 P25 nanoparticles), their optical behaviour is shown on Fig. 5b.
Again, two values of band gap were observed, one around 2.4-2.5 eV
caused by the Ce-doping, and another one around 3.0-3.1 eV, which
correspond to the values of titania anatase (3.2 eV) and rutile (3.0 eV)
[68]. The band gap of zirconia was not observed, probably because TiO5
P25 particles hide the ZrO, signal, the unsupported membranes contain
around 80%wt of TiOs.

From the zeta potential measurements of the unsupported mem-
branes (Fig. 5¢), it can be observed that the isoelectric point of these
powders is between 3.5 and 5.5, corresponding to the values expected
for Ce-ZrOo, 3.5 [52], and TiO,, 3.5-6.5 [69]. The isoelectric point
moves towards higher pH values when increased the firing temperature
from T to T + 50 °C. It is known that for TiO, nanoparticles synthetized
by a sol-gel route [70], residual carbon species from the synthesis forms
carbonate groups at the surface of the mixed oxide that shift its iso-
electric point to lower pH values [71]. Therefore, higher sintering
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temperatures removes these carbonate groups and increase the iso-
electric point. This effect could be considered during the process of
membrane fabrication because the choice of the firing temperature
could allow tailoring the membrane surface charge in two directions:
improving the retention of oppositely charged molecules or improving
the membrane antifouling properties maintaining the membrane at the
same charge of fouling compounds (humic substances are typically
negatively charged) [72]. For our purposes, a firing temperature of T is
preferred to fabricate a membrane with a strong negative charge in a
wider range of pH, but it should be also considered the possible effect of
the temperature on the layer formation. Therefore, the two temperatures
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of T and T + 50 °C will still be investigated in the following.

3.2. Optimization of the coating

Once the unsupported membranes were characterized, the coating
and layer formation processes to fabricate the photocatalytic membrane
were investigated. For that, two sintering temperatures were tested, T
and T + 50 °C. From the SEM images of the obtained membranes
(Fig. 6), it can be seen that at T + 50 °C the top layer presented a
considerable amount of cracks, which even led to the peeling of the top
layer. As shown in Table 1, no phase transformations were observed
after sintering at the temperatures of T and T + 50 °C, but there was an
increase in the tetragonal ZrO, and anatase TiOZ2crystallite sizes,
therefore, the cracks observed at 600 °C were most likely caused by the
dimensional change of the particles in the densification process occur-
ring during the heating. The volumetric shrinking of the top layer gen-
erates tensile stresses that cause the layer to crack [73]. On the other
side, at the sintering temperature of T, the membrane obtained was
crack-free and no peeling was observed, this temperature was thus
chosen for sintering the membrane after deposition of the top layer.

Fig. 7 reports the top layer morphology and thickness obtained with
the dosages of 1%, 2%, 3%, 5%, and 10%wt of TiO5 P25 nanoparticles
added to the coating fluid. The dosage of 1%wt led to a thin layer not
completely homogeneous and this could compromise the separation
capability of the membrane. On the other hand, with 5%wt of TiO,, the
layer was too thick and with cracks, as expected because of the tensile
stresses cause deformation of the layer in the plane and the consequent
spontaneous formation of cracks [74-76]. In addition, the suspension
prepared with 10%wt TiO, nanoparticles was not stable. In conclusion,
the dosages of 1%, 5%, and 10%wt were discarded for the fabrication of
the membrane.

The best membrane, homogeneous and defect-free, was obtained
with 2%wt of TiOy P25 in the coating fluid, therefore this dosage was
chosen for fabricating the top layer.

3.3. Characterization of the membrane

Fig. 8a shows the membrane top layer, as prepared with the opti-
mised parameters. The surface is smooth and without defects, such as
cracks and pinholes. At the higher magnification (Fig. 8b), it is possible
to observe the good sintering of the nanoparticles. In Fig. 8c, the typical
multilayer section of the asymmetric membrane can be observed: the
macroporous SiC support, the mesoporous ZrO, intermediate layer, and
the Ce-Y-ZrO,/TiO2 photocatalytic top layer, which looks uniform and
appropriately joined with the underneath ZrO, layer. The penetration of
the coating fluid into the intermediate layer pores was not significant, as
verified by the EDS elemental mapping of the membrane cross-section
(Fig. 8d), where it is possible to verify the top layer composition and
the homogeneity of the membrane layer, showing a thickness of ~2 pm.

The molecular weight cut-off (MWCO) of the developed membrane
was estimated using the polyethylene glycol (PEG) retention curve
(Fig. 9a), a common procedure for ultrafiltration membranes [77,78].
Therefore, a MWCO of 19 kDa was obtained, which corresponds to the
PEG molecular weight (MW) for which 90% of the molecules are
retained during filtration. The pore size of the membrane can be esti-
mated using a correlation to convert the PEG molecular weight into pore
diameter (Eq. 1)[14,38].

d, = 0.085 - (MW)** @

From this equation, it is possible to conclude that 90% of the pores
(Dgp) of the developed membrane are below 8 nm of diameter and 50%
of the pores (Dsg) are below 5 nm. The estimated average pore size is
6 nm. Based on these PEG retention data, this system can be classified as
an ultrafiltration membrane [1], having pore sizes in the mesoporous
range [55].
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Table 3
Comparison of photocatalytic ceramic membranes.
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Reference Top layer Support (Pore size) Pore size Clean water permeability Photocatalytic test
(nm) (Lm 2h 'bar ) X K
Contaminant Light source
This work Ce-Y-ZrOy/ SiC (15 pm) + ZrO2 6 160 Phenol and Humic Simulated sunlight
TiO, (60 nm) acid (300-800 nm)
Taavoni-Gilan et al. TiO2/ZrO, a-Aly03 + TiOy 4 5 Methyl violet dye uv
[35]
Goei et al. [26] TiO, Al,O03 <10 155 Rhodamine B UV (365 nm)
Goei et al. [27] Ag-TiOy Al,03 N.A. 123 Rhodamine B
+ Bacteria
Mendret et al. [28] TiOy/ Al,03 Al,03 (200 nm) < 200 200 Acid Orange 7
Alias et al. [18] TiO2 Al,03 /SiOy N.A. 50-100 Humic acid uv
Zhang et al. [29] TiO2 Al,03 (200 nm) 50-100 400 Direct Black 168 UV(365 nm)
Zhang et al. [37] Si- TiO, < 60 N.A.
Manjumol et al. [36] TiO, Aly03 (1 um) 11 215 Methylene blue uv

The retentions of selected compounds are shown in Table 2, in which
it is possible to observe the high retentions of humic acid, proteins, and
indigo blue. Since the developed membrane has a MWCO of 19 kDa, the
sieving mechanism, in which compounds with MW higher than mem-
brane pore size are retained on the membrane surface [79], can explain
the good retentions of bovine serum albumin, hemoglobin, and whey
protein. However, the sieving mechanism does not seem to be the only
one driving the filtration process, as small molecules as indigo blue or
the low MW fraction of the humic acid, whose dimensions should be
below the membrane MWCO, are totally retained by the membrane
[23]. Actually, also interfacial interactions need to be taken into ac-
count, namely electrostatic repulsions (charge effect) and hydro-
phobic-adsorptive interactions [80] established between membrane
surface and the solutes to be separated [79]. Indigo blue is a hydro-
phobic compound insoluble in water [81]: its retention is caused by its
strong adsorption onto oxide surfaces [82] and by the consequent for-
mation of a cake blocking the membrane pores [83]. However, the
retention of HA can be explained by sieving effect and by the electro-
static repulsion generated by the negatively charged humic acid [84,85]
and the negatively charged membrane surface at the filtration pH
(Fig. 5¢).

The flux of pure (non-fouling) water was measured at different
transmembrane pressures (Fig. 9b), resulting in a permeability of
160 L m~2 h™! bar™}, similar to the ones reported in the literature for
zirconia/titania non-catalytic membranes: Larbot et al. [88] fabricated
ZrO, membranes with pore sizes from 6 to 10 nm on a-Al,O3 supports,
achieving water permeabilities from 175 to 210 L m~2h! bar~ !, while
Li et al. [55] obtained permeabilities of 128-180 L m 2h~! bar ! with
their TiO2 membranes of pore sizes from 3 to 5 nm on a ZrO, support.

3.4. Photocatalytic activity

The photocatalytic activity of the unsupported membrane (Ce-Y-
Zr0y/TiO + TiOy P25) was evaluated with the photodegradation of
phenol (10 mg L~1) in a solar simulator (Fig. S.3a), following a standard
procedure [30,89,90] taking advantage from the fact that phenol does
not present significant adsorption nor direct photolysis. The experiment
carried out with pure TiO, P25 results in 100% of phenol degradation in
150 min, but the unsupported membrane promotes 70% of degradation
at the same time, confirming the photoactivity of the system. Compared
to these data, the catalytic activity of the membrane measured in batch
experiments at pH 3 and 6 (reported in Fig. S.3b) is much more limited,
nevertheless the results are promising when considering that the mem-
brane fabrication led to the reduction of the surface area available for
the catalytic process. Moreover, the photocatalytic membrane has
several advantages compared to the powdery catalysts, mainly the
elimination of a separation process to recover the photocatalytic nano-
particles dispersed in water [66,91].

The mechanism governing the photodegradation of organic com-
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pounds with TiO; has been extensively described in the literature [92,
93], whereas only few works deal with the explanation of Ce-ZrO ac-
tivity [51,53,94], but in all cases, the semiconductor oxides (Ce-ZrO, or
TiO») absorb photons promoting the photo-induced h*/e” charge sepa-
ration. Once formed, valence band holes (h™) can undergo three re-
actions: i) directly oxidize organic molecules (Eq. (2)); ii) oxidize HoO
molecules generating *OH radicals (Eq. (3)); iii) oxidize -OH groups
adsorbed in TiO2 surface to produce *OH radicals (Eq. (4)). Once formed,
the hydroxyl radicals successively oxidize the organic molecules at the
catalyst surface. The superoxide anion radicals (*O2), generated by
photo-induced electrons (e") in the valence band, could also participate
in degrading the organic compounds [52].

h* + organic molecule — oxidized product 2)
H,O+ hj,—~*OH+ H* 3
~Ti— OH + hj,— —Ti* + *OH @)

A possibility to accelerate the contaminants abatement by increasing
the production of reactive *OH species is to irradiate the TiO5 present in
the membrane [95], which promotes the in-situ generation of hydrogen
peroxide that, in the presence of Fe*2 jons, catalyses phenol degradation
reaction, in a photo-Fenton process (Egs. (5-7)).

Fe’* + H,0, »Fe** + OH™ + *OH (5)
Fe’* + H,0, »Fe** + H' +*0,H 6)
Fe** + H,0 S Fe** + H* + *OH %)

As it can be seen in Fig. 10a, a great increase of phenol degradation
was observed adding Fe 2 ions to the phenol solution. In this condition,
the generated HO5 catalyses the phenol degradation by reacting with
Fe?* ions to generate *OH radicals [96], while Fe>* ions are reduced to
FeZ* completing the Fenton cycle [97]. As a positive control experiment,
a homogenous photo-Fenton experiment (Fe?"+H,0,) without the
membrane, resulted in a fast phenol degradation, as expected [32]. On
the other hand, in a negative control experiment, no phenol degradation
was observed in the test with only Fe?* added to the system, since no
H»0; nor photocatalyst was present.

In Fig. 10b, it is shown the concentration of phenol in the feed during
filtration experiments with recirculation of the permeate. Since phenol is
not retained by the developed membrane because of its very small size,
its concentration in the permeate remained constant in the dark filtra-
tion, but when the irradiation started its concentration decreased thanks
to the photocatalytic action of the membrane.

Regarding the degradation of humic acid (HA), in batch experiments
(Fig. 10c), there was no significant adsorption or photolysis, but a clear
effect of the photodegradation carried out by the membrane was
observed. Lower pH values favoured the HA degradation because in acid
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media, ZrO,/TiO, and HA become less negative, reducing the electrical
repulsion between them and, therefore, increasing the HA adsorption
into the catalyst surface, as reported in the literature [52,98].

In filtration experiments with recirculation of the permeate
(Fig. 10d), HA is retained in large amount by the membrane thanks to
the cooperative effect of membrane retention and cake formation, as
demonstrated by the HA concentration decrease with time in the dark
experiment. In the filtration under light irradiation, a higher removal of
HA was observed, confirming the photocatalytic activity of the mem-
brane. In summary, these results demonstrate the potential antifouling
effect of the developed membrane, which is able in degrading efficiently
organic compounds (and retentates) under solar light irradiation taking
advantage of photo-Fenton process.

3.5. Anti-fouling properties

Humic acid (HA) was chosen as a model compound for simulating
the presence of natural organic matter that is a major foulant during
ultrafiltration of surface and wastewater [17,18]. The normalized
permeate flux (J/Jp) measured in HA filtration using the photocatalytic
membrane in the dark and under visible light irradiation is shown in
Fig. 11a. It can be seen that the initial flux recorded in the dark has a fast
decline that continue to reduce slower as the filtration continues. This
trend can be explained considering the fouling caused by the HA
adsorption on the membrane and blockage of the pores, with the for-
mation of a cake- or gel-like layer on the membrane surface, as reported
by other authors [18,99]. This layer could not be removed by water
rinsing and required a chemical cleaning with a NaOH solution. On the
other hand, the experiments carried out under simulated sun light
exhibited a lower flux decline. After 5 h of filtration, the flux reduced to
85% of the initial value (119 L. m 2 h’l), while for the filtration in the
dark the flux was reduced to 60% of the initial one (105 L m 2 h~1) in
the same time interval. This result can be explained considering two
phenomena, both affecting the tendency of the membrane to foul [28]:
the defouling caused by the photocatalytic degradation of HA on the
membrane surface, expected considering the results of the previous
experiments, and causing the decrease of HA in the retentate phase re-
ported in Fig. S.4, and the photo-induced super-hydrophilicity (PSH) of
TiOg [26,27]. In fact, the membrane under light irradiation presents a
higher hydrophilicity that favours higher fluxes and prevents fouling
tendency compared to the membrane in the dark. The fouling effect can
be visually observed by comparing the membrane after the HA filtration
in the dark (Fig. 11b) and under irradiation (Fig. 11¢).

In order to confirm and proof the self-cleaning properties of the
membrane, two operational conditions were tested (Fig. 12): a)
approximately one-hour filtration in the dark alternated with 30 min
irradiation upon simulated sun light in three following cycles, and b) the
filtration carried out in the dark for the first 3 h and then under irradi-
ation for the following 2 h. In the first experiment (case a), a strong flux
decline was observed during the filtration in the dark caused by the HA
fouling. As the membrane was irradiated, the original flux was recov-
ered due to the HA degradation and cleaning of the membrane. In the
second and third cycles of dark filtration and photo-induced cleaning, a
slight decrease of the flux recovery was observed, but always 97% of the
initial flux was reached after irradiation. In the second experiment (case
b), the decrease of the normalised flux witnessed the membrane fouling
observed during the 3h of dark filtration, whereas the irradiation
caused the flux recovery for the higher photo-induced surface hydro-
philicity and cleaning of the membrane caused by the HA
photodegradation.

For comparison, the performances of some ZrO; and TiO UF pho-
tocatalytic membranes reported in literature are listed in Table 3. Apart
some cases, the Ce-Y-ZrO5/TiO, membrane developed in this work
presents advantages with respect to most part of the membranes
described in the list. In fact, in several works the photoactivity of the
membranes was evaluated using dyes, although it is known that they can
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undergo to direct photolysis under UV-light irradiation creating
misunderstanding and wrong evaluations on the real activity of the
membranes [56]. Also, in several cases the use of pristine TiOy implies
the use of UV-light to activate the photocatalyst. Finally, most part of the
membranes present in the list exhibits a lower permeability with respect
to the Ce-Y-ZrO,/TiO2 membrane developed in this work, although
other membranes showed similar pore size range. It seems that most part
of the described advantages derives from the use of SiC as membrane
support as it can enhance the capacity of the active layer. Moreover, the
use of a Ce-doped catalyst allows the use of visible light that favours the
use of solar light for membrane anti-fouling and self-cleaning
applications.

4. Conclusions

In the present work, a photocatalytic Ce-Y-ZrO5/TiO, ultrafiltration
membrane on ZrO,/SiC supports was successfully prepared by a modi-
fied sol-gel process. The top active layer was uniform and defect-free
with a thickness of 2 um. Its composition was tetragonal zirconia,
anatase and rutile titania. The membrane presented a MWCO of 19 kDa,
equivalent to an average pore size of 6 nm, and a high clean water
permeability, 160 L m~2 h~! bar™!. High retention of proteins (bovine
serum albumin, whey protein, and hemoglobin), indigo dye, and humic
acid were achieved, favoured by the high hydrophilicity and negative
surface charge of the membrane. In photocatalytic experiments, the
developed membrane was able to degrade phenol and humic acid under
simulated sunlight irradiation. In humic acid filtration tests, the mem-
brane presented better anti-fouling properties (smaller flux decline) and
higher permeate flux under irradiation compared to the filtration in the
dark, as a result of the HA photodegradation and the light-induced
super-hydrophilicity of the TiO, top layer. Consequently, the mem-
brane can operate longer without chemical cleaning, reducing the
operational cost, and the process footprint. In addition, the membrane
presented self-cleaning properties, being able to recover up to 97% of
the original flux by exposing the membrane to simulated sun light. In
conclusion, these results point out the relevance in deepening the in-
vestigations in developing applications of the photocatalytic membranes
in innovative treatments for dinking and wastewaters by combining
filtration and advanced oxidation processes for the abatement of con-
taminants of emerging concern in the presence of natural organic
matter.
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