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To my grandparents

“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”
Marie Sklodowska Curie
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INTRODUCTION

Water is the most precious resource in the world. It is essential in every aspect 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], especially with the uncertainties of
climate change [3]. In addition, a class of recalcitrant pollutants, previously undetected and thereby
unregulated for many years [4], represents a great risk to human health. They are called
contaminants of emerging concern (CECs) and are usually present in low concentrations, including
pharmaceuticals, pesticides, veterinary drugs, flame retardants, personal care, and household
products [5]. CECs have potential harmful human and ecotoxicological effects, such as the
endocrine disruption caused by bisphenol A and nonylphenol [6]. Additionally, at the wastewater
treatments plants (WWTPs), traditional treatments such as activated sludge and sand filters, may
not efficient in fully eliminating many of these compounds [4]. In this way, tertiary treatments
should be designed targeting specifically the CECs removal. Among these treatments, Advanced
Oxidation Processes (AOP), such as ozonation, have been successfully applied in the degradation
of numerous pollutants in drinking and waste waters treatment plants [7—9]. AOPs generate
reactive oxygen species (ROS), such as hydroxyl radicals (*OH), which are strong oxidants able
to degrade refractory pollutants into inorganic molecules [10]. Among several AOP, Fenton
process is an efficient Fe-catalysed decomposition of oxidant H>O, into *OH [34], while
photocatalysis is based on the generation of ROS upon light absorption by a semiconductor catalyst
[22,35]. In the photo-Fenton process, the organics degradation is enhanced by light irradiation,
which promotes the catalyst regeneration by the photo-reduction of Fe3* to Fe?*[34]. Another
approach is to use photocatalysis to generate H.O, and promote the Fenton reaction by adding Fe*?
to the system [36]. Besides the AOP advantages, these processes may have their selectivity and
efficiency affected by the presence of organic matter and inorganic salts in the water matrix [4,11].

Considering the foregoing, the world urges for sustainable, cost-effective, and reliable
methods for drinking water purification and wastewater treatments [12,13]. In this way, membrane
filtration attracts great attention due to its high throughput and high quality permeate [14], which
made this technique applied in several processes such as wastewater treatment and drinking water
production [15]. Compared to traditional technologies, membrane filtration has many advantages
such as little or no chemical requirement, ease of operation, and modular construction, allowing
its easy upscale [16,17]. However, there are still some challenges to overcome, such as membrane
fouling and elevated energy consumption in nanofiltration (NF) and reverse osmosis (RO) systems
[18].



Polymeric membranes have been dominant in water treatment [19] but their poor long-term
stability limits their application [1]. On the other hand, ceramic membranes present excellent
mechanical, chemical, and thermal properties compared with traditional polymeric membranes
[20], which allows them to operate in a wide range of pH, elevated temperatures, and with organic
solvents. Moreover, these membranes can be backwashed and regenerated under harsh cleaning
conditions, resulting in a longer lifetime and lower costs [1,21]. Furthermore, the higher
hydrophilicity and porosity of ceramic membranes result in higher fluxes at low pressures and
lower fouling tendency compared to the polymeric ones [19,22,23]. Therefore, ceramic
membranes are technically suitable for challenging water purification processes [24] and harsh
environments [25] in order to be applied, for instance, to textile, metallurgy, and pharmaceutical
wastewater treatment, humic-rich surface water purification [26], oil/water separation, food and
beverage industry [27], corrosive feeds [28], and aggressive solvents [24].

Ceramic membranes can be divided in two groups, isotropic and asymmetric. When the
separation layer cannot be distinguished in the direction of the membrane thickness, the membrane
Is symmetric or isotropic [19]. These membranes have a homogenous composition being made of
a single material. On the other hand, asymmetric membranes consist of a coarse support covered
by one or more intermediate layers with decreasing pore size, as shown in Fig. 1. The top layer
usually is a denser active layer, responsible for the separation [25,29]. The support and
intermediate/top layers can be made of the same material, or they can have different compositions,

which is usually typical of asymmetric composite membranes.

Water, monovalent ions

Nanofiltration [10—1nm \ |

" layer Multivalent ions
Large molecules

2° :oo:otzo.nu 0000 00g 00

X RE Ultrafiltration [0.1-001pum| | |

®e00

o ..z J layer Viruses

[ : 5
o - Small colloids

| Microfiltration [10-0.1um O\ \ |

: ﬂ
. ) ?@ layer
’ ' 7 Bacteria/Algae
- \ \ \Y‘ Suspended solids
; ; Q — Support

Fig. 1. General structure of asymmetric ceramic membranes showing the correspondence between

each layer pore size with their retention properties and application range.

Traditionally, ceramic membranes applied in filtration processes are made mainly of
alumina (Al203), silica (SiO>), zeolite, mullite, and other oxide mixtures [19,27], because these
materials have good cost-effectiveness, homogeneous pore size distribution, and flexibility to
tailor the required porosity [30]. Nevertheless, the practical application of these membranes has a
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limitation, mainly because of the insufficient chemical and thermal stability of SiO2 and Al.Os
under corrosive and aggressive conditions such as very low or high pH and hydrothermal
environments [31,32]. For these reasons, the development of new membranes based on refractory
materials, such as zirconium dioxide and silicon carbide, are of ultimate relevance.

Zirconia (ZrOy) is a promising material for membrane applications owing to its several
advantageous properties. First, it can work at high temperatures [18], being applied for hot gases
separations, membrane reactors, and solid-state fuel cells. Second, it has a high chemical stability
that makes it suitable for conditions where silica and alumina membranes fail [33-35], especially
in strong alkaline media [36], allowing severe cleaning and disinfection of ZrO, membranes [37].
Third, zirconia has a high hydrophilicity [21,33], which leads to membranes with high water fluxes
and low fouling tendency during water treatments [1]. Considering these properties, the use of
ZrO2, membranes in macrofiltration (MF) and ultrafiltration (UF) processes have been
demonstrated in several pilot-scale studies for wastewater treatments [33], oil-water separation
[38,39], and filtration in the presence of aggressive solvents, high salinity, radioactive [28] and
heavily contaminated feeds [24,40], and under hydrothermal conditions [31].

Besides zirconia advantageous properties, fabricating membranes with this material
presents some challenges that hinder its development, such the difficulty in obtaining a defect-free
active layer with small pores [34]. Avoiding cracks in the top layers is quite challenging as it is
closely related to the phase transformations experienced by zirconia during the membrane
fabrication process. Pure ZrO», in fact, presents three crystalline forms: monoclinic, tetragonal,
cubic. The change from tetragonal to monoclinic phase occurs around 1173 °C, while the
symmetric cubic phase forms at temperatures above 2370 °C [18,36], and the phase transition from
monoclinic to tetragonal zirconia implies large volume variation of the crystalline cells (~4-9 %)
which causes crack formation during the sintering at high temperature necessary for membrane
fabrication.

In order to avoid the cracks, the tetragonal or cubic polymorphs are stabilized by doping
zirconia with yttria (3-10 %mol Y203), calcium oxide (12-13 mol% CaO), magnesium oxide
(MgO), or rare-earth oxides (8-12 mol%), such as Yb203, Nd2O3, and Sm>03[41]. Among all, the
most commonly used material, yttria stabilized zirconia (YSZ), is known for its high strength and
fracture toughness [42], combined with an elevated corrosion and temperature resistance, even
under hydrothermal conditions[31], being adequate for gas separation [43], pervaporation [44],
solvent filtration [45], and highly acid or basic feeds [46].

Although extensive studies have been performed on the preparation of zirconia layers, most
of them are supported by alumina [16,38,40,47-51], which does not possess the required chemical
and thermal stability, limiting their application [31]. A corrosion-resistant support could be

3



obtained with silicon carbide (SiC), a great alternative to traditional materials [52-54], since it
presents excellent chemical and thermal stabilities in extreme conditions, such as strong alkaline
media or high temperature (600-800 °C) environments [55]. Furthermore, SiC shows low thermal
expansion coefficient, high thermal conductivity and super-hydrophilic properties with a water
contact angle below 5° [12,56], implying low fouling tendency and high permeate fluxes in
wastewater treatment [57]. Even though SiC emerged as an excellent porous support among other
ceramic materials [22,58-60], it is not suitable for UF applications, since pure silicon carbide
membranes usually have pore sizes higher than 0.1 um [13,55,61]. Concerning these aspects, an
asymmetric composite membrane, in which a ZrO2 UF selective layer is coated on a macroporous
SiC substrate, should have the chemical resistance and the water permeability suitable for
producing a high-performance membrane.

If the choice of the materials can improve the stability of the membranes, membrane
technology still has a drawback that needs to be solved for its full development [62-64]: membrane
fouling reduces the system performance and the lifespan of the membrane, increases operation
costs, and decelerates the scale-up to industrial applications [62,65-68]. 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 [69]. The major causes of fouling are the adsorption of feed
solutes, the deposition of particles, the gel formation, and the bacterial growth (biofouling) [69,70].
In surface waters and wastewaters filtration, fouling is caused mainly by the presence of organic
compounds [66], which can be dyes, surfactants, oil, and phenolic compounds [27,39,71], or
natural organic matter (NOM), such as humic and fulvic acids [8,66,72]. When the dissolved
matter is adsorbed onto the membrane surface and/or in the pores, it is considered an irreversible
fouling [73], which usually requires chemical cleaning for recover the original flux of the
membranes [74].

Many strategies were adopted 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
[8,69,75]), and others focused on the membrane modification, such as functionalization with
polymers [76], nanoparticles [64], and catalysts [27,77]. This functionalization could act by two
different mechanisms. Traditionally, it was applied to modify the charge and hydrophobicity of
the membrane surface, preventing the adsorption/adhesion of fouling substances [17,64,72,78—
80]. In a more recent approach, membrane functionalization can add a catalytic layer, which is
responsible for the degradation of organic compounds, which prevents the fouling [81]. Among
the catalytic process available, photocatalysis is one of the most promising one thanks to the
possibility of using solar light and the for the high mineralization efficiency, which ideally

produces carbon dioxide, water, and inorganic mineral ions as final products [82].



Recently, great achievements have been reported for photocatalytic ceramic membranes
with not only anti-fouling and self-cleaning properties [83-86] but also serving additional
functions, such as disinfection [84] and pollutant degradation [87]. Mendret et al. [85] observed
that UV irradiation prevented flux decline in the filtration of the dye Acid Orange 7 with their
photocatalytic TiO2/Al20s membrane (pore size smaller than 0.2 um) prepared by a sol-gel route.
However, in their work and in many others reported in the literature [87—89], the photocatalytic
layer was not responsible for the separation process because the catalyst particles were only stably
immobilized on the membrane. This is explainable considering the challenges to overcome in
fabricating a homogeneous and defect-free separation layer with small pore size without losing the
catalytic activity of the employed material [90]. Even though, several authors were able in
fabricating ceramic membranes in which the top layer actually acted as photocatalytic and
separation layer [71,83-86,91], for instance, Manjumol et al. [90] developed an AIl-TiO;
ultrafiltration membrane with pore size around 11 nm able in separating and degrading methylene
blue under UV light irradiation. In their study and in the majority of the reports, the active layer
was deposited on macro/mesoporous alumina supports [71,83-92], but, as already mentioned, they
suffered insufficient chemical and thermal stability to operate under corrosive and aggressive
conditions such as very low or high pH values [31,32,36].

Even though titanium dioxide (TiO>) is the most studied and widely applied photocatalyst
[10,88,93], its application in pure TiO2 membranes is very limited, 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 [89]. To overcome these drawbacks, a mixed
TiO2/ZrO oxide was chosen as catalyst for fabricating a new photocatalytic membrane. In fact, it
is known that in a Ti-doped zirconia, the tetragonal phase of ZrO> is partially stabilized and its
crystallisation temperature increases up to 550 °C [94], which prevents crack formation and loss
of porosity during membrane sintering [95], allowing the formation of a homogeneous separation
layer with smaller pore size and higher catalytic activity than those exposed by the pure oxides
[89,96,97].

In addition, pure titania requires photons in UV frequencies to promote the electron-hole
charge separation (i.e., excitation from the Valence band (VB) to the Conduction band (CB),
separated by about 3.2 eV): this practically excludes the possibility of using sunlight as an energy
source for pristine TiO.. To overcome this limitation, several modifications of TiO2 have been
studied, such as its doping with transition-metal ions [98], non-metal atoms [99], or supported
metal nanoparticles having plasmonic effects [100]. Also coupling two different semiconductors
resulted successful [101]. All these systems constitute the second-generation photoactive materials
based on titanium dioxide. On the other hand, semiconductors with higher band gap values imply
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higher electrochemical potentials of excited electrons and holes, which can lead to more effective
photocatalytic activity [102]. Therefore, the continuous pursuit of active photocatalysts that work
under visible light has addressed the research to the development of a third generation of materials
not based on TiO2[15,103]. Zirconium dioxide has been rarely applied in photocatalysis because
of its wide band gap (ca. 5.0 eV), although some reports are available concerning photo-oxidation
of chemicals [104-106] and water photosplitting [107]. On the other hand, the band energy levels
of ZrO; are suitable for photocatalytic applications because the lowest potential of the CB is —1.0
V (vs. normal hydrogen electrode (NHE), pH 0), much more negative than that of TiO anatase
(—0.1 V), whereas the highest potential of the VB is +4.0 V, more positive than that of TiO2 (+3.1
V). Therefore, ZrO; energetic photo-induced electrons and holes are able to generate reactive
oxygen species (ROS), with a great potential to degrade organic compounds or to oxidize directly
the organic molecules [108]. Recent works from our group [108,109] demonstrated doping ZrO-
with cerium can introduce intra band gap states between zirconia VB and CB, allowing the new
catalyst to absorb visible light through a double jump mechanism. These findings were relevant,
since they indicated that solar light could be used as light source for the cerium-doped zirconia
(Ce-ZrOy) photocatalytic degradation of organic compounds [102,110]. Such process could then
be applied in the control of fouling by degrading organic fouling molecules, such as humic like
substances, but also degrading contaminants of emerging concern, which would have important
environmental implications.

The main purpose of this thesis is to develop a new photocatalytic membrane, based on
cerium-doped zirconia (Ce-ZrOz) on macroporous silicon carbide (SiC) supports, with improved
anti-fouling and self-cleaning properties as well as able to remove contaminants of emerging
concern. Considering that no preceding study has specifically explored the fabrication of
photocatalytic membranes on SiC supports, the present work is highly innovative and with a
potential impact on membrane technology and water treatment field.

This thesis is organized in 4 chapters, as schematised in Fig. 2.
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Fig. 2. Flow chart of the thesis structure.

In the first chapter, prior to the fabrication of the photocatalytic membrane, it is evaluated
whether the Ce-ZrO; catalyst is efficient in the degradation of humic acid (HA), a model foulant
for natural and waste waters. In order to test that aspect, the catalyst synthesis conditions and the
mechanism of HA photodegradation using the catalyst as a suspended nanopowder were
investigated. In the second chapter, the immobilization of the catalyst on a support and whether
the catalyst activity was affected by the immobilization process were discussed. For that purpose,
the removal by photoreduction of Cr(VI1) from galvanizing industry effluent using immobilized
photocatalyst Ce-ZrOg, in the presence of HA, was described. In chapter three, own to the large
pores of the silicon carbide support chosen to fabricate the photocatalytic membrane, a zirconia
intermediate layer was firstly deposited on the SiC support. With that, a novel ZrO/SiC
ultrafiltration membrane was obtained, fully characterized and tested under real application
conditions in the oil/water separation. In the fourth and last chapter, the preparation of the Ce-
ZrO2 photocatalytic membrane by a sol-gel technique on the ZrO»/SiC matrix was studied. Several
parameters were investigated for optimizing the catalytic layer of the photocatalytic membrane.
The retentions of several compounds of interest were measured. Next, the membrane was tested
in the degradation of HA and phenol, as well as in the prevention of fouling in the HA filtration

under simulated solar light.



1. PHOTODEGRADATION OF HUMIC ACID USING Ce-ZrO, CATALYST

Part of the work described in the present chapter has been previously published in:

Bortot Coelho, F.E.; Gionco, C.; Paganini, M.C.; Calza, P.; Magnacca, G. Control of Membrane
Fouling in Organics Filtration Using Ce-Doped Zirconia and Visible Light.
Nanomaterials 2019, 9, 534. https://doi.org/10.3390/nan09040534

1.1. Introduction

Ceramic membranes fabricated with photocatalyst materials present not only anti-fouling
and self-cleaning properties but also serve multiple functions such as degradation of pollutants and
disinfection [27,111]. Traditionally, titanium dioxide (TiO2) has been the most studied and widely
applied catalyst [10,88,93] due to its unique photocatalytic activity and stability [112].

In the present chapter, it was studied the photodegradtion of humic acid using the catalyst
Ce-doped ZrOg, synthesised by hydrothermal and sol-gel processes. The nanopowders obtained
were then characterized in terms of crystal structure, morphology, surface area, porosity, surface
charge, light absorption, photo-induced charge separation, and ROS generation. Next, batch
experiments were performed in order to evaluate the photocatalytic activity of the Ce-ZrO;
nanoparticles dispersed in humic acid aqueous solutions under visible light irradiation. Adsorption
isotherms were determined and the effects of several parameters (e.g., HA concentration, catalyst
dosage, and pH) on HA removal where investigated. Langmuir-Hinshelwood model was used for
kinetic modeling. The changes in spectral properties and in total organic carbon (TOC) were
analyzed, confirming that HA is actually degraded during the photocatalytic process. Finally, a
mechanism for the HA photodegradation is proposed.

1.2. Materials and Methods
1.2.1. Synthesis and characterization of photocatalysts

In the present work, hydrothermal and sol-gel processes were evaluated in order to prepare
zirconia doped with 0.5% molar of cerium. In the hydrothermal synthesis, an aqueous solution 1.0
M of ZrOCl,-8H,0 (CAS 13520-92-8, purity>98%, Aldrich) and 0.005 M Ce(SO4)2 (CAS 13454-
94-9, essay>99,9%, Aldrich) were mixed and kept under stirring at room temperature. Then, the
pH was adjusted to 11 by using an aqueous solution 4.0 M of NaOH. The resulting solution and
the precipitates were then transferred into a 125 mL Teflon-lined stainless steel autoclave, 70%
filled, which was heated at 175 °C for 15 h in an oven. The precipitates were hence centrifuged

and washed three times with deionized water, then dried at 70 °C. This sample was labelled as Ce-
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ZrO2-HYD. For the sol-gel synthesis, 5 mL of zirconium propoxide Zr(OCzH7)s (CAS 23519-77-
9, 70% wt., Aldrich) were mixed with 5 mL of 2-propanol. Then, 28 mg of Ce(NHa)2(NOs)s (CAS
16774-21-3, purity > 98.5%, Aldrich), dissolved in 5 mL of double distilled water, were added to
the first solution to start hydrolysis. The resulting gel was kept overnight at room temperature and
then dried at 80 °C. After aging at room temperature for 10 days, the xerogel was calcined in a
muffle furnace at 500 °C in air for 4 h. This sample was labelled Ce-ZrO,-SG. For comparison,
pure zirconia samples were prepared by the same hydrothermal and sol-gel procedures, without
the addition of cerium, and named ZrO>-HYD and ZrO»-SG, respectively. All aqueous solutions
were prepared using ultrapure water Millipore Milli-Q™. All chemicals were used without further
purification.

Powder X-rays diffraction (XRD) patterns were obtained with a PANalytical PW3040/60
X’Pert PRO MPD, operating at 45 kV, 40 mA, with a Cu Ka radiation source (A = 1.5418 A) and
a Bragg Brentano geometry over the range 10° <26 < 80°.

Nitrogen adsorption-desorption isotherms were obtained (Micromeritics ASAP 2020) for
the determination of surface area, using the Brunauer-Emmett-Teller (BET) model, and pore size
distribution, using BJH model applied on the desorption branch of the isotherms. Prior to the
adsorption run, all the samples were outgassed at 150 °C for 8 h.

Diffuse Reflectance Spectroscopy (DRS) data were recorded in the 200800 nm range
using a Varian Cary 5000 spectrometer, coupled with an integration sphere for diffuse reflectance
studies, using a Carywin-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.

Zeta potential measurements were performed on a Zetasizer Nano ZS (Malvern Instrument)
using principles of laser Doppler velocitometry and phase analysis light scattering (M3-PALS
technique). 0.1% wi/v suspensions of nanoparticles were prepared with a NaCl 0.01 M aqueous

solution and ultrasonicated for 10 minutes before the analysis.

1.2.2. Photocatalytic Experiments

Humic acid solutions were prepared dissolving humic acid sodium salt (CAS 68131-04-4,
Sigma Aldrich, MP > 300 °C) and then adjusting the pH to the desired value using aqueous
solutions of NaOH and HCI.

For the determination of the adsorption isotherms, the zirconia powder was added to the
HA solutions and the pH was then adjusted to 6.5. Then, the mixture was kept stirring in the dark
for 24 h. The initial humic acid concentration ([HA]o) was varied between 5 and 20 mg.L ™! and
the zirconia dosage between 0.1 and 1.0 g.L .



In the photocatalytic experiments, a specific amount of the zirconia nanoparticles was
added to the HA solution in order to achieve the desired catalyst dosage. As a reactor, it was used
100 mL borosilicate glass beaker. The pH was then adjusted to the desired value. Prior to
irradiation, the mixture was kept under string in the dark for 3 hours in order to achieve HA
adsorption equilibrium. Then, the mixture was irradiated with visible light for more 3 h under
stirring, without any injection of gas. Samples were collected in specific intervals of time. The
source of light was a home-built apparatus, consisting of a series of red-green-blue (RGB) LEDs
disposed in a cylindrical support (diameter 11 cm), in which the beaker with the suspension was
placed in the center of the cylinder. The LEDs emission spectrum is composed of tree peaks with
maximum intensities around 455, 530, and 625 nm, all in the visible range. The total power of the
system was 20 W and the irradiance at the center of the cylinder was 30 W.m™2 (measured with
the HD 2302.0 Light meter, Delta OHM). Next, for determining the HA concentration in the
solution, the samples were centrifuged at 11,000 rpm for 10 min. The UV-Vis spectra of the
supernatants were then recorded using the spectrophotometer UVIKON 930 (Kontron
Instruments), in the wavelength range of 200—700 nm. The concentration of humic acid was then
calculated by the UV absorbance at 254 nm. This method has been extensively applied for
determining the HA concentration [81,113-116] and it can be correlated to total organic carbon
(TOC) value through a calibration curve [117,118]. TOC measurements were carried out with a
Shimadzu TOC-VcsH Total Organic Carbon Analyzer, equipped with an ASI-V auto-sampler, and
fed with zero-grade air. The TOC was determined as the difference between total carbon (TC) and
inorganic carbon (IC).

The stability of Ce-ZrO»-SG nanoparticles was investigated in multiple HA
photodegradation cycles. For that, after each 180 min cycle, a concentrated HA solution was added
in order to achieve the initial HA concentration and keep the same initial catalyst dosage (1 g.L ™).
Then, the dispersion was irradiated again for another 180 min. No treatment, such as washing or

centrifugation, was performed between the cycles.

1.3. Results and Discussion
1.3.1. Characterization of Photocatalysts

In agreement with previously reported characterization procedure [102,108,109,119,120],
the structure of the resulting phases, obtained via both syntheses, is a mixture of monoclinic and
tetragonal ZrO> (Fig. Al.1). In both pure and doped oxides, the monoclinic phase presents some
degree of anisotropy, as suggested by the variable width of the diffraction peaks [109,120]. None
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of the samples shows the presence of diffraction peaks related to the formation of CeO2 phases,

indicating that cerium was successfully inserted in the ZrO> matrix.

Table 1.1. Specific surface areas (Sget) of pure and Ce-doped zirconia samples.

SBET
Sample
[m%g™]
ZrO2-HYD 44 £ 4
Ce-ZrOz-HYD 49+5
Zr0,-SG 150 + 15
Ce-ZrO2-SG 707

In order to investigate the surface area and porous structure of the doped zirconia samples,
nitrogen adsorption/desorption analyses were performed. The BET method was used to determine
the specific surface areas of the samples (reported in Table 1.1). As shown in Fig. 1.1, both
samples show type IV IUPAC isotherms with a hysteresis loop type H3 (typically observed in
aggregates of plate-like particles giving rise to slit-shaped pores) in the relative pressure (P/Po)
range of 0.8-1.0, which indicates the presence of large mesoporosity. However, it is quite probable
that this porosity is due to void space given by interparticle porosity, given by aggregation of
primary particles [121,122] rather than intraparticle porosity. The explanation relays on the fact
that to accommodate so large pores, bigger particles are required, which are not present in the
samples, as suggested by the crystallite size (10-20 nm of diameter) and TEM images obtained in
a previous work [108]. Regarding the specific surface area, the doped zirconia prepared by sol-gel
synthesis exhibits a higher Sger than the hydrothermally synthesized sample (Table 1.1), whereas
the addition of Ce does not cause a substantial modification in the morphology of HYD sample

but causes a decrease of the specific surface area of SG sample from 150 to 70 m2.g™".
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Fig. 1.1. N2 adsorption/desorption isotherms of Ce-ZrO, prepared by sol-gel (SG) and
hydrothermal (HYD) processes.

In order to evaluate the surface charge of the Ce-doped zirconia samples in aqueous
solutions, since it is closely related to the adsorption properties, the zeta potential of the samples
was measured at several pH values, as shown in Fig. 1.2. It can be observed that both
hydrothermally and sol-gel prepared samples exhibit a negative charge in a wide range of pH (4—
9), which indicates that the surface of the zirconia, as expected, is rich in OH groups (vide FTIR
spectra, Fig. A1.2). The zirconia OH groups can be classified as terminal or bridged; terminal OH
is a Bronsted base site, while bridged OH is a Brgnsted acid site resulting from the protonation of
bridging oxygen ions [123]. Using titration methods, Sahu and Rao [124], observed the prevalence
of acid sites on zirconia surface, which explains the highly negative zeta potential values measured
in the present work increasing the pH. These authors also stated that distribution of active sites is
closely related to the amount of defects, which is mainly affected by preparation methods (e.g.,
calcination temperature, wet or dry synthesis). This fact can help to understand why the sol-gel
prepared Ce-ZrO> has less negative zeta potential values than the hydrothermal one. In fact, the
last step in the sol-gel process is a calcination at 500 °C, which reduces the amount of OH groups

in particles surface.
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Fig. 1.2. Zeta potential as a function of pH for the Ce-ZrO, prepared by hydrothermal (HYD) and
sol-gel (SG) processes.

The interest towards these materials in the present paper deals with their optical absorption
properties, which were investigated by Diffuse Reflectance Spectroscopy (DRS). As seen in Fig.
Al.3, the addition of a small amount of cerium dramatically affects the optical properties of the
materials, promoting a red-shift in the absorption spectra. An absorption shoulder, centered at ca.
300 nm, with a tail in the visible region is clearly observed in both hydrothermal and sol-gel Ce-
doped samples, but it is more pronounced in the hydrothermal sample, as also observed previously
[109]. In regards to the band gap transitions, two Egap Values were reported, 5.2 and 3.6-3.7
[108,125], the first value associated with the fundamental VB—CB transition of ZrO (unaffected
by the Ce doping), the second one due to the absorption band associated to the O 2p—Ce 4f charge
transfer transition [119]. Therefore, this result indicates that the prepared Ce-doped oxides have

the potential to work as photocatalysts under solar light irradiation.

1.3.2. Adsorption Isotherms

Humic acid is a large molecule (30-50 kDa) with several hydrophilic functional groups,
such as COOH and OH, but also with large hydrophobic moieties, some of them consisting of
aromatic rings [64]. Given the chemical structure, it can interact very easily and strongly with
ceramic materials which are rich of OH groups via ionic, electrostatic and hydrogen bonding. For
our purposes, i.e., the study of antifouling materials for ceramic membrane production, humic
substances are interesting for at least two reasons, as already discussed in the Introduction section:
on one hand several substances present in natural water have structure and behaviors similar to
those of humic substances and the study of the fate of these compounds in filtration units can allow

to predict how long a membrane can resist the fouling process before the regeneration; on the other
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hand, humic substances can mimic the fouling substances found in filters after separation of
organic molecule (i.e., pollutants) from aqueous matrices. As the regeneration of a membrane
requires time and economic burdens, it would be highly convenient to produce a membrane with
antifouling properties, which can be done using a material with no affinity towards fouling
substances (hydrophobic), or producing a membrane where the fouling can be removed by
irradiation in the presence of a proper photocatalyst. If the photocatalytic material is used to
fabricate the membrane, one can imagine producing an antifouling membrane with potentially
infinite working time and no necessity of cyclic regeneration. Achieving the objective, the
functional membrane prepared will be neither subjected to lack of permeation during use with
several advantages for the industrial application of the device.

The photocatalyst we would like to use is the Ce-doped zirconia, whose activation upon
visible light irradiation can allow to obtain an integrated system for filtration of pollutants and
consequent abatement of the retentate in solar plants.

Since the Ce-doped zirconia nanoparticles are rich in —OH groups (vide FTIR spectra, Fig.
Al.2), a considerable adsorption of HA into the particles surface is expected, but it is known in
the literature that often the adsorption is only the first step to obtain the photocatalytic abatement
of the adsorbed substrates [22,44]. In order to evaluate the extent of HA adsorption at the surface
of Ce-ZrO> nanoparticles, a series of experiments were performed to obtain the related adsorption
isotherms (in the dark, pH 6.5, T = 25 + 3 °C). Then, the Langmuir model, which assumes
monolayer adsorption onto a surface containing a finite number of adsorbing sites, and the
Freundlich model, which assumes heterogeneous surface energies, were evaluated to fit the
experimental data (Fig. A1.4). Only the Langmuir isotherm presented a good correlation (R? >
0.99) with the experimental data, therefore the relevant data of Langmuir fit were reported in Table
1.2. This can be explained by the fact that HA has a highly negative charge at neutral pH [126];
then, HA is mainly adsorbed in a monolayer rather than in multilayers due to the large electrostatic
repulsion between the adsorbed molecules and the molecules to be adsorbed [127]. The Langmuir
equation is expressed as:

C, 1 C,

qa 9K qe
In this equation, Ce is soluble material concentration [mg.L '], ge is the adsorption capacity

(6)

[mg.g7'], q is the adsorption rate [mg.g™'], and Ky is Langmuir equation constant.
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Table 1.2. Parameters for the HA adsorption isotherms in the doped zirconia samples.

Langmuir adsorption model

Sample

ge [mg.g7] kL R?2
Ce-ZrO,-HYD 9.3 0.36 0.998
Ce-Zr02-SG 12.3 0.74 0.997

From Table 1.2, it can be seen that the sol-gel zirconia has a higher HA adsorption capacity
than the hydrothermal one. One possible explanation for this fact is the higher specific surface area
of the sol-gel zirconia (Table 1.1), which implies a higher number of active sites available for the
HA adsorption. In addition, the sol-gel prepared ZrO- has a lower negative surface charge than the
hydrothermal one ({ = —17.2 at pH 6.5 vs. —21.4 mV); therefore, the repulsion between the
negatively charged humic acid and the surface is less intense, favouring the adsorption of HA. To
corroborate this statement, it can be shown how the pH affects HA adsorption on Ce-ZrO»-SG
particles (Fig. 1.3). At the pH 5.0, the negative surface charge of zirconia is lower (Fig. 1.2), which
reduces the electrical repulsion by the negatively charged HA molecules, favouring their
adsorption. However, it should be noticed that, at pH values lower than 5.5, the solubility of HA
decreases considerably [128], which also explains the increased HA apparently adsorbed amount
in more acidic solutions. Moreover, in acid medias humic acid molecules may aggregate to the
extent of forming micelle-like structures [129]. On the other hand, at higher pH values, humic acid
carboxylic and phenolic group deprotonate, increasing HA negative charge [126,129].
Consequentially, the HA repulsion exerted by zirconia nanoparticles is greater.
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Fig. 1.3. Adsorption of humic acid on Ce-Zr0,-SG (under dark, T =25+ 3 °C, [HA]o = 10 mg.L ',
adsorbent dosage = 1 g.L ™).
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The values obtained for the maximum adsorption using doped zirconia are in agreement
with other adsorbents. A value of 8 mg.g™! have been reported by Ferro-Garcia et al. [130] for a
commercial activated carbon. For zeolites, maximum HA adsorption capacity values of 8.7 and 13
mg.g~' have been obtained by Moussavi et al. [131] and Coppola et al. [132], respectively. In
comparison with other photocatalysts, Liu et al. [127] obtained an adsorption capacity of 5.9
mg.g~! using zeolite/TiO, particles, whereas Sun and Lee [126] reported 8 mg.g™! for TiO;

microspheres.

1.3.3. Photocatalytic Activity

In order to evaluate if the prepared zirconia nanoparticles would be able to degrade humic
acid in a photocatalytic process, a series of experiments was done with 1 g.L~! of pure and doped
ZrO2. An experiment without any powder was also performed to check the direct photolysis of HA.

Results are shown in Fig. 1.4.
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Fig. 1.4. Adsorption and photodegradation of humic acid using different zirconia samples ([HA]o
=10 mg.L™!, pH 6.5, catalyst dosage =1 g.L™").

From this figure, it can be observed that practically no degradation of the humic acid occurs
under visible-light irradiation, in agreement with results reported by other authors [113,133]. It
can also be noticed that in the presence of pure ZrO, the removal of HA was caused only by
adsorption, in fact, after reaching adsorption equilibrium, it was not observed any further removal
of HA under irradiation. This result corroborates the ones obtained by DRS and previous EPR
characterization [102,108,109,120], since pure zirconia presents a wide band gap value of 5.2 eV,

and visible-light irradiation is not able to promote the charge separation. Thus, without photo-
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induced electrons and hole, neither the direct oxidation of HA nor the generation of radicals
capable of degrading HA are possible. On the other hand, both hydrothermal and sol-gel Ce-doped
ZrO; adsorb HA under dark but are also able to degrade humic acid under visible light irradiation
in a photocatalytic process. As discussed in the previous section, the cerium doping introduces in
the oxide an intra band gap state based on the Ce 4f levels. Therefore, using a double jump
mechanism, Ce-ZrO> can absorb visible light frequencies, promoting charge separation. Then, the
photo-induced electrons and holes initiate the HA oxidation reactions. For the Ce-ZrO;-SG
sample, 93% of the humic acid was removed after 180 min of adsorption in the dark followed by

180 min of light irradiation.

1.3.3.1. Effect of the Initial HA Concentration

Considering the potential application of the material, it is important to study the
dependence of removal efficiency with the initial humic acid concentration ([HA]o). Depending
on the source of water (surface, ground), season, proximity to urban centers, the concentration on
organic matter can vary considerably, from few mg.L™ to more than a hundred. Therefore, the
values of initial HA concentration studied were those typically reported in works devoted to
advanced oxidation process [21,22,36]. Fig. 1.5 shows the photocatalytic experiment results
starting from different initial HA concentrations using 1 mg.L™" of the hydrothermally and sol-gel
prepared Ce-ZrO». It can be observed that HA removal decreases increasing the initial HA
concentration, as also observed by other authors [113,114]. The explanation relies on the fact that
at higher concentrations, more HA molecules are adsorbed at the zirconia nanoparticles surface,
reducing the availability of the sites active for the photocatalytic reaction [114] and also increasing
the repulsion for non-adsorbed HA molecules [134]. In addition, the adsorbed coloured HA
molecules may also hinder the absorption of light by the zirconia particles, slowing down the
degradation rate. It is also possible that, since the same dosage of catalyst was used and
consequently the amount of radicals generated was the same, a less concentrated HA solution can

be degraded more efficiently in shorted time.
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Fig. 1.5. Effect of initial humic acid concentration on HA removal using (a) Ce-ZrO,-HYD and
(b) Ce-Zr02-SG (pH 6.5, catalyst dosage =1 g.L ™).

The kinetic modelling helps to draw conclusion about reaction rates and provides useful
rate equations for engineering the development of the system. For photocatalytic reactions,
especially in the ones where adsorption represents a critical step in the photo-oxidation processes,
Langmuir-Hinshelwood model is the most used one [112,123,135-137]. This model assumes that
both oxidant and reducer are rapidly adsorbed and the rate-determining step of the reaction
involves these both species present in a monolayer at the solid-liquid interface [138]. The initial
reaction rate, ro [mg.L".min™'], in the Langmuir-Hinshelwood model can be expressed as

following:
—dC K,4sC

= = kopsC 7
dt 1+ KyqC °F Q)

where k is the apparent reaction rate constant [mg.L™".min"!] and Kags is the adsorption equilibrium

TO:

constant [L.mg™']. These constants can be grouped in a lumped parameter in order to obtain a
pseudo-first-order kinetic equation, in which kobs [Min~'] is the pseudo-first-order rate constant.
Upon integration and linearization of equation (7), it is possible to determine kobs by fitting the
experimental data (Figure S5). The values obtained are shown in Table 1.3. With these values, it
is possible to calculate the Langmuir-Hinshelwood constants (Table 1.3) by another linear fit (Fig.
A1.6) using the linearized form of the equation (7), as following:

1 1 1

=_Co+ 8
kobs k 0 kKads ( )
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Table 1.3. Pseudo-first-order Kinetic rate constants (Kons) in photocatalytic experiments with
different initial HA concentrations ([HA]o) and the Langmuir-Hinshelwood equation fitted

parameters (k, Kags).

[HA]o Kobs k Kads
Catalyst ) r? _
[mg.L71] [minT] [mg.L7'.min™1] [L.mg™]
20 0.0023 0.96
Ce-ZrO,-HYD 10 0.0049 0.97 0.058 0.24
5 0.0053 0.94
20 0.0040 0.91
Ce-Zr0,-SG 10 0.0097 0.96 0.099 0.28
5 0.0091 0.96

Wang et al. [113] also applied the Langmuir-Hinshelwood modelling to the
photodegradation of humic acid, the composite ZnO-TiO2-Bamboo charcoal was used as catalyst.
These authors reported a value of 0.22 L.mg-! for Kags, Which is in agreement with the value
obtained in the present work, and 0.87 mg.L™".min! for the apparent reaction rate, k. Although
this value is one order of magnitude higher than that obtained in our experiments, the measured
irradiance applied by those authors was 1500 against 30 w.m2 in the present work, justifying the
results.

Comparing hydrothermal and sol-gel prepared Ce-ZrO,, the sol-gel sample exhibits higher rate
constants (Table 1.3) and higher removal of humic acid combining adsorption and
photodegradation (Fig. 1.5). In addition, several membrane coating techniques derives from sol-
gel chemistry [139-142]; therefore, considering a further application of doped zirconia as an anti-

fouling layer in filtration membranes, the rest of the study will be focused on the sol-gel Ce-ZrO..

1.3.3.2. Effect of the Initial pH

Solution pH is a relevant operational parameter since it governs the
protonation/deprotonation of organic compounds and the surface functional groups of zirconia,
thus affecting the efficiency of adsorption and photocatalysis [143]. In addition, elevated costs can
arise from pH adjustment, which can determine the feasibility of the processes. Therefore, in order
to investigate the effect of the pH on the photocatalytic degradation efficiency of HA, it was chosen
to work at the values of 5.0, 6.5, and 8.0, which are not so far from neutrality and within the range
of natural surface waters [144]. In the experiments it was used 1 g.L™" of Ce-ZrO,-SG and an initial

HA concentration of 10 mg.L!; the results, as obtained with a preliminary adsorption carried out
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in the dark (adsorption contribution) and with a subsequent irradiation (adsorption + photocatalytic

removal), are shown in Fig. 1.6.

OAdsorption  mAdsorption+Photocatalysis

100
S
©
3 95 1
S
2
=
@
[5) 90 T
>
E
>
T
85 . .
5.0 6.5 8.0
Initial pH

Fig. 1.6. Effect of initial pH on humic acid removal using 1 g.L' of Ce-ZrO,-SG catalyst
([HA]o=10 mg.L™).

It can be observed an increasing trend in HA removal as the acidity increases, in agreement
with other works on photocatalytic degradation of HA [113,114,136]. However, it should be noted
that HA adsorption at the catalyst surface, which is an important step in the photodegradation
process [136], was also higher at lower pH values. As discussed before, the HA adsorption is
intensely affected by the solution pH, since in the acid pH range, the solubility of HA decreases
considerably while its negative charge decreases. At the same time, the surface charge of zirconia
becomes less negative, favoring the HA adsorption. Regarding the photocatalytic activity, for TiO>
based photocatalysts, it has been reported that, under acidic conditions, the catalyst surface is more
conducive for electrons leading to production of a photocurrent [145], which contributes to the
generation of reactive oxygen species, and meanwhile avoids the recombination of electrons and
holes [136]. Therefore, since adsorption is the dominant mechanism in the HA removal [81], the
larger difference between adsorption and adsorption+photocatalysis was obtained at pH 6.5, which

was used in the further experiments.

1.3.3.3. Effect of Catalyst Dosage

The influence of the amount of Ce-ZrO:-SG nanopowder on the photodegradation
efficiency is shown in Fig. 1.7. The increase of the catalyst dosage leads to an increase of HA
removal by both adsorption and photocatalytic mechanisms. Higher doses of catalyst imply higher
surface area and number of active sites available, which favors light interaction and HA adsorption

[146]. On the other side, it has been reported in some studies, that higher doses of catalyst could
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lead to negative effects due to light scattering and agglomeration of nanoparticles [114,146-150].
However, these phenomena were not observed in the catalyst dosage range tested, as the trend of
adsorption contribution and adsorption + photocatalytic removal remains the same, possibly

because the optimum catalyst dosage was not reached or investigated.
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Fig. 1.7. Effect of Ce-ZrO,-SG catalyst dosage on humic acid removal (pH 6.5, [HA]o = 10
mg.L ™).

1.3.4. Stability of Ce-ZrO2 Photocatalyst

The stability of photocatalyst and its auto-regeneration capacity is critical for its application
in controlling fouling in membrane filtration processes. To demonstrate the potential applicability
of Ce-ZrO» photocatalysts, the stability of Ce-ZrO»-SG nanoparticles was investigated. Fig. 1.8
shows the results of HA removal in multiple degradation cycles. It can be seen that there is a loss
of performance from the first to the second cycle, but the performance keeps relatively stable from
the second to the following two photodegradation cycles. It can be presumed that some HA
molecules of high molecular weight and aromaticity are not completely degraded, accumulating
in the solution. In addition, unreacted HA molecules, adsorbed on zirconia nanoparticles, can block
ZrO; active sites and the light absorption. It is worth noting that no treatment, such as washing,
was performed between the cycles. At the end of a cycle, a concentrated HA solution was added
in order to achieve the initial HA concentration and the dispersion was irradiated again for 180
min. Therefore, these results suggest that Ce-doped zirconia have relatively stable performance as
the active sites are regenerated under irradiation.
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Fig. 1.8. Removal of humic acid in multiple photodegradation tests (Ce-ZrO,-SG dosage =1 g.L !,
pH = 6.5, [HA]o = 10 mg.L™).

1.3.5. Spectral and TOC Changes in Treated HA Solutions

In Fig. 1.9a, the removal of humic acid, using Ce-ZrO: in the dark (adsorption) and under
visible light irradiation (Ads+Photocatalysts), is presented in terms of TOC and UV absorption at
254 nm (UV2s4). It is worth noting that both UV2s4 absorbance and TOC values are used to quantify
the humic acid, but a mathematical correlation of these two values is required in order to compare
directly their absolute values [66]. In addition, the TOC measurements can be considered as
preliminary analysis, given the complexity of quantifying the HA by this technique. The
determination of a calibration curve and more replicates would be needed to provide more accurate
results. Nevertheless, UV-Vis analyses were performed in triplicates and presented with the
respective errors bars.

From Fig. 1.9a, it can be seen that the TOC reduction is lower than the UV2s4 absorbance
reduction, indicating that the HA is probably degraded to intermediates, such as alcohols,
aldehydes, ketones and carboxylic acids [118], higher UV radiation absorbing compounds.
Nevertheless, comparing the final TOC values, there is a considerable difference in the values of
adsorption and photocatalysis, which is an evidence that some degree of mineralization was
achieved. These results are in agreement with HA degradation employing as photocatalysts
TiO2/Fe203/GO [81], TiO2/ZnO [113], and ZnO [114].

Uyguner and Bekbolet [118], studying the different molecular weights fraction of humic
acid after a TiO photocatalytic treatment, verified that the ratio between the absorption in

wavelengths 254 and 436 nm (A2s4/Aass) could be used as an indicative parameter of photocatalytic
22



degradation: an increase of the ratio was associated to a reduction in the higher molecular weight
fractions of humic acid, which have higher aromaticity than the lighter fraction. Therefore, this
ratio Azsa/Aszs Was calculated for the HA photocatalytic degradation with Ce-ZrO» and presented

in Fig. 1.9b.
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Fig. 1.9. () Removal of humic acid in terms of TOC and UV 254 nm absorbance; (b) ratio between
UV-Vis absorbance values at the wavelength of 254 and 436 nm (Azsa/Aszs) in HA
photodegradation tests (Ce-ZrO»-SG dosage = 1 g.L™!, pH = 6.5, [HA]o = 10 mg.L™").

It can be observed that the ratio A2sa/Asss presents a fast decrease at the beginning of the
experiment in the dark, and then it stabilizes because adsorption equilibrium was reached. This
indicates that the HA molecules of lower molecular weight are preferentially adsorbed at the
zirconia surface, since higher molecular weight fractions have higher aromaticity [118] and thus a
more limited interaction with zirconia. Under irradiation, the ratio Azsa/Auass first decreases due to
the HA adsorption and then it increases continuously, since HA molecules have been degraded to

lower molecular weight compounds.

1.3.6. Effect of Scavengers—Photocatalytic Mechanism

Among the mechanisms proposed for the degradation of organic molecules in
photocatalytic processes, two of them have been frequently reported [123,151,152]. In the direct
oxidation mechanism, the photo-induced holes oxidize the organic molecule adsorbed on the
catalyst. In the indirect mechanism, photo-induced holes and electrons generate reactive oxygen
species (ROS), mainly "OH radicals, that degrade the adsorbed organic molecule [123,133,151].
In both cases, adsorption of the organic molecule is critical in the photocatalytic degradation, since
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photocatalytic reactions proceed at the surface or near the semiconductor surface [123]. In dyes
bleaching studies, it is also reported a third mechanism, in which the dye acts as a photosensitizer
by adsorbing the light and generating or initiating the reactions of ROS formation [153]. However,
this mechanism does not seem probable for the humic acid photodegradation under visible light,
considering that HA solutions do not have higher absorption in the visible region. As discussed in
previous works [102,108,109,120], EPR studies indicated the generation of photo-induced holes
and electrons, and the formation of "OH radicals when Ce-doped ZrO> was irradiated. Hence, in
order to elucidate HA degradation mechanism with doped zirconia, a series of experiments were
performed with Na>-EDTA (pointed as scavenger for holes [154] and a chelating agent that
prevents HA adsorption on the oxide surface [151,155]) and isopropanol (commonly used as
scavenger of "OH radical [155,156]). The results are shown in Fig. 1.10.
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Fig. 1.10. Removal of HA in photocatalytic treatments with and without scavengers. The curves
were calculated considering as initial concentration, Cads, the HA concentration after adsorption
equilibrium (Ce-ZrO,-SG dosage =1 g.L !, pH =6.5, [HA]o = 10 mg.L™).

In the presence of Na;-EDTA, it can be observed that the photocatalytic degradation of
humic acid is highly decreased, since HA molecules are unable to adsorb at zirconia surface to
undergo the oxidation reactions. Exhibiting a concentration-dependent effect, isopropanol also
reduces the HA photodegradation efficacy by quenching ‘OH radicals. Thus, it can be inferred that
"OH radicals are also responsible for the HA oxidation.

Finally, considering previous EPR results [108] and the present observations in the HA
degradation, is proposed, in Fig. 1.11, a mechanism for the humic acid degradation under visible

light irradiation using with Ce-ZrO; as photocatalyst. First, in a double jump mechanism, Ce-doped
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ZrO- adsorbs visible light photons promoting the photo-induced charge separation. Then, zirconia
valence band trapped holes (h*(vg)): (a) directly extracting electrons from the adsorbed HA
molecules and oxidizing them; and/or (b) reacting with the "OH groups adsorbed on the
photocatalyst ((OHads)) producing adsorbed "OH radicals ("OHds)) which successively oxidize HA
molecules at the catalyst surface. Finally, in a less likely process, (c) the generated "OH radicals
are released from the surface to the solution and oxidize HA molecules distant from the
photocatalyst surface. Although this possibility was not evaluated in the tests with scavengers, (d)
the superoxide anion radical ("O2’), generated by photo-induced electrons (e’cs)), could also
degrade the HA.
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Fig. 1.11. Proposed mechanism for the photodegradation of HA under visible light using Ce-ZrO>

as photocatalyst.

1.4. Conclusions

Ce-doped ZrO: nanoparticles with photocatalytic activity under visible light were
synthesized by hydrothermal and sol-gel processes. The addition of a small amount of cerium
introduces intra band gap states that act as a bridge between the VB and the CB of zirconia,
allowing the absorption of low-energy photons in a double jump mechanism [108,109]. Therefore,
a red shift in the absorption spectra is observed, indicating the possibility to use visible light to
promote charge separation and the generation of ROS to degrade organic compounds. Thus, this
catalyst can be considered a third-generation photocatalyst [157]. Ce-ZrO2 was then applied in the
photodegradation of humic acid, a good model molecule for membrane fouling tests. As a result,
it was observed that the photocatalytic process led to the degradation of HA into smaller molecules,
as indicated by spectroscopic and TOC changes. Sol-gel prepared Ce-ZrO> exhibited the higher
HA removal, achieving 93% of efficiency in 180 min of irradiation using RGB LEDs as light
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source, after 180 min of adsorption in the dark. Further experiments also confirmed the catalyst

activity in neutral pH conditions and its stability for several photocatalytic cycles. The present

findings point out to the further development of Ce-ZrO> photocatalytic membranes with improved

anti-fouling properties. This will be important for new industrial applications of membrane

filtration processes, especially for water treatment. In such processes, solar light photocatalysis

can be used to degrade organic fouling compounds and possibly contaminants of emerging

concern, which would have remarkable environmental implications. Therefore, this system

requires more studies for its optimization and testing with real water samples.

1.5. Annex 1
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Fig. A1.1. XRD patterns of pure and Ce-doped ZrO. prepared by hydrothermal and sol-gel

processes. Triangles and squares on top of the patterns indicate the peaks of monoclinic (m-ZrOo,
ICSD #658755) and tetragonal (t-ZrO2, ICSD #66781) phases, respectively.
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Fig. Al.2. FTIR spectra of Ce-ZrO2 samples prepared by hydrothermal (HYD) and sol-gel (SG)

processes. FTIR spectra were registered in transmission mode using a Bruker Vector 22

spectrophotometer equipped with Globar source, DTGS detector, and working with 128 scans at
4 cm-1 resolution in the 4000-400 cm-1 range. Samples were analyzed as self-supporting pellets
by dispersing the samples in KBr (1:20 weight ratio).
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Fig. A1.3. (a) UV-Vis-DRS spectra of pure and Ce-doped ZrO> prepared by hydrothermal and sol-

gel processes, (b) magnification of region 200-500 nm.
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Fig. Al.6. Determination of the Langmuir-Hinshelwood model parameters for Ce-ZrO;

samples prepared by hydrothermal (HYD) and sol-gel (SG) processes.
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2. PHOTOCATALYTIC REMOVAL OF Cr(VI1) USING IMMOBILIZED Ce-
ZrO;

Part of the work described in the present chapter has been previously published in:

Bortot Coelho, F.E.; Candelario, V.M.; Aradjo, E.M.R.; Miranda, T.L.S.; Magnacca, G.
Photocatalytic Reduction of Cr(VI) in the Presence of Humic Acid Using Immobilized Ce—
ZrOz under Visible Light. Nanomaterials 2020, 10, 779. https://doi.org/10.3390/nano10040779

2.1. Introduction

Hexavalent chromium is widely used in several industrial processes, such as metal plating,
leather tanning, pigment, and refractory production [158-160]. There is a serious global concern
about the highly toxic effluents generated in these processes, since several cases of chromium
contamination have been reported in soil, ground, and surface waters caused by the leakage from
landfill sites or inappropriate treatment methods [161]. In aquatic environments, chromium
primarily occurs in its hexavalent — Cr(VI) — and trivalent — Cr(l11) — states. Hexavalent chromium
is considered one of the most dangerous pollutants due to its high-toxicity to human, animals, and
plants. It is widely recognized for its teratogenic and carcinogenic effect on human health
[162,163]. In addition, high concentrations of Cr(VI) can inhibit significantly the biomass growth
during wastewater biological treatments [164].

Several methods can be applied to treat Cr(VI) effluents, such as chemical precipitation,
ion-exchange, filtration, solvent extraction, electrochemical, and biological processes [165,166].
Adsorption has been widely studied [167,168] but this method only concentrates the Cr(\V1) or
immobilize it in solid matrixes, which still need further treatment before disposal [166,169]. Since
Cr(11) is about 500 times less toxic than its hexavalent form [170] and it can usually be
immobilized through precipitation or adsorption onto a solid phase [161], several Cr(VI) treatment
processes start with the reduction of this metal to its trivalent form. However, this reduction is not
easily achieved due to the higher Cr(V1) stability in terms of the reduction potential [171], whereas
the chemical reduction is an expensive process with a large footprint [172].

In this context, the photocatalytic reduction of Cr(V1) is attracting interest for being more
practical and cleaner [172], especially considering the possibility of using solar light to drive the
process, which could reduce considerably the costs. Among the photocatalysts available,
semiconductors can be used since their conduction band (CB) is more negative than the reduction
potential of Cr(VI) (i.e. ~0.36 at pH 7) [172]. However, as the reduction potential of Cr(VI)

becomes more negative at higher pH, the photocatalytic reduction of the Cr(VI) ion is favoured in
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lower pH range. Oxides such as TiO2 [171,173,174] and ZnO [159] have been reported as efficient
photocatalysts for this process but these oxides may not be totally stable in acid media [149,175].

Therefore, an alternative is to use zirconium dioxide (ZrO2) as photocatalyst, since this
oxide has an outstanding chemical [46], thermal and mechanical stability [176]. In addition,
zirconia is a powerful candidate for Cr(\V1) photocatalytic reduction, because the lowest potential
of the CB is —1.0 eV (vs. normal hydrogen electrode (NHE), pH 0), much more negative than that
of TiO> anatase (—0.1 eV), whereas the highest potential of the valence band (VB) is +4.0 eV,
more positive than that of TiO2 (+3.1 eV) [108]. On the other hand, these band energy levels imply
in large band gap value (ca. 5.0 V), which does not allow the activation of zirconia with solar
light. Therefore, our group developed a nanosized Ce-doped zirconia (Ce-ZrOy) capable of
generating photo-induced electrons and holes under visible-light irradiation [108]. The cerium
doping add Ce 4f empty intra band states, which act as a bridge between the VB and the CB of
zirconia. In a “double jump” mechanism, low-energy photons (visible-light) is absorbed, leading
to the excitation of electrons from the valence band to the conduction band [108,119]. This material
found applications in degrading pollutants [109,110,119] and promoting water splitting [120].

The use of suspended photocatalysts, especially nanosized ones, presents a major
disadvantage related to the catalyst recovery. At the end of the treatment, in fact, a time-consuming
and expensive solid/liquid separation step is required to recycle the catalyst and avoid its leakage
to the environment, since nanomaterials can harm human health [177] and have ecotoxicological
impact [178]. In addition, suspended catalyst particles have a strong light absorption that decreases
the depth of penetration of the light [179]. Therefore, a great effort has been made to immobilize
photocatalysts on supports in order to obtain better light absorption efficiency and eliminate the
catalyst recovery step [180,181].

Regarding the presence of natural organic matter (NOM) such as humic (HA) and fulvic
(FA) acids in surface and wastewaters, its effects on Cr(\V1) toxicity and treatment are still unclear.
Dissolved NOM can promote the Cr(V1) reduction [182,183] but also increases the solubility and
mobility of Cr(VI) species in soils [173,183,184]. In addition, undissolved NOM in soils can
immobilize Cr(VI) via adsorption [185]; however, the solid-liquid separation in Cr removal
process can be hindered by soluble Cr(111)-HA complexes [186].

Previous works studied the use of zirconia alone (e.g. N-ZrO2 [187], amorphous ZrO-
[188]) or in mixtures with other oxides (e.g. CuO/ZrO, [189], ZrO./TiO-[190], Fe-ZrO./TiO>
[191-193]) as catalysts for the photoreduction of Cr(VI). However, there is no report on the use
of cerium-doped zirconia for Cr(VI1) removal neither the use of immobilized Ce-ZrO; in

photocatalysis.
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In this context, this chapter focuses on studying the photocatalytic reduction of Cr(VI)
using Ce-doped ZrO2 under visible light irradiation in aqueous systems. Moreover, it was
evaluated how the presence of HA affects the Cr(VI1) adsorption and reduction, since humic-like
substances are usually present in wastewaters. Initially, in order to study the effects of some
parameters (e.g. initial pH value and catalyst dosage) on Cr(V1) reduction, experiments were
performed with suspended Ce-ZrO- particles, using solutions containing Cr(V1). Then, Ce-ZrO>
immobilized on a macroporous silicon carbide (SiC) was evaluated for the photoreduction of
Cr(VI) in a synthetic solution and in a galvanizing industry effluent ([Cr]ww= 89 mg L7,
[Cr(VD]=77 mg L, [Zn]=1789 mg L).

2.2. Materials and Methods
2.2.1. Synthesis and characterization of the Ce-ZrO; photocatalyst

In order to remove Cr(V1) by photoreduction, the catalyst applied was zirconia doped with
0.5 % molar of cerium. This catalyst was tested as suspended powder or immobilized on a support.
In the first case, Ce-ZrO2 nanopowder was synthesized by a sol-gel route developed in a previous
work [110]. In brief, for the synthesis processes, 5 mL of zirconium propoxide Zr(OCsH7)4 (CAS
23519-77-9, 70 % wt., Sigma-Aldrich) were mixed with 5 mL of 2-propanol (CAS 67-63-0, 99.5
%, Sigma-Aldrich). Then, 28 mg of Ce(NHa)2(NO3)s (CAS 16774-21-3, purity > 98.5 %, Sigma-
Aldrich), dissolved in 5 mL of distilled water, were added to the first solution to start hydrolysis.
The resulting gel was kept overnight at room temperature and then dried at 80 °C. After aging at
room temperature for 10 days, the xerogel was calcined in a muffle furnace at 500 °C in air for 4
h.

A sol-gel process, followed by dip coating and sintering were applied to immobilize Ce-
ZrO2 on a silicon carbide support with a ZrO intermediate later, which was supplied by LigTech
International A/S (Ballerup, DK). A SiC support was selected owing to this material high porosity,
mechanical strength, good thermal and chemical resistance [58-60], which make it applicable in
harsh environments, such as high temperature and acid media, where other materials (e.g. alumina
and silica) fail [194,195]. The coating liquid was a colloidal sol prepared through an adapted
procedure for yttria-stabilized zirconia synthesis [31]. For that, 5 mL of zirconium propoxide and
28 mg of Ce(NHa)2(NO3)s were diluted in 25 mL of 2-propanol. Next, 60 mL of a 0.05 M solution
of HNO3 (CAS 7697-37-2, >65 %, Aldrich) was added and the system kept under reflux conditions
until obtaining a transparent gel. The support was then dip coated with this gel and dried overnight
under room temperature. Next, the coated support was calcined in a muffle furnace at 500 °C in

air for 4 h. All chemicals were used as received, without further purification.
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Zeta potential measurements were performed on a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) using principles of laser Doppler velocimetry and phase analysis light
scattering (M3-PALS technique). 0.1 %w/v suspensions of nanoparticles were prepared with a
NaCl 0.01 M aqueous solution and ultrasonicated for 10 minutes before the analysis.

Electronic microscopy images of the immobilized Ce-ZrO, were obtained with the Field
Emission Gun Scanning Electronic Microscope FIB-FESEM S9000G (Tescan, Brno-
Kohoutovice, CZ).

X-ray diffraction analyses (XRD) were performed in the diffractometer PW3040/60 X’Pert
PRO MPD (Malvern Panalytical, Almelo, NL), operating at 45 kV, 40 mA, with a Cu Ka radiation
source (A = 1.5418 A) and a Bragg Brentano geometry over the range 10° < 20 < 80°.

Diffuse Reflectance Spectroscopy (DRS) data were recorded in the 200—700 nm range
using a Cary 5000 spectrometer (Varian, US), coupled with an integration sphere for diffuse
reflectance studies. A sample of PTFE with 100% reflectance was used as the reference. The

optical band gap energy has been calculated from the Tauc plot.

2.2.2. Photocatalytic Experiments

Stock Cr(V1) and humic acid solutions were prepared by dissolving the desired amounts of
K2Cr.07 (CAS 7778-50-9, Sigma Aldrich, >99 %) and humic acid sodium salt (CAS 68131-04-4,
Sigma Aldrich, MP > 300 °C) in distilled water. The pH values of the solutions were adjusted to
the desired value using aqueous solutions of NaOH and HCI. A wastewater from a Cr(VI) bath
used to passivate steel pieces coated with fused zinc was collected from a galvanizing industry in
the state of Minas Gerais (Brazil). This effluent has a density of 1.007 g cm=at 20 °C, a pH value
of 2.9, and a metal concentration of: [Cr]ww= 89 mg L2, [Cr(VI)]=77 mg L™, [Zn]=1789 mg L™,

For the first part of the photocatalytic reduction experiments, with powdery Ce-ZrO2, a
specific amount of the catalyst was added to the Cr(V1) or Cr(VI)+HA solutions in order to achieve
the desired dosage. As a reactor, a 100 mL borosilicate glass was used. The pH was then adjusted
to the desired value. Prior to irradiation, the mixture was kept at room temperature (25 = 3 °C),
under stirring, in the dark, for 3 hours in order to achieve the adsorption equilibrium. Then, the
mixture was irradiated with visible light for 3 h under stirring, without any injection of gas.
Samples were collected in specific intervals of time and filtered with 0.27 pum siring filters prior
to Cr(V1) analysis. All experiments were performed in duplicate.

As light source, an 18 W white LED lamp (Wellmax, Shanghai, CN) was used. This lamp
has a colour temperature of 6500 K and, as indicated by the manufacturer, no UV/IR emission. In
order to confirm the lamp emission, the UV irradiance (A< 400 nm) was measured with the light

meter HD 2302.0 (Delta OHM, IT). No UV emission was detected, thus no filter was applied in
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the photocatalysis experiments. When the lamp was positioned just above the beaker, the measured
VIS-light irradiance (400 <A< 700 nm) was 1000 W m 2.,

For the second part of the experiments, Ce-ZrO, immobilized on the support (SiC/ZrO>)
was applied to the Cr(VI) photoreduction. A piece of 4x6 cm was added to a petri dish containing
30 mL of a Cr(VI) model solution or the galvanizing industry effluent (diluted 7X in order to
achieve a Cr concentration of 11 mg L) and positioned under the above-mentioned lamp (Fig.
2.1). In order to keep the system under stirring, the petri dish was placed in an orbital shaker at
400 rpm. A test with the diluted effluent spiked with HA was also performed. In the experiments
with the Cr(VI) solution the initial pH was adjusted to 4, while for the effluent, it was utilized the
natural value of the diluted effluent, around 3.5. Next, the system was kept in the dark for 6 h, for
allowing the adsorption equilibrium, and then irradiated by visible light for 6 h. Samples were
collected in specific intervals of time and stored for analysis. The temperature observed during the
experiment never overcame 35°C. Although the lamp heat caused some evaporation/condensation
of the solvent, the use of a closed container avoided loss of material and concentration changes. A
control test was done with the system in the dark but heated at 35-40 °C and no significant

difference was observed in comparison with the non-heated one.

LED lamp

Fig. 2.1. Experimental setup for Cr(V1) photocatalytic reduction with immobilized Ce-ZrO,.

The Cr(VI) concentration was determined applying the 1,5-diphenylcarbazide (DPC)
method [196], in which the samples absorbance at 540 nm was measured with the UV-Vis
spectrophotometer Cary 300 Scan (Varian, Palo Alto, USA). The concentration of HA in the
samples was calculated using the UV absorbance at 254 nm [81,113-116], measured with the same
equipment on samples before DPC addition. In the experiments with the effluent, the total Cr and
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Zn concentrations were measured by atomic absorption spectroscopy (AAS) using the
spectrophotometer XplorAA (GBC Scientific Equipment, Braeside, AU).

The Eh-pH (Pourbaix) diagram for the system Cr-H.O was generated using the software
HSC Chemistry 6.0 (Outokumpu, Helsinki, FI). The stability areas of the Cr species was calculated
considering the reduction potentials and equilibrium constants provided by the software at the

temperature of 25 °C and for a total Cr(VI) concentration of 10 mg L.

2.3. Results and Discussion
2.3.1. Suspended Ce-ZrO nanopowder

In previous works [108-110,119,120], it was studied the development and testing of Ce-
ZrO. nanoparticles. An extensive the characterization of the material was performed, including
XRD, SEM, TEM, N2 adsorption/desorption, diffusive reflectance, and photo-electronic
characterization. In summary, these analyses demonstrated that Ce-ZrO, prepared by the same
sol-gel procedure applied in the present work, presents both tetragonal and monoclinic phases with
crystallite size around 15 nm [109]. The specific surface are of this material is 70 + 7 m? g%, the
total pore volume is 0.33 cm3.g™? and pore sizes from 3-10 nm [110]. In spin trapping electron
paramagnetic resonance (EPR) experiments, Ce-doped zirconia formed two paramagnetic species
(trapped electrons as Zr®* species and holes as O™ species, when irradiated by visible light (>420
nm) [102]. It was also observed the formation of *OH radicals under visible light irradiation using
the spin trap DMPO (5,5-Dimethyl-1-Pyrroline-N-Oxide) [108]. These results confirmed the
photoactivity of the material under visible light, and allowed its application in the photocatalytic
degradation of 2-propanol [119], methylene blue [102], and humic acid [110].

In the following items, we will discuss the activity of Ce-ZrO2 nanopowder on
photocatalytic reduction of Cr(VI) and the effects of the catalyst dosage and the initial pH on the
Cr(VI) removal from model solutions containing only Cr(VI) or Cr(VI)+humic acid.

2.3.1.1. Effects of pH, HA, and catalyst dosage on Cr(VI) adsorption

It can be observed in Fig. 2.2 that the Cr(VI) adsorption increases with higher catalyst

dosages and lower the pH values for the systems without and with HA.
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Fig. 2.2. Percentage of Cr(VI) adsorbed for different pH values and catalyst dosages for the

systems: (a) without humic acid and (b) with 10 mg L* of humic acid.

Considering first the system without HA (Fig. 2.2a), for pH values lower than 7, the use of
double catalyst dosage led to an average increase of 2.3-fold in the amount of Cr(\V1) adsorbed,
since the higher mass of ZrO, exposed more active sites available for adsorption [197]. The
increase in the amount of Cr(VI) adsorbed with higher catalyst dosage was also reported by other
authors, which also observed this non-linear behaviour [198,199].

Regarding the pH value, higher Cr(VI) amounts were adsorbed in more acidic
environments. This can be explained by the reduction of the electrical repulsion between
chromium species and the zirconia surface. In fact, analysing the Cr(V1) species distribution (Fig.
2.3b), it can be observed that for pH values lower than ~6.5, the prevalent chromium species
changes from the bivalent anion CrO4? to the monovalent anion HCrO4. At the same time, in
lower pH range the surface charge of Ce-ZrO; becomes less negative, as shown by (-potential
measurements (Fig. 2.3a), with the protonation of OH groups at the surface. Therefore, in more
acid media both Cr(VI) species and zirconia surface becomes less negatively charged, which
reduces the repulsion and increases the adsorption, as reported by other authors for Cr(VI1)-TiO>
systems [158,173].

Concerning the {-potential of Ce-ZrO, this material exhibits a negative charge in a wide
range of pH (>3.5) because of the presence of hydroxyl groups (ZrO,—OH) on zirconia surface
[123]. Other author [124] also observed a high negative -potential of ZrO, as the pH increase.
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Fig. 2.3. (a) Cr(VI) species distribution diagram for a total Cr(VI) concentration of 10 mg L in

water; (b) {-potential for Ce-doped zirconia.

Considering now the effect of humic acid, it is known that both Cr(\V1) and HA compete
for the adsorption at the zirconia surface [158] and that the number of active sites in the solid is
limited. It should be noticed that in all the experiments, the adsorption of HA was greater than 80
% (data not shown), which was favoured by the range of pH utilized, since the humic acid
adsorption is strongly increased in acid media [81,110,113,114,136,200].

Since for the catalyst dosage of 1.0 g L™ the presence of humic acid decreased the Cr(V1)
adsorption, it may be concluded that HA is preferably adsorbed by zirconia, occupying the active
sites of the catalyst. Nevertheless, for the catalyst dosage of 0.5 g L, the presence of HA has
slightly increased the Cr(VI) adsorption. Since humic acid can form complexes with Cr(VI)
species[201], these Cr(VI)-HA complexes may be adsorbed by the catalyst, increasing the Cr(VI)

adsorption in comparison with the system without HA.

2.3.1.2. Effects of HA and pH on the Cr(VI) photocatalytic reduction under different catalyst
dosages

In Fig. 2.4, it can be observed the total removal of Cr(VI), i.e. combined effects of
adsorption in the dark and photocatalytic reduction. The adsorption was discussed in the previous
section. Now, in order to understand the contribution of the Cr(VI) photocatalytic reduction and

the effects of pH and HA, each parameter is going to be studied separately.
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Fig. 2.4. Cr(VI) removed at an initial pH of 4, without HA and with 10 mg L of HA, in the
experiments using: (a) 0.5 g L™ of Ce-ZrO; and (b) 1.0 g L™ of Ce-ZrO..

In the systems without humic acid (Fig. 2.5a), as expected, the higher catalyst dosage led
to the higher Cr(VI) removal, since the number of adsorbing sites and electrons generated in the
conduction band increase with increasing Ce-ZrO, amount. However, the comparison with Fig.
2.5¢ indicates that the photoreduced Cr(VI) amount does not increase significantly doubling the
catalyst dosage, indicating that too much catalyst can shield the absorption of the incident light
[158]. Further experiments are therefore needed to evaluate the optimal amount.

The initial pH value has two effects on Cr(VI) removal. As discussed previously, acid
media favour the Cr(V1) adsorption by reducing the electrical repulsion between Cr(V1) species
and the Ce-ZrO; surface. At the same time, also the photocatalytic reduction of Cr(V1) is favoured

at lower pH values, as shown in Fig. 2.5c.
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Fig. 2.5. (a, b) Total Cr(VI) removed and (c, d) Cr(VI) removed by photoreduction for different
pH values and catalyst dosages for the systems: (a, ¢) without humic acid and (b, d) with 10 mg
L of humic acid.

There are many reasons explaining this phenomenon:

The Cr(VI) photocatalytic reduction is controlled by a surface-reaction step [158,198,202]
thus, lowering the pH favours the Cr(V1) adsorption and then increases the Cr(V1) reduction;

As shown in Fig. 2.6, the reduction potential of HCrO4 (E” = 1.35 V) is higher than that of
CrOs* (E" = -0.13 V) [203]. Since at lower pH values HCrO4 is the predominant species, the
Cr(V1) reduction is favoured;

The photocatalytic reduction of Cr(VI) is driven by the difference between the potential of
the photo-induced electron at the catalyst CB and the reduction potential of Cr(V1) [158,172].
From Equations (1) and (2), it can be observed that the reduction potentials become more negative
for lower pH values, while the potential of the photo-generated electron at CB shifts to more
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positive potentials [204], therefore the driving force for the Cr(VI) photocatalytic reduction

increases in acid media.

HCrOs + 7H" + 3e" — Cr*" + 4H,0 (1)
CrO4% + 4H,0 + 3" — Cr(OH)s + 50H" (2)
20
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\ CI’O4:[M”
1.0 R
0.5 [ T
z
= 00 fr Cr3+<aq>
05 Cr(OH)’Mq)
-1.0
15 Cr,
-2.0
0 2 4 TR 10 12 14

Fig. 2.6. Potential in respect to the standard hydrogen electrode (Eh) versus pH diagram of Cr-

H,0 system at 25°C for a total chromium concentration of 10 mg L™.

In the presence of humic acid (Fig. 2.5b), for the catalyst dosage of 0.5 g L%, higher Cr(VI)
total removal percentages were obtained in comparison with the systems without HA (Fig. 2.5a),
but for the catalyst dosage of 1.0 g L™, the presence of HA did not change significantly the Cr(\V1)
total removal. The important effect of HA was to increase the percentages of the Cr(VI1) removed
by photocatalytic reduction (Fig. 2.5¢, 2.5d) for both catalyst dosages. In addition, when HA was
present, the Cr(VI) photocatalytic reduction was less affected by the pH and the catalyst dosage.

In order to explain these results, it should be considered that HA is involved in two different
processes with opposite effects:

HA is adsorbed at the photocatalyst surface, occupying the active sites for Cr(VI)
adsorption and reduction, decreasing Cr(V1) removal efficiency;

The adsorbed HA, being an electron-rich molecule, acts as a scavenger for positive holes
at the ZrO, valence band, which reduces the electron-hole recombination rate [199] and
consequently increases the Cr(V1) photocatalytic reduction efficiency. This was also reported for
Cr(VI) photocatalytic reduction using TiO2 in the presence of organic compounds, such as humic
acid [158,173], phenol [173,205], ethanol [198,206], and citric acid [172].
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Therefore, the final effect of HA on Cr(V1) removal is a balance between these two effects,
which depends on the solid loading, pH, and HA concentration. For the zirconia loading of 0.5 g
L, the HA increases both Cr(V1) adsorption and photocatalytic reduction, which leads to higher
Cr(VI) total removals. For a loading of 1.0 g L™, the Cr(V1) adsorption is hindered because HA is
preferably adsorbed and occupies the active sites of the catalyst, but still HA increases the Cr(VI)
photocatalytic reduction by scavenging the holes on the VB. In agreement with these statements,
the observed rate constants, considering a first-order reaction, were 0.11 and 0.16 h* for Cr(VI)
and Cr(V1)+HA systems, respectively, using 1.0 g L™ of catalyst. It is worth noting that in all the
tests the removal of HA after the end of the irradiation was higher than 90 % (data not shown).

In view of the experimental results and previous works with zirconia [102,108,110] and
Cr(VI)+TiO2 works [158,161,205], a simplified mechanism was proposed in Fig. 2.7.

NHE (eV)

Ce—Zr0; + hv - eqcpy + hiyp,

HCrO; + 7TH* + 3e™ - Cr3* + H,0

+2

hivg) + HA(aas) = Oxidaxed product “

+4

VALENCE BAND Acid

@ // Ox.

Product

Fig. 2.7. Proposed mechanism for the photocatalytic reduction of Cr(VI) in the presence of HA

using Ce-ZrO under visible light irradiation.

In order to evaluate the fate of the adsorbed Cr species on Ce-ZrO,, the catalysts used for
the experiments shown in Fig. 2.4b (1 g L of Ce-ZrO; and initial pH of 4) were recovered and
washed with a strong basic solutions to promote the complete desorption. Then, the washing
solutions were analysed in order to determine the amount of Cr(V1) released. Once knowing the
initial and final Cr(VI) concentrations, and the amount that was adsorbed, it was calculated,
through a mass balance, how much Cr(VI) was reduced to Cr(111). As a result, it was observed that
~60 % of the adsorbed chromium was reduced to Cr(l11) and the rest remained as Cr(V1). For the
non-adsorbed Cr(V1), which remained in the starting solution, 36 % was reduced to Cr(l1l) in the
presence of HA, whereas this value dropped to 25 % without HA. This result corroborates with
the proposed mechanism, in which the photocatalytic reduction depends on the adsorption of the

Cr(V1) species at the catalyst surface and that the HA favours the photoreduction by acting as a
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hole scavenger. In addition, the presence of HA can be considered beneficial since, in its presence,
Cr(11)-HA complexes are formed when Cr(VI1) is reduced to Cr(lll). These complexes are less
toxic than Cr(l11) species [182].

Another positive effect of HA reported in literature, is the direct electron transfer from the
light-excited HA to Cr(VI), promoting the metal reduction, which would require lower energies
than the semiconductor band gap [199]. However when experiments without Ce-ZrO2, only with
Cr(VI) and humic acid, were performed, very low Cr(VI) removals were observed, which confirms

the actual photocatalytic activity of Ce-ZrO..

2.3.2. Immobilized Ce-ZrO

In order to increase the photocatalytic reduction efficiency and avoid the use of suspended
nanoparticles, hard to recover, Ce-ZrO» was immobilized on a silicon carbide support coated with
ZrO> as intermediate layer (Fig. 2.8a). The FE-SEM analysis of the Ce-ZrO, immobilized on the
support (Fig. 2.8b) indicated the presence of nanometric particles and a layer thickness of around
2 um. Previous TEM analysis confirmed that Ce-ZrO» nanoparticles are a mix of nanometric grains
of about 10 nm with twinned grains of a relatively larger dimension (from 15 to 60 hm) and some

bigger crystals of about 100 nm [120].
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Fig. 2.8. (a) Photo, (b) FE-SEM image, and (c) X-ray diffractogram of the immobilized Ce-ZrO-
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Munk function, F(R), to the diffuse reflectance spectra. The inset is the Tauc plot of the SiC

support+ZrO; intermediate layer and the immobilized Ce-ZrO:..
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In the X-ray diffractogram of the immobilized Ce-ZrO; (Fig. 2.8c), it is possible to identify
a SiC phase (ICDD Ref. code 00-049-1428), which corresponds to the silicon carbide support. The
zirconia phases observed correspond to the ZrO» intermediate layer and to the immobilized Ce-
ZrO». As obtained from previous XRD analysis of the unsupported Ce-doped zirconia [110], both
monoclinic (ZrO2-m, ICSD #658755) and tetragonal (ZrO.-t, ICSD #66781) phases form during
the synthesis. No evidences related to a preferred phase for the photocatalytic activity were
reported, however the presence of both phases could enhance the charge separation at the interface
between the two polymorphs [120] reducing the charge recombination probability, similarly to
what proposed for anatase and rutile in TiO2 P25 (Evonik) [207].

Fig. 2.8d presents the UV-Vis absorption spectra obtained by Diffuse Reflectance
Spectroscopy (DRS) of the SiC support, the SiC support with the ZrO- intermediate layer and the
immobilized Ce-ZrOx. Since the silicon carbide support is black, it absorbs light in the whole UV-
Vis spectra, whereas when coated with the white ZrO; intermediate layer, only UV light is
absorbed. The spectrum obtained for ZrO. layer matches that reported for pristine ZrO;
[108,109,119], in which the band gap transition occurring at about 250 nm (5 eV) is due to the
excitation of the electrons from the VB to the CB of this oxide. A weak absorption between 250
nm and 350 nm is caused by some point defects present in the material[125]. In the spectrum of
the Ce-ZrO, immobilized on the SiC support with the ZrO, intermediate layer, it is observed an
absorption shoulder centred at ca. 330 nm with a tail in the visible region. Analysing the band gap
transitions, two Egap Values are reported, 4.9 and 2.6 eV. The first value is associated with the
fundamental VB—CB transition of ZrO-, which was practically unaffected by the Ce doping, the
second value is due to the absorption band associated to the VB — Ce 4f charge transfer transition
[119]: this result indicates that the immobilized Ce-doped zirconia has the potential to work as a

photocatalyst under visible light irradiation.

2.3.2.1. Experiments using a solution containing Cr(VI)

In Fig. 2.9a, it is shown that, using the immobilized Ce-ZrO, on the silicon carbide support,
the removal of Cr(V1) reached 77 % for a model solution containing 10 mg L of Cr(V1), no humic
acid, and at an initial pH of 4. It can be observed that a strong adsorption of Cr(V1) occurred in the
dark period, as reported for the suspended catalyst. However, a direct comparison with the
powdery catalyst is not possible since it is difficult to determine the amount of Ce-ZrO, that was
immobilized on the support and the related active fraction. Nevertheless, when the visible-light
irradiation started, it was clearly observed that the photocatalytic reduction of Cr(\V1) occurred.
Considering a first-order reaction, the observed rate constant (Kobs) Was 0.13 h%, value compatible

with the ones obtained in the presence of suspended catalyst.
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The effect of the initial Cr(\V1) concentration on the Cr(VI) removal with immobilized Ce-
ZrOy at pH 4 is shown in Fig. 2.9b. It can be observed that for an initial Cr(\V1) concentration of
10 mg L%, a high removal of chromium was achieved, whereas for the concentrations of 50 and
100 mg L, the Cr(IV) removal did not overcome the values around 11 %. Thus, it can be
concluded that the removal of Cr(V1) is significantly dependent on the initial Cr(\V1) concentration
in the feed and follows an inverse relationship with the concentration, as reported by other authors
[138,161,208]. The main reason for that is that increasing the concentration of Cr(VI) more light
is absorbed by the solution, and therefore, less photons reach the catalyst surface to promote the

charge separation and consequently the Cr(\V1) reduction [161].
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Fig. 2.9. Percentages of Cr(VI) removed using immobilized Ce-ZrO; in the tests with: (a) model
solution containing 10 mg L of Cr(VI); (b) model solutions containing different initial Cr(\VI)

concentrations; (c) diluted galvanizing industry effluent.
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2.3.2.2. Experiments with the galvanizing industry effluent

In view of the satisfactory results obtained with the supported Ce-ZrO, for the model
Cr(VI) solution, the next step was to evaluate the efficiency of this material in the treatment of a
real Cr(V1) effluent, since complex matrixes can affect significantly the photocatalytic mechanism
[209,210].

The galvanizing industry effluent studied here contains a high concentration of Zn and
Cr(VI), 1789 and 77 mg L, respectively. As reported in the previous item, the Cr(VI) removal
efficiency decreases considerably at higher Cr(VI) concentrations. Therefore, prior to the
experiments, the effluent was diluted 7 times in order to achieve a Cr(V1) concentration of 11 mg
L. It is worth noting that the total Cr concentration in the effluent is 89 mg L™, which means that
a small amount of dissolved Cr(l11) is also present. Since the effluent does not contain dissolved
organic matter, one test was made with the diluted effluent spiked with HA. The results of the
photocatalytic reduction of Cr(VI) using immobilized Ce-ZrO> are shown in Table 2.1.

Table 2.1. Removals of total Cr, Cr(VI), and Zn for the diluted effluent treatment with the
immobilized Ce-ZrOx.

Without HA With HA (10 mg L)

After6hin  After6hof  After6hin  After 6 h of

dark irradiation dark irradiation
Removal of Cr total [%0] 77.1 98.4 75.5 98.8
Removal of Cr(V1) [%0] 77.1 97.2 75.5 97.3
Removal of Zn [%] 13.6 19.9 12.6 17.6

As shown in Table 2.2, the variations in Zn concentration due to its adsorption are 4 times
greater than the ones obtained for Cr(V1). From this table, it can also be seen that 4 to 5 % of the
zinc was removed after light irradiation. However, there is no evidence to confirm that this zinc
removal was due to adsorption or photocatalytic reduction, since the standard reduction potential
of Zn?* (-0.76 V) is much lower than the one of Cr(VI1)[203].
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Table 2.2. Concentrations of zinc in samples from the experiments with the diluted galvanizing

effluent with and without humic acid.

Without HA With HA (10 mg L)
Cr(VI) Zn Cr(VI) Zn
[mg L] [mg L] [mg L™] [mg L]
Initial 11 254 11 254
After 6 h in dark 2.5 219 2.2 222
After 6 h of irradiation 0.1 205 0.3 211

The Cr(VI) removal efficiencies for the model Cr(V1) solution and the diluted galvanizing
effluent were ~76 % and >97 %, respectively. The first reason for the higher removal of Cr(VI)
with the galvanizing effluent is that the effluent pH value is lower (~3.5) than the one tested for
the model solution (4.0). As discussed previously, the Cr(\V1) photoreduction is strongly favoured
in more acidic medias. Another reason for the higher removals of Cr(V1) is the presence of Cr(l11)
and Zn(Il) in the galvanizing effluent, which help maintaining the pH stable by forming hydroxo-
complexes acting as pH buffer [208].

On the contrary, the presence of HA does not seem to have significant effect on Cr(\V1)
removal, even if the effect was clearly visible when it was used the suspended catalyst powder.
Actually, in the case of the diluted effluent spiked with HA, the humic acid was no longer
detectable by the UV-Vis analyses carried out after 1 h of experiment in the dark, as it was
completely adsorbed by the immobilized Ce-ZrO; and also by the mesoporous silicon carbide
support. Therefore, there was no humic acid available anymore to participate the reaction and
affect the Cr(VI) removal.

Analysing the final concentrations of Cr(VI1) in the samples (Table 2.2), it can be seen that
more than 97 % of chromium was removed from the galvanizing industry effluent. The limit of
discharge of Cr(V1) species for industrial waste streams to be discharged to surface water varies
by country, but in general, this limit is in the range 0.1 and 0.5 mg L™ [211,212]. Therefore, the
diluted effluent after photocatalytic treatment with immobilized Ce-ZrO2 would be within the
discharge limit for Cr(V1).

2.4. Conclusions

In the present chapter, it was studied the removal of Cr(VI) by photocatalytic reduction
promoted by suspended and immobilized Ce-ZrO, under visible light irradiation. For the model

Cr(V1) solution, it was observed that higher catalyst dosages and lower initial pH values favours
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Cr(VI) adsorption and photoreduction. The reason is that in more acidic media, the electrostatic
repulsion between zirconia surface and Cr species are limited. At the same time, the driving force
for the reaction is increased because CrOs> converts to HCrO4, which has a higher reduction
potential and less repulsion by the zirconia surface.

Regarding the effects of humic acid, there is a balance between beneficial and detrimental
effects. Since HA is preferably adsorbed by Ce-ZrO,, it reduces Cr(V1) adsorption by occupying
the active sites. On the other hand, HA act as holes scavenger, reducing the electron-hole
recombination, favouring then the photocatalytic reduction of Cr(V1). Therefore, the combination
of these effects on the total Cr(VI) removal was dependent on the catalyst dosage, but in all cases
the amounts of Cr(VI) reduced with the irradiation were higher in the presence of HA, even at
higher pH values. In the best condition, it was possible to remove 70 % of Cr(VI) from the model
solution containing only Cr(VI1) at an initial pH of 4, using 1.0 g L™ of Ce-ZrO..

The experiments with the supported Ce-ZrO> demonstrated the feasibility of immobilizing
this catalyst without changing its photocatalytic properties. The immobilized Ce-ZrO, was able to
treat a diluted galvanizing industry effluent with a high concentration of zinc, achieving Cr(V1)
removals greater than 97 % after visible light irradiation, which would allow its discharge into
surface waters. The presence of HA did not affect the processes.

From a technical point of view, these results indicate that immobilized Ce-doped zirconia
could be applied to treat Cr(VI) effluents even in the presence of other metals and naturally
occurring organic matter, such as humic-like substances. The advantages of this material are its
great chemical and mechanical resistances and the chance to avoid nanoparticle recovery. In
addition, there is the possibility to use visible light sources, such as solar light, which contributes
to the development of more sustainable, cleaner, and cost-effective wastewater treatments.
Nevertheless, as all new technologies, an economic analysis should be performed in order to verify

the feasibility of the proposed treatment in comparison to consolidated technologies.
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3. ZrO2/SiC ULTRAFILTRATION MEMBRANE

3.1. Introduction

Few are the works devoted to the development of ZrO> membranes on SiC support [12,213]
considering that there are several challenges in the ceramic processing (slurry) and sol-gel routes
used in its fabrication. This process needs to overcome the following issues: to form a
homogeneous thin layer of ZrO» by controlling the viscosity of the dipping fluid and its particle/sol
size to avoid excessive infiltration into the support [35,214,215]; and to avoid the cracks that can
occur during the high temperature sintering because of ZrO> and SiC different thermal expansion
coefficients [216] and the big volume variation that zirconia undergoes in the
monoclinic/tetragonal phase transition [18,36].

Li et al. [213] reported a modified colloidal sol-gel method to obtain a ZrO, membrane on
a self-made SiC support (average pore size 5.2 um). Sintering the membranes at 700 and 900 °C,
they obtained average pore sizes of 63 and 48 nm, respectively, with pure water permeability of
355 and 273 L m2 ht bar?, respectively. Although the sol-gel method results in the formation of
smooth and defect-free membranes, usually it requires expensive precursors, such as zirconium
alkoxides, and organic solvents, which increase the cost and the environmental footprint [48,217].
In addition, sol-gel processes involve several steps like hydrolysis and polymerization under
controlled pH [217,218], which makes it more difficult for its industrial scale-up compared to
ceramic processing. This process is significantly simpler than the sol-gel method and does not
involve the use of metal alkoxides making it cost-effective. Ceramic processing allows obtaining
uniform UF membrane layers with tailor-made pore size [47]. Li et al. [12] prepared a 3-YSZ
(yttria-stabilized zirconia with 3% molarY203) UF membrane by dip coating a SiC support (pore
size of 1-2 um) with a suspension of particles (average diameter 50 nm). In order to achieve that,
the authors firstly coated the support with a SiC intermediate layer with a pore size of 0.9 um. The
membrane sintered at 800 °C for 45 min presented an average pore size of 82 nm with a water flux
of 850 L m h'l. However, no filtration tests under real conditions were performed whereas the
performance of developed membranes in their actual application setting needs to be tested to
achieve a complete evaluation.

In this regard, an interesting procedure to evaluate zirconia membranes is in the wastewater
treatment, specially hazardous effluents containing oils from many industrial processes, such as
petrochemical, tanning, and leather industries, as well as cosmetics and food production [58]. It is
known that ZrO, membranes, own to its especial surface properties [38,219], have superior

performance in the treatment of stable oil in water emulsions. Specifically when chemical methods
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are ineffective, i.e. the oil droplets have a diameter less than 10-20 um and are in a low
concentration [219,220], separations higher than 99% [220] can be achieved by filtration.

In view of what was exposed, the present chapter focuses on the development and
characterization of an ultrastable ultrafiltration zirconia membrane on tubular multi-channelled
SiC supports. The ceramic processing was the technique applied for fabricating the monoclinic
zirconia membrane, which was then characterized focusing on material properties and filtration
aspects. A pilot-scale filtration test was carried out with a simulated wastewater containing olive

oil to evaluate the performance of the new membrane in potential applications for oil removal.

3.2. Materials and Methods
3.2.1. Powder characterization and dispersion studies

Two types of commercially available monoclinic zirconia (ZrOz) powders with different
particle sizes were selected to fabricate the membranes. According to the manufacturer (Imerys
Fused Minerals, Germany), one powder has particle size below 1 um (denoted as Z-1) while the
other one below 2 um (denoted as Z-2). They consist of fused zirconia (ZrO2+HfO2 > 98.30 %wt)
produced from zircon sand in an electric arc furnace at 2,600 °C.

X-ray diffraction (XRD) patterns of the starting powders and sintered membranes were
obtained with the diffractometer PW3040/60 X’Pert PRO MPD (Malvern Panalytical,
Netherlands), operated at 45 kV and 40 mA with Cu-Ko. radiation (A = 1.5418 A).

Nitrogen adsorption-desorption isotherms were obtained on a Micromeritics ASAP 2020
(Micromeritics, USA) equipment for the determination of surface area, using the Brunauer—
Emmett—Teller (BET) model, and pore size distribution, using the Barrett-Joyner-Halenda (BJH)
model applied to the adsorption branch of the isotherms. Before the adsorption run, all the samples
were outgassed under vacuum (residual pressure 102 mbar) at 300 °C for 8 h to make surface and
pores available for the subsequent N adsorption.

Scanning electron microscopy (SEM) analyses were carried out by using a ZEISS EVO 50
XVP microscope with LaBs source, equipped with detectors for backscattered electrons, secondary
electrons, and energy dispersive X-ray Spectroscopy (EDS). SEM micrographs were obtained after
sputtering samples with a 10-15 nm thick gold film.

Since the ceramic processing was the technique applied to prepare the zirconia membranes,
the first required condition was to obtain a stable suspension of the ZrO> powders in water. Then,
in order to determine the influence of pH, dispersant concentration, and ball milling time on the
suspension stability, several zeta potential and particle size analyses were performed. Particle size

was determined by laser diffraction on a S3500 equipment (Microtrac Retsch GmbH, Germany).
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Dynamic Light Scattering (DLS) and Zeta potential measurements were performed on a Zetasizer
Nano ZS (Malvern Instruments, United Kingdom). Briefly, powder suspensions (0.1% wi/v) were
prepared in ultrapure water and ultrasonicated for 10 min before the analysis. The pH was adjusted
with solutions of NaOH and HCI.

As dispersants, two commercial products were selected based on previous works on
zirconia dispersions [221,222]. According to the manufacturers, Dolapix CE 64 (Zschimmer and
Schwarz GmbH, Germany) is a carboxylic acid-based polyelectrolyte, free from alkali, with a
molecular weight 320 Da, and an active matter of 65% [223]. Duramax™ D-3005 (Dow, USA) is
an ammonium salt of a polyacrylic acid with a molecular weight of 2400 Da and active matter of
35%.

3.2.2. Membrane fabrication

The ZrO> membrane layer was coated on highly porous multi-channeled SiC tubular
supports supplied by Ligtech Ceramics A/S (Denmark). Each support has 25 £ 1 mm of outer
diameter, a total length of 305 + 1 mm, and 30 cylindrical channels of 3 mm diameter each (Figs.
3.2a and 3.2b). Initial screening of processing parameters and harness characterization were
conducted on flat sheet SiC supports with same pore characteristics of the tubular supports. Once
optimized the ZrO> membrane layer preparation, tubular multi-channeled SiC supports were used
for the coating.

The coating suspensions were a mixture of the fine (Z-1) and the coarse (Z-2) zirconia
powders (in an equal mass ratio) dispersed in deionized water added with the dispersant and the
binder. Solid contents between 10 and 30 wt% were investigated. The dispersant dosage was 2
wt% in relation to the mass of added powder. Temporary binders provided by Zschimmer and
Schwarz GmbH (Germany), Optapix CS 76, a polysaccharide dicarbonic acid polymer, and
Optapix PAF 2, a polyvinyl alcohol preparation were investigated to allow the formation of a film
in the dip coating process as well as to increase the strength of the green body (membrane layer
before sintering).

All suspensions were prepared by the following method. First, deionized water and the
required content of dispersant (Dolapix CE 64) were mixed in a beaker, the fine (Z-1) and the
coarse (Z-2) ZrOz powders were then added. The suspension was kept under continuous
mechanical stirring with a propeller RW 16 (IKA, China) and the pH was adjusted to 10 using a
concentrated NH4OH (30% NHs, CAS 1336-21-6, Sigma-Aldrich, USA) solution. Next, the
suspension was poured in a polyethylene bottle and milled for 24 hours with spherical 9 mm
alumina milling beads to ensure homogenization. After the homogenization step, the coating

suspension was poured into a beaker and the required amount of binder was added. The mixtures
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were stirred continuously with a magnetic stirrer at room temperature until the end of the coating
process.

The prepared ZrO, suspensions were deposited by dip coating on the porous multi-
channeled SiC tubular supports using a homemade set-up. In brief, in the case of multi-channel
membranes, the suspension were dipped into the channels of the SiC support for 30 s and then
pulled out of the suspension at a controlled speed, and in flat sheet membranes the SiC support
were dipped into the suspension for 30s and after that pulled out from the suspension at a controlled
speed. Afterwards, the green membranes were dried overnight at 40 °C in a drying cabinet. In the
case of double-coated membranes, the dip coating-drying cycle was repeated twice. Once dried,
the membranes were sintered in a furnace in air atmosphere. The holding times at the set point
temperature were 30 or 1 min. A sintering study was performed to find the optimum temperature
to produce good grain joining and appropriate pore size. Own to confidentiality issues, the three
different sintering temperatures, in the range between 1000 and 1300 °C, are reported as T-10 °C,
T, and T+50 °C. This temperature range was chosen in order to guarantee the proper ZrO2 sintering
and its adhesion to the SiC support but trying to avoid cracks caused by the volume variation
occurring above 1173 °C during the ZrO> phase transformation monoclinic—tetragonal [18,36].

Unsupported membranes were prepared from the dried suspensions, sintered under the
same conditions above described. The obtained powders were characterized (specific surface area,
pore size distribution, and zeta potential) using the same equipment and procedures described in
item 3.2.1.

3.2.3. Membrane characterization and testing

The morphology, elemental and phase composition of the developed membrane were
analysed by SEM, EDS, and XRD according to the same procedures described above. The pore
size distributions of the fabricated membranes were analysed by the capillary flow porometry 3G
zh (Quantachrome Instruments, USA). Prior to the measurement, 25 mm long membrane samples
were filled with the wetting liquid Porofil™ (Quantachrome Instruments, USA), a fluorinated
hydrocarbon with a surface tension of 16 dynes.cm™. The pore size distribution was calculated
from the curves of the airflow through the wet and dry membrane as a function of the air pressure
applied with a shape factor of 0.715 measured following the standard ASTM F316_03.

For scratch analyses a TABER 5900 reciprocating abraser (Taber Industries, USA) was
utilized equipped with a conical diamond indenter with an angle of 120 °, with three different loads
and a constant speed of 200 mm min™. Three scratch tests were done for each load and three

measurements of each scratch were done by SEM.
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The filtration tests were performed on a commercial pilot scale filtration set-up (Ligtech
LabBrain) provided by Ligtech Ceramics A/S (Denmark). This unit consists of a feed tank, a feed
pump, a recirculation pump, and a membrane module, as schematically shown in Fig. 3.1. The
membranes were sealed using silicon O-rings and placed in a cross flow stainless-steel module.
First, the permeability of the membrane was measured using pure deionized water in order to
evaluate its performance at different transmembrane pressure with a cross flow of 1527 L.h* for
10 minutes. Then, 50 L of feeds with different solutes were filtered in order to evaluate membrane
performances in terms of rejection. These experiments were run at a constant transmembrane
pressure of 1 bar, and cross flow of 1527 L.h"* for 15 minutes. Recovery factor was set to 90%.
Samples from the feed were taken at the beginning of the experiments while samples from
membrane permeate were collected at the end of the experiments. The compounds chosen for
retention studies were: hemoglobin, a protein with high molecular weight that is expected to be
retained by UF membranes considering their pore size; indigo blue, a dye present in many
industrial wastewaters; and humic acid, a model compound for natural organic matter in the water
and a model foulant. The hemoglobin 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 x 7.8 mm) PolySep-GFC-P 4000
(Phenomenex, CA, USA) was used with water as the mobile phase, flow rate of 1 mL min-1, and
injection volumes of 20 uL. 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).

Filtration experiments to evaluate the oil removal and possible water reuse were carried
out with a simulated oily wastewater. For that, an olive oil/water emulsion was prepared with 500
mg L of unprocessed olive oil from the Cooperativa Virgen de la Estrella (Badajoz, Spain) and
distilled water. The emulsion was prepared by firstly keeping the oil and the water at high
mechanical stirring for 24 h, followed by ultrasonication for 30 min. The stable oil/water emulsion
was characterized by measuring droplet size distribution measured by the Dispersion analyser
LUMiSizer (LUM GmbH, Germany). Initially, experiments with recirculation of the feed were
carried out for determining the critical flux. Then, concentration experiments were performed to
separate the olive oil from the water under the optimal condition previously determined. Samples
of the feed, retentate and permeate were collected and analysed according to the standards methods
for: oil content (ISO 9377-2:2000), total organic carbon ((DS/EN 1484:1997), chemical oxygen
demand (DS/ISO 15705), and turbidity (DS/EN 1SO 7027-1:2016).
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Corrosion tests are typically performed in acid and alkaline baths in the pH range of 1-2
and 12-14, respectively [224]. These conditions are more extreme than the ones used in many
industrial applications [27]. However, aggressive cleaning conditions, such as high NaOH
concentrations, may be used for disinfection and fouling removal [22]. Therefore, highly
aggressive conditions were applied in the tests to guarantee that the membranes are not damaged
during the cleaning procedures. The corrosion experiments were carried out by placing small
pieces of the membrane in two water baths at 60 °C under stirring, one containing 10 %wt of
NaOH (pH>14) and the other 10 %wt of H2SO4 (pH<0). Samples were collected from each bath

every week and characterized by SEM/EDS analysis and pore size distribution.

Recirculation experiments
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Fig. 3.1. Schematic diagram of cross-flow filtration set-up, Ligtech LabBrain.

3.3. Results and Discussion
3.3.1. Characterization of ZrO, powder and SiC support

The two ZrO; powders were used as received by the supplier: their particle size
distributions were determined by DLS and shown in Fig. A2.1a. The average particle size of the
powders Z-1 and Z-2 are 0.36 and 0.50 um, respectively. Their specific surface areas, determined
by N2 adsorption-desorption isotherms (Fig. A2.1b), are presented in Table 3.1. These powders
have a relatively low surface area as expected for fused zirconia (obtained at high-temperature arc
furnace) in comparison with other kinds of synthesised zirconia [225]. No micro or mesoporosity
was observed, the macroporosity responsible for the hystheresis loops observed at very high p/p°
values should be mainly caused by the empty spaces between particles.

X-ray diffraction analysis (Fig. A2.2) with Rietveld refinement demonstrated that the raw
powders are composed mainly of monoclinic zirconia with less than 1%wt of the tetragonal phase
(Table 3.1), in accordance with manufacturer information. Since these ZrO> polymorphs have
different thermal expansion coefficients, it is important to have a single-phase powder to avoid

cracks during sintering of the membrane. The crystallite size of the monoclinic phase are 25 nm
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and 37 nm for the powders Z-1 and Z-2, respectively. Concerning the morphology of the raw
zirconia powders (Figs. 3.2c and 3.2d), both presented relatively round particles, with a size

compatible with the ones determined by DLS measurements.

Table 3.1. Characterization of the raw ZrO powders.

) Particle ) ) ) N2
Analysis ) X-ray Diffraction Zeta potential )
size adsorption
_ C-potential BET surface
ZrO2 Dso  Deo %owt %owt Isoelectric
o ) atpH 10 area
powder (um) (pm) monoclinic tetragonal point
(mV) (m>g™)
Z-1 032 0.62 99.1 0.9 3.8 -39.4 12.8+0.6
Z-2 0.61 0.98 99.2 0.8 3.5 -36.7 8.5+0.4

The electrical behaviour of the particles in water was similar for both Z-1 and Z-2 powders
(Fig. A2.1d), for pH values higher than ~4, the particles were negatively charged (Table 3.1). The
surface of ZrOy is rich in acid OH groups [124], which explains the negative charge observed
increasing the pH.

The silicon carbide supports used for depositing the ZrO> layer were homogenous and free
of macro-defects (cracks and pinholes), as shown in Fig. 3.2. According to supplier information,
these supports are highly porous (around 40%) and have average pore size of 15 um. The support
pure water permeability is 12000 L m h't bar [195].
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Fig. 2. (a) Multichannel tubular SiC support, (b) SEM image of the silicon carbide tubular support,

(c) SEM image of the raw zirconia powder Z-1, (d) SEM image of the raw zirconia powder Z-2.

3.3.2. Optimization of the suspension

For the membrane fabrication by ceramic processing, it is essential to prepare a
homogeneous and stable suspension of the starting powders, since well-dispersed particles produce
higher average packing densities and a narrower pore size distribution, compared with aggregated
suspensions [226] that show different shrinkages during sintering [227]. In order to optimize the
ZrO. powder suspension, several parameters were investigated, such as the time of ball milling
and the dosage of dispersant.

Particles in agueous media tend to agglomerate because of the ubiquitous attractive van der
Waals force between them [222]. A good dispersion requires to balance this force with strong
repulsive forces, which can be achieved following three different procedures: i) increasing the
charge at the particles surface and/or altering the pH (electrostatic stabilization), ii) adding a
polymeric molecule, which is adsorbed onto the powder surface and prevents the particles
physically coming close enough (steric stabilization, or iii) applying together these two effects
(electrosteric stabilisation) [222,228].

The electrical stabilization generally is obtained when the absolute value of the zeta
potential of the colloidal particles is 40 mV or over [228]. Analysing the zeta potential of the ZrO>
powders (Fig. A2.1d), the charge is close to -40 mV at pH 10. However, without dispersant, this
charge is not enough to ensure a good dispersion of the mix of Z-1 and Z-2 powders, as shown in
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Fig. 3.3a, because the negatively charged zirconia particles bind with water molecules by
hydrogen bonds, creating a sort of energetic interconnection leading to particle agglomeration
[226]. Thus, the addition of a dispersant is necessary.
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Fig. 3.3. Particle size distributions for a suspension (2.5 %wt) of the powders Z-1 and Z-2 prepared
with different: (a) dispersant concentrations, at pH 10 and 24 h of milling; (b) ball milling time, at
pH 10 with 2 %wt of DP. Effects of the dispersant Dolapix CE 64 (DP) dosage on the: (c) zeta
potential at pH 10 and (d) Dso of the raw zirconia powders at pH 10. (DM: Duramax™ D-3005,
DP: Dolapix CE 64).

According to the literature, several compounds can be used to disperse zirconia particles,
among others: sodium or ammonium salts of polyacrylic (PAA) or polymethacrylic (PMAA) acids
[50,225,229], which are fully dissociated at pH 8.5-9 [230], and carboxylic acid-based
polyelectrolyte [48,49,223]. One dispersant of each class was therefore tested for obtaining a stable
suspension of the mix of zirconia powders, namely Duramax™ D-3005 (ammonium polyacrylate)

and Dolapix CE 64 (carboxylic acid-based). As shown in Fig. 3.3a, the dispersant Duramax™ D-
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3005 was not adequate since it led to the formation of agglomerates with a diameter of c.a.10 pum.
On the other side, the addition of Dolapix CE 64 led to a reduction of the aggregate size, and thus
this dispersant was chosen for further experiments.

Since ball milling was chosen as the method of dispersing the zirconia powders mix, a
study of the effect of the time of milling was performed. According to Fig. 3.3b, after 2 h of milling
the larger agglomerates disappear, but the best interval time for homogenising the suspension
achieving the proper dispersion, avoiding a too large energy consumption, was 24 h, which was
chosen for the rest of the experiments.

In order to determine the optimum dosage of the chosen dispersant (Dolapix CE 64), zeta
potential and particle size of the powders Z-1 and Z-2 were measured for different dispersant
concentrations. For both powders, the absolute zeta potential value increased to more than 40 mV
increasing the dispersant concentration (Fig. 3.3c), but for the powder Z-2, there was a reduction
of the surface charge for concentrations higher than 2 %wt. This suggests that Dolapix CE 64 was
adsorbed onto the zirconia surface, so the surface characteristics of the powder were dominated by
the features of the polyelectrolyte [222], saturating the particle surface at 2% wt of concentration
[223]. At the same dispersant concentration the minimum particle size of the powders was
observed (Fig. 3.3d), whereas a higher concentration seemed to promote flocculation. The

dispersant concentration of 2 %wt was therefore chosen for fabricating the membranes.

3.3.3. Membrane coating and sintering

Once obtained a good suspension, other parameters related to the coating of the support
(e.g. binders and plasticizers, solid loading, number of coatings) were evaluated for obtaining the
smallest pore size possible and a homogeneous and defect-free membrane layer, i.e. the basic
behaviours for achieving an efficient separation by ceramic membranes [12].

The solid loading was adjusted to obtain a suspension with a specific viscosity that allows
dip coating the support to form a homogeneous layer with adequate thickness. Solid loadings of
10, 15, 20, 25, and 30 %wt of the ZrO, powder mix (Z-1 and Z-2) were tested. Higher solid
loadings led to a great increase of the suspension viscosity, as also reported by other works
[223,225]. As a result, it was observed that for solid loadings lower than 20 %wt, no layer was
formed after 2 cycles of support coating (Fig. A2.3a), caused by the excessive infiltration of the
coating into the SiC support. The best results were obtained for solid loadings between 25 and 30
%wt and two coating cycles (Table 3.2). Two coating cycles were chosen in order to obtain a
completely formed and non-defective layer (one cycle allowed producing a very thin and non-
homogeneous layer, as reported in Fig. A2.3b), with a good permeability and no cracks (three
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cycles allowed producing a layer quite thick, low permeable and prone to cracks during drying
and/or sintering steps, as shown in Fig. A2.3c [231]).

In order to improve the film formation during the dip coating process, as well as to increase
the green body strength and flexibility, temporary binders were added to the suspension [232].
Organic binders usually burn out above 300°C and they should burn gradually without leaving
ashes. Cellulose-based (e.g. carboxyl methylcellulose, hydroxy-propyl cellulose) [12,233], starch-
based [234,235], and polyvinyl alcohol (PVA) preparations [50,236-239] are the most used
binders for fabricating zirconia membranes. The characterization of the ZrO, membranes obtained
with the evaluated commercial binders, Optapix PAF 2 (PVA) and Optapix CS 76 (starch-based)
are shown in Table 3.2.

It can be seen that the increase of the binder PAF 2 dosage from 2 to 4 %wt almost doubled
the membrane thickness, causing more cracks and increasing the average pore size. This
phenomenon is not new, as it is known that thicker layers are more prone to crack because of the
critical thickness. In fact, when a wet film containing suspended colloidal particles dries on a
substrate, water evaporation causes the adhesion of a film of particles on the substrate, film which
resists against the deformation in the plane, although generating tensile stresses [240], only in the
case the thickness is limited. Cracks are formed if the tensile stress exceeds a critical value [241]
and, in general, there is a critical thickness favouring the spontaneous formation of cracks
independently on the drying rate [47]. In addition to this aspect, it is known that PVA produces
large pores [242], and in fact the addition of PVA-based PAF 2 caused the formation of very large
pores which is disadvantageous for the performance of the membranes in the studied application.

Regarding the membranes obtained with the binder CS 76, they presented smaller thickness
and smaller pores than the ones obtained with PAF 2. The optimum binder dosage was 2 %wt,
leading to a membrane with the smallest average pore size (64 nm) and the smallest layer thickness
(43 £ 3 um), homogeneous and without cracks. Given the results of these attempts, 2 %wt of CS
76 binder was chosen for fabricating the ZrO> membrane on the SiC supports. It can also be
observed in Table 3.2 that although the different nature of the materials used as support (SiC) and
top layer (ZrO>), the boundary between them is dense and straight, demonstrating the strong
junction between these adjacent layers, for sure improving the membrane lifetime, the resistance

to chemical corrosion and water hammering for fouling prevention [12].
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Table 3.2. Membranes obtained with different binder and binder dosages.

Layer Average
Binder Cross section thickness Surface pore size

(km) - (nm)

PAF 2

CS76

Once established the best binder and its dosage, a sintering study was carried out. The XRD
diffractograms of the membranes sintered at the maximum temperatures of T-10, T, T+50 °C and
holding times, at these temperatures, of 1 and 30 min, are shown in Fig. 3.4 and their Rietveld
refinements are presented in Table 3.3.
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Fig. 3.4. XRD diffractograms of the membranes sintered under different temperatures and holding

times (in brackets). M: monoclinic zirconia, T: tetragonal zirconia, ZS: zirconium silicate.

Table 3.3. Phase composition and size of the deposited crystals for the membranes sintered at

different temperatures and holding times.

Sintering Holding ZrO2 Zirconium C;gzt?rlrl]'_te
temperature time Monoclinic  Tetragonal silicate
(°C) (min) o ; (Yowt) Z2r0o)
(Yowt) (Yowt) o (nm)
T-10 1 98.0 2.0 0 70
T 1 97.7 2.3 0 77
T 30 97.7 1.7 0.6 98
T+50 30 98.3 0.6 11 228

It can be observed that monoclinic zirconia remained the predominant phase in the
membranes after sintering under the different conditions tested. The raw powders contained
around 1 %wt of the tetragonal phase (Table 3.1). However, the increase of the sintering
temperature from T-10 to T °C favoured the phase transformation from monoclinic to tetragonal
zirconia, as expected considering the tetragonal polymorph is the thermodynamically stable phase
at high temperature [227]. On the other hand, for the holding time of 30 min and temperatures of
T and T+50, a decrease of the percentage of the tetragonal zirconia to form a third phase was
observed (Fig. A2.4). The third phase was identified as zirconium silicate (ZrSiO4) and it probably
forms in the reaction between the ZrO, and small amounts of SiO> present in the SiC support at
temperatures higher than 900 °C [243,244]. Also crystallite size increased after sintering at high

60



temperatures and long times, as results clearly after treatment at T+50 °C for 30 min (Tables 3.3
and 3.4).

Concerning the morphology of the membranes, it can be seen in Table 3.4 that for sintering
temperatures in the range T-10/T °C with 1 min of holding time, grain coarsening mainly occurred,
but the volume variation remained low enough to avoid crack generation in the resulting top layer.
On the contrary, in the temperature range T/T+50 °C after 30 min treatment, grain coarsening and
densification were observed, the particle size increased and their shape changed to reduce the
surface area [227], with a consequent large dimensional shrinkage responsible for the cracks
observed in these membranes (Table 3.4). In addition, the monoclinic phase transformation led to
a considerable dimensional variation largely exceeding the maximum stress limit, causing an
extensive fragmentation of the layer [227].
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Table 3.4. SEM images of the surface of the membranes sintered under different conditions and

their respective average pore sizes.

Sintering  Holding Pore size
temperatu time Surface Dso

re (°C) (min) | v . - | - (nm)

T-10 1 53
T 1 58
T 30 74

T+50 30 138
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Fig. 3.5. Effect of the sintering temperatures and holding time on the: (a) pore size distribution

and (b) scratch width for different loads applied.

Analogous considerations were achieved analysing the pore size distribution (Fig. 3.5a)
and the scratch test results (Fig. 3.5b) of the membranes obtained at different sintering conditions.
It can be seen that at T-10 °C, the sintering was not complete since a multimodal distribution of
pore sizes is observed. In addition, at this temperature the membrane presented a lower scratch
resistance. On the other hand, as showed in Table 3.4, the temperatures of T and T+50 for 30 min
led to an excessive crack of the membrane, which reduces its mechanical strength and causes the
larger pore size values observed in Fig 3.5a. In conclusion, the optimal sintering condition was at
temperature T for 1 min, allowing to complete the sintering of the particles without excessive
densification nor phase transformation, resulting in a pore size with a narrow Gaussian distribution

and in a mechanically resistant layer.

3.3.4. Characterization of the membrane

As discussed before, the optimum membrane was obtained using a suspension with 2 %wt
of binder (Optapix CS 2), performing two coatings, applying a sintering at T temperature with a
holding time of 1 min. The morphological characterization of this membrane was presented in
Table 3.4. The top layer is homogeneous, without defects (cracks and pinholes), and it has a
thickness of 45 + 5 um (Fig. A2.5a). This membrane also presented an average pore size of 60 nm
(Fig. 3.6a), with Dso and Dgo equal to 58 and 63 nm, respectively. Thus, in order to verify the
composition of the developed membrane, EDS analysis was performed on the membrane surface
and on its section (Fig. A2.5bc). The elemental analysis of the surface was 21 %wt of O and 77

%wt of Zr, indicating that the top layer is composed by pure zirconia.
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Fig. 3.6. (a) Pore size distribution of the ZrO,/SiC membrane. (b) Pure water flux at different

transmembrane pressures (TMP).

In Fig. 3.6b the permeate flux obtained for pure water filtration at different transmembrane
pressures (TMP) is shown. A linear pressure-depended regime was obtained, as expected for pure
water (non-fouling) filtration [245]. Under this regime, it was possible to calculate the membrane
permeability, which is around 360 L m? h bar* (LMH/bar). The value obtained is similar to the
permeability reported by Li et al. [213] for a zirconia ultrafiltration membrane deposited by a sol-
gel route on a silicon support with pore size of 5 um. On the other hand, by ceramic processing,
Li et al. [12] obtained higher clean water permeability values for a 21 um thick ZrO- ultrafiltration
membrane obtained on SiC supports. The result is not surprising, as thinner layers allow increasing
the permeability, nevertheless in that case an additional intermediate SiC layer, increasing the
fabrication cost, was considered. In the present work, a relatively thick ZrO, separation layer (45
um) was required for decreasing the pore size of SiC support (corresponding tol5 pum), but no
intermediate layer was required.

The retention of selected compounds is presented on Table 3.5. Large molecules such as
humic acid and hemoglobin can be easily separated, as expected considering their large size and
the repulsion between their negative charge and the negatively charged ZrO; particles forming the
filtering layer (see the zeta potential of the unsupported powder in Fig. A2.1d). However, also
indigo blue, a quite small molecule, has a high retention, even higher than haemoglobin one,
probably because it is scarcely soluble in water and forms micelles that can be easily retained by
the membrane. In conclusion, the membrane under study is efficient in removing contaminants
different in nature and this suggests they do not separate for simple sieving effect, but probably

electrostatic interactions and dispersion forces can play additional and significant roles [246]. In
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order to evaluate these roles, and taking advantage of the high hydrophilicity of zirconia [220],

also oil/water separation trials were performed.

Table 3.5. Retention of selected compounds and oil removal of oil in water emulsions prepared

with different oils.

Compound MW ISOS(')?EE[”C Charge Retintion
(kDa) [247-249] atpH7 (%)
Humic Acid  4.7-30.4 3 negative 98
Indigo blue 0.262 N.A. neutral 88
Hemaoglobin 64.5 5-7 negative 82

Oil/Water emulsion with Oil E(eyr:)oval

Motor oil 91
Crude oil (North sea) 84

These oil/water emulsions were prepared with 1 g L™ of motor oil or crude oil from the
North Sea and 0.1 g L of the surfactant Tween 80. As a result, 91% of motor oil and 84 % of
crude oil were removed. The good results obtained indicated that this membrane is also efficient
for the treatment of wastewaters containing oil, such as effluents from petrochemical and
metallurgical industries, as well as cosmetics and food production, tanning and leather processing
[220]. Therefore, more tests were carried out in real conditions for the recovery of olive oil from

water.

3.3.5. Olive oil recovery (Oil/water separation)

The olive oil/water emulsion prepared by ultrasonication was stable for several days and
presented an average droplet size of 1.35 pum with the oil droplets between the limit of 0.3 and 2.7
pum (Figure A2.6a).

Prior to the actual olive oil/water emulsion filtration, the critical permeate flux should be
determined in order to minimize the fouling during the emulsion filtration. For that, experiments
were carried out with the recirculation of the permeate by setting constant permeate flowrates and
assessing the variation of transmembrane pressure (TMP) for intervals of 15 minutes (Fig. A2.6b).
The permeate flux was plotted according to the TMP (Fig. 3.7a): the trend observed allowed to
evidence the critical flux (150 L m2 hl), i.e. the maximum flux that can be applied without causing

significant fouling.
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Fig. 3.7. (a) Permeate flux as a function of the transmembrane pressure (TMP) applied in the
filtration under recirculation. The arrow indicates the critical flux. (b) Permeability obtained in the

oil/water separation experiments with a permeate flux of 90 L m2 h.,

Once determined the critical flux, filtration experiments (with no recirculation of the
permeate) were performed to promote the olive oil separation from the emulsion with a permeate
flux of 90 L m™ hl. The transmembrane pressure during this test was recorded (Fig. A2.7) and
used to calculate the water permeability, which was around 300 L m h** bar. As show in Fig.
3.7b, no considerable fouling was observed during the filtration of olive oil/water emulsion and
therefore the permeability was almost constant. The analysis of the feed, retentate and permeate

are shown in Table 3.6.

Table 3.6. Characteristics of the feed, retentate and permeate obtained in the olive oil/water

emulsion filtration under the optimal condition.

Feed Retentate  Permeate = Removal (%)
COD (mg L?) 1,430 13,024 10.3 99.28
TOC (mg LY 35 311 1.2 96.57
Turbidity (NTU) 89 253 1.1 98.76
Oil Content 500 4,895 0.45 99.91

As it can be observed, a removal of 99.91 % of olive oil was achieved, implying in high
removals of COD (chemical oxygen demand), TOC (total organic carbon), and turbidity, which

would allow the water reuse or its disposal into watercourses according to European regulations
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[58]. Moreover, a retentate with a concentration factor of 9.8 was obtained, which could be
processes for recovering the olive oil. In Table 3.7, it is presented a comparison between the
membrane developed in this work and other membranes tested for oil/water separation.

Table 3.7. Comparison of different membranes applied in oil/water separation.

Initial Oil Water

Qil
Reference Type Composition concentration permeability
removal
(mg LY (L.m2hbar?)
Present work UF ZrO)/SiC 500 300 99.91
Fragaetal. 2017 ]
UF SiC 275 130 99
[58]
Eometal. 2014 Clay modified
MF ) 100 216 96.7
[250] with Carbon black
Zhang et al. 2011
NF S-Y-ZrO,/PSF 80 110 99.16
[251]
Zhou et al. 2010 Al,Oz modified
MF ) 1000 750 97-99.2
[219] with ZrO;
Chang et al. 2010 Al,Oz modified
MF ) 1000 250 98.5
[252] with Al,Os
Yang etal. 1998
(3] MF ZrOy/Al,O3 5000 93 99.8

As it can be seen in this table, high retentions of oil were reported by other authors, but in
most of those works, the permeate flux is lower than the ones obtained with the membranes here
developed. For instance, Yang et al. [38] obtained 99.8 % of oil rejection with a ZrO, membrane,
on a a-Al>O3 support, with pore size of 0.2 pm, but with a permeability of the membrane of 97 L
m2 htbar?, much lower than the 300 L m h"* bar! obtained with our ZrO2/SiC membrane. Fraga
et al. [58] tested pure SiC UF membranes but still the permeate flux was moderate. The reason for
the high water permeability achieved in the present work is the unique combination of the highly
porous and super hydrophilic SiC support with the ZrO that is also highly hydrophilic. Although
Zhou et al. [219] observed a higher permeate flux, these authors utilized a microfiltration
membrane, with pores size much larger than the ones reported in the present work. In addition, a
great part of the membranes applied for the oil/water separation are made of alumina (or use
alumina supports), which do not have the high chemical and mechanical resistance [54] of the

developed ZrO/SiC membrane.

67



3.3.6. Corrosion

The main advantage in using a SiC support with a ZrO, selective layer for fabricating an
ultrafiltration membrane stands in the fact that both components have outstanding chemical,
thermic and mechanical resistances. In order to verify the membrane resistance to highly acid and
alkaline media, samples were submerged for several weeks under NaOH and H2SO4 solutions. As
it can be seen in Fig. 3.8, the Dgo of the membranes remained almost unaffected by the treatments,
proving the corrosion resistance of the membrane. Other authors [35] reported similar results for
zirconia membranes, even after treatment in hydrothermal conditions, but often yttria-stabilised
zirconia was used and yttrium can be easily leached in acid environment, with consequent

destabilization of the material [253].
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Fig. 3.8. Dgo (diameter in which 90 % of the pores are below this value) of the membranes

subjected to acid and basic corrosion tests.

With the purpose of verifying these results, SEM imaging with EDS analysis were
performed in the samples. As it can be seen in Table 3.8, the chemical composition of the
membranes did not suffer relevant reduction of the Zr percentage, as expected for this material
[253]. Furthermore, the EDS probe only detect the elements Zr, O, Si, and C (Fig. A2.8),
confirming that the zirconia layer is chemically inert to H.SO4 and NaOH under the conditions
tested. Although a small reduction of the C and Si amounts was noticed after the acid and alkaline
baths, these changes should be related to the removal of residual C and SiO> present in the SiC
support [156,195]. In addition, no significant changes were observed in the morphology of the
samples after the corrosion tests, as shown in Fig. 3.9. Other authors [35] reported similar results

for zirconia membranes, even after treatment in hydrothermal conditions.
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Table 3.8. EDS elemental analysis of the membrane before and after 142 days in the acid
and alkaline baths.

Weight percentage (%)
after 10 % H2SOs 10 % NaOH

sintering
Zr 76.9 2.2 76.8+1.9 76.6 +2.1
0] 21513 21915 22.0+£1.7
C 0.9+0.1 0.6 £0.1 0.8+0.1
Si 0.7 0.1 0.7 £0.1 0.6 £0.2
Na N.D. N.D. N.D.
S N.D. N.D. N.D.

N.D. = non-detected

500 gm

Fig. 3.9. SEM images of the membrane (a) before the corrosion test and after 142 days in
the (a) acid bath and (b) alkaline bath.

In order to summarize the results obtained in this work and compare the performance of

the ZrO2 membrane here developed, it was elaborated Table 3.9 with the few UF zirconia
membranes reported in literature.
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Table 3.9. Comparison of ultrafiltration zirconia membranes.

Prenaration Support Top layer Sintering Average Water
Reference metrer d T Pore size Composition Thickness Temperature  Poresize  Permeability
ype (um) (um) (°C) (nm) (LMH.bar?)
This work Particle sic 15 Monoclinic g 1000-1300 60 360
suspension 210,
Lietal. 2019 Tet Y- o o3 >
1etal. . etragonal Y- 800 57 302
Sol-gel SiC 5 60
[213] g Z0; 900 48 273
. . ) . 800 82 708
Lietal. 2020 Particle I-SiC I-1-2 Monoclinic/Te -, 900 67 658
[12] suspension  1I-SiC  11-09 tragonal ZrO, 1000 45 737
Deyetal. 2018 Particle Clay- 08 Tetragonal Y- 3 700 40 48
[48] suspension ALO; Zr0,
Commercial membranes
Company Product Support Top layer composition Average pore size (hm)
';'iLiOOd N MembraloX®  a-ALOs 20, 20;50; 100
TAMI INSIDE 210,
industries CerAMm AR 5t030
Inopor inopor®ultra  a-Al,Os Zr0, 3;110

From this table it can be observed that the largest part of zirconia membranes is fabricated
on alumina supports, which does not have the high chemical stability of the silicon carbide used
in the present work [54,254]. In addition, our ZrO./SiC has higher water permeability in
comparison to ZrO./Al>0O3z membranes with similar pore size. Even though Li et al. [12] fabricated
a ZrO, membrane using ceramic processing on SiC supports, achieving a really high water
permeability, these authors needed an intermediate SiC layer before the top ZrO> layer, which
increases the fabrication cost. On the other hand, Li et al. [213] used a sol-gel method for the direct
deposition of Y-ZrO; layer on a SiC support but this process is more complex, expensive and has
a larger footprint. In addition, yttria-doped zirconia does not have the same thermal stability of the
monoclinic ZrO> used in this work, since yttrium can be easily leached in acid environment, with
consequent destabilization of the material [253,254]. In summary, the membranes developed in
the present work stands up for being fabricated by ceramic processing on SiC supports and

guaranteeing corrosion resistance and high water permeability.

3.4. Conclusions

In the present work, an ultrafiltration composite membrane made of monoclinic zirconia
on silicon carbide supports was developed. The optimised formulation allows to maintain the high
mechanical-chemical properties of SiC, but also to reduce production costs in comparison with

pure SiC UF membranes, since zirconia can be sintered in air at lower temperatures than SiC. The
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composite membrane was manufactured by coating a high porous SiC support with a zirconia
particles slurry prepared by ceramic processing. The optimum slurry was obtained with the aid of
2 %wt of the dispersant Dolapix CE64 followed by ball milling for 24 h and addition of 2 %wt of
the binder Optapix CS 76. With two dip coating-drying cycles, a homogenous and defect free
separation layer was obtained on top of the SiC supports. The green membranes were calcined in
a temperature range between 1000 and 1300 °C in air, obtaining a pore size around 60 nm and a
pure water permeability of 360 L m h't bar? after treatment at the optimal temperature. The
membrane presented good retention of humic acid, indigo dye, and hemoglobin, which indicated
the possibility to use this membrane in treating wastewater containing organic matter, from tanning
and food industries. In a real application condition, the membrane was able to remove 99.91 % of
oil from an olive oil/water emulsion, reducing also TOC, COD, and turbidity values, which would
allow the water reuse. Finally, the developed membrane is mechanically strong and resistant to
corrosion at basic and acid baths without changing the pore size during the time. These results
indicates that the ZrO»/SiC membrane has potential to operate in harsh conditions, such as for the
treatment of heavily contaminated industrial effluents, or in food applications that require severe

membrane cleaning.

3.5. Annex 2
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Fig. A2.1. Characterization of raw zirconia powders and unsupported membrane: (a) particle size
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curves.
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Fig. A2.2. XRD diffractograms of the raw zirconia powders Z-1, Z-2, and unsupported membrane.

Fig. A2.3. SEM images of the cross sections of membrane obtained with a: (a) solid loading of 15
%wt and 2 coatings; (b) solid loading of 30 %wt and 1 coating; (c) solid loading of 30 %wt and

3 coatings.

73



T+50°C (30 min)
—— T°C (30 min)
——T°C (1 min)
—— T-10°C (1 min)

Intensity (a.u.)

A

\ R S T [N R | T | O |

LI T O T
19 20 21 22 23 24 25 26 27 28 29 30 3
26 (°)

—
32

T

33

Fig. A2.4. XRD diffractograms of the membranes sintered under different temperatures and

holding times (in brackets). T: tetragonal zirconia, ZS: zirconium silicate.

Fig. A2.5. EDS elemental analysis of the cross section of the ZrO2/SiC membrane: (a) SEM image,

(b) zirconium map, (c) silicon map, (d) oxygen map, (e) carbon map.
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Fig. A2.8. EDS spectra of the membrane surface(a) before corrosion test and after 142 days in the:

(b) acid bath and (c) alkaline bath.
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4. Ce-ZrO,/TiO2 PHOTOCATALYTIC MEMBRANE

4.1. Introduction

To the best of our knowledge, there is no preceding study that has specifically explored the
fabrication of photocatalytic membranes on SiC supports. Therefore, in the present chapter, it was
studied the development of a photocatalytic membrane based on a mixture of oxides, namely
cerium-doped zirconia (Ce-ZrOz) and titanium dioxide (TiO2) on top of the ZrO,/SiC ultrafiltration
membrane, in which the development was reported in the previous chapter. An important
challenge in the preparation of small pore size membranes by sol-gel technique is the excessive
infiltration of the sol particles into the support framework [255], which usually has elevated surface
roughness, favouring cracks and pinholes in the membrane layer [256]. In order to solve this
problem, TiO2 P25 nanoparticles were added to the gel to prevent penetration of the sol allowing
the formation of a homogeneous layer.

In this context, the present chapter has three main objectives. First, to investigate the
deposition of a Ce-Y-ZrO2/TiO photocatalytic ultrafiltration membrane on a ZrO»/SiC support,
optimizing the coating and sintering conditions. Second, to characterize the membrane
morphology, pore size, permeability, retention and photocatalytic activity towards phenol, a
molecule that does not suffer direct photolysis [257], as model contaminant instead of the more
classically used dyes [83,85,86,89,90]. Third, to evaluate the anti-fouling and self-cleaning

properties of the developed membrane using humic acid as a model foulant.

4.2. Materials and Methods
4.2.1. Membrane fabrication
4.2.1.1. Support materials

The membranes were coated on highly porous multi-channelled SiC flat sheet supports
with a monoclinic ZrOz intermediate layer supplied by Ligtech 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
(Figs. 4.1a and 4.1b). The support and the intermediate layer have pore sizes of 15 pm 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 0 to 14 and temperatures up to 800

°C, according to the manufacturer.
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Fig. 4.1. (a) ZrO/SiC support and its (b) cross-section SEM image.

4.2.1.2. Zr/Ti sols preparation and coating

A modified colloidal sol-gel process (Fig. A3.1) was used to fabricate the photocatalytic
ultrafiltration membrane. In a beaker, Ce(NH4)2(NO3s)e (CAS 16774-21-3, >98.5%, Aldrich) was
dissolved in 2-propanol (CAS 67-63-0, >99.5%, Sigma-Aldrich). Next, titanium isopropoxide
Ti(OCH(CHz3)2)2 (CAS 546-68-9, 97%, Sigma-Aldrich) and zirconium propoxide Zr(OCsHy)a
(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 HNOs (CAS 7697-37-2, 65%, Sigma-
Aldrich) under strong stirring. This system was bring to ebullition and kept under reflux until a
completely transparent bluish sol was obtained. Yttrium nitrate (Y (NOz3)3-6H20) (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® TiO2 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-ZrO2/TiO; top layer was fabricated by dip coating the ZrO»/SiC supports into
the coating fluid for a determined interval of time. The green membrane was dried overnight at
room temperature 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 (T-
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50, T, T+50 °C), within the range of 400<T<700 °C, with a heating rate of 1°C min™, in order to
minimize the crack formation.

The obtained sol, fired gel, coating fluid, and unsupported membrane 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 (A
=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 Panalytical,
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
solution, and then ultrasonicated for 10 minutes 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.

4.2.2. 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 LaBe 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. 4.2. 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 in
order to evaluate its performance at different transmembrane pressures. The permeate flux was
measured gravimetrically. Then, 50 L of feeds with different solutes were filtered in order to
evaluate membrane performances in terms of rejection. These experiments were run at a constant
transmembrane pressure of 1 bar, and cross flow of 240 L.h*! for 15 minutes. Samples from the

feed and permeate were taken at the beginning and during the experiments.
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Fig. 4.2. Scheme of the experimental filtration set-up.

For the experiments of polyethylene glycol (CAS 25322-68-3, Sigma-Aldrich) retention,
solutions containing 1 g L™* 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 HCI 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 x 7.8 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 uL. 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).

4.2.3. Photocatalytic tests
4.2.3.1. 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 the solar simulator SunTest XLS+ (Atlas-Ametek, IL, USA) and irradiated by a
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xenon lamp, with a daylight filter, that provided a total light radiation of 365 W m (300-800 nm),
of which 30 W m2was UV radiation (300-400 nm), under continuous ventilation to keep the
temperature at 25 °C. Samples were collected in specific intervals and analysed by UV-
spectroscopy, as described above, for humic acid and by ultra-performance liquid chromatography
(UPLC) for phenol quantification. For that, it was used the UPLC 1200 device (Agilent, CA,
USA), with a UV-DAD detector and a Poroshell 120 EC-C18 column (3.0 x 50 mm). The eluent
was 95% water with 25 mM of formic acid and 5% acetonitrile at 1 mL mint. The injection volume
was 100 pL at a temperature of 30 °C. Samples were filtered through a hydrophobic PTFE 0.2 um
(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 conditions described above,
except in the tests with phenol combined to: (i) Fe*?, as a negative control experiment; (ii) Fe*?
and H20., a homogeneous photo-Fenton reaction; (iii) Fe*? and the photocatalytic membrane. In
these experiments the Fe*2 concentration was 5.5 mg L™, added as FeSO4.7H20, and the H-0;
concentration was 50 mg L.

In the photocatalytic experiments with recirculation of the permeate, the filtration set-up
showed in Fig. 4.2 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 Lt in both cases. Samples of the retentate and permeate phases were collected and

analysed by the same above-described procedures.

4.2.3.2. Anti-fouling assessment by humic acid filtration

The fouling behaviour of the photocatalytic membrane was investigated by filtering
solutions of humic acid (20 mg L%, pH 5) in concentration experiments (no recirculation of the
permeate) with the set-up, schemed in Fig. 4.2, placed inside the sunlight simulator described in
the sub-section 4.2.3.1. For that, the permeate flow and the humic acid concentration were
measured during filtration. Four types of experiments were performed 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
experiment, the membrane was firstly cleaned with a NaOH solution (pH 10), then with an HCI

solution (pH 3), and finally rinsed exhaustively with distilled water.
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4.3. Results and Discussion
4.3.1. 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 transformation from monoclinic to tetragonal, since the volume variation in this
transformation can easily generate cracks during membrane sintering [258]. Yttrium and titanium
were therefore added to the zirconia sols as doping elements in order to stabilize the ZrO;
tetragonal phase. These sols were dried and the resulting gels calcined at the temperature T.
Analysing the X-ray diffractograms of the unsupported membrane (Fig. A3.2), the pure Ce-ZrO-
sample presented 90 %wt of the monoclinic and 10 %wt of the tetragonal phases. By adding 20
%mol of Ti into the Zr sols, Ce-ZrO./TiO- (Zr:Ti = 8:2), the tetragonal phase increased to 30 %wt
and TiO patterns was not observed in the XRD diffractogram, as reported elsewhere [97]. 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 [94]. However, for the full
stabilization of the tetragonal zirconia phase, the addition of yttrium (8 %mol Y203) to the Zr/Ti
gels (Fig. A3.2) was needed. Yttria-stabilized zirconia (YSZ) is a well-known material crystallised
in the tetragonal structure [258] that can be heated up to 1000 °C without any phase transformation
[259].

Therefore, for fabricating the photocatalytic membrane, the sol with a Zr:Ti molar ratio of
8:2 and with 8 %molar of Y203 was chosen. The particle size analysis of this sol (Fig. 4.3)
indicated nanosized particles between 2-10 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, 2 %wt of TiO2 P25 nanoparticles were added 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 crack
during the drying and early stage of sintering [256]. As shown in Fig. 4.3, the addition of TiO;
P25 particles led to the formation of agglomerates of 100 to 500 nm of diameter, as expected for

dispersions in water [260].
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Fig. 4.3. Particle size distribution of the Ce-Y-ZrO2/TiO sol and the coating fluid, Ce-Y-
ZrO,/TiO2 + TiO2 P25, measured by DLS.

The optimised mixture of Ce-Y-ZrO2/TiO: sol and the dried coating fluid were fired at T-
50, T, and T+50 °C for studying the effect of sintering temperature. The XRD analysis of the
obtained unsupported membranes (Fig. 4.4) 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 crystallization temperature from 400 to 550 °C [94,97], which
allows sintering 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 4.1, 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 [261,262],
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 [263], probably for a sort of stabilization effect carried out by Zr presence
[94,264]. 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.
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Table 4.1. Phase composition, crystallite size, and band gap (Eg) of the unsupported membrane

fired at different temperatures.

. . Crystallite
ZrO TiO .
temFI:rggure ? 2 Anatase: ~ size (hnm)  Eg
FZ°C) Tetragonal Anatase Rutile Rutile t- a- (eV)
(Wt%0o) (Wt%o) (Wt%o) Zr0; TiO2
T-50 Amorphous 88 12 7:1 - 33 -
T 18 72 10 71 70 40 23;51/
T+50 18 72 10 71 73 48 23;40/
AA A
Uns.Memb. (T+50°C)
e
.a W
c J
[
c
- Uns.Memb. (T)
) Uns.Memb. (T-50°C)
- A Ce-Y-ZrO,/TiO,- T
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20 [°] (CuKa)
Fig. 4.4. X-ray diffactograms of the Ce-Y-ZrO./TiO: gel fired at temperature T and unsupported

membranes fired at different temperatures. A= anatase TiO2, R = rutile TiO2, T = tetragonal ZrOx.

The optical characterization of the fired Ce-Y-ZrO2/TiO, gels (Fig. 4.5a) was used to
estimate the band gaps of these samples though a Tauc’s plot [265]. 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 [108] and titania [266]. 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

84



the absorption of low-energy photons in a double jump mechanism [108,109]. This shift reaches
the visible-light region allowing this photocatalyst to work efficiently under solar light or visible
LEDs irradiation [120,267]. The band gap around 3.6 eV is explained by the fact that the addition
of Ti to the ZrO> gel reduces the pristine zirconia band gap (c.a. 5.0 eV [102]) due to the inclusion
of Ti ions into the ZrO; lattice [103].

Regarding the unsupported membranes (Ce-Y-ZrO./TiO, gel with TiO> P25
nanoparticles), their optical behaviour is shown on Fig. 4.5b. 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) [268]. The band gap
of zirconia was not observed probably because with the addition of TiO, P25 particles, the
unsupported membranes contain around 80 %wt of TiO> hiding the ZrO> signal.
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Fig. 4.5. Tauc’s plot (F(R)%®) for the UV-vis diffuse reflectance spectroscopy of the fired (a) Ce-
Y-ZrO,/TiO2 gels and (b) unsupported membranes. (c) Zeta potential of the unsupported

membranes fired at different temperatures.
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From the zeta potential measurements of the unsupported membranes (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-ZrO», 3.5 [110], and TiO2, 3.5-6.5 [269]. The isoelectric point moves
towards higher pH values increasing the firing temperature from T to T+50 °C. It is know that for
TiO2 nanoparticles synthetized by a sol-gel route [270], residual carbon species from the synthesis
forms carbonate groups at the surface of the mixed oxide that shift its isoelectric point to lower pH
values [271]. Therefore, higher sintering temperatures removes these carbonate groups and
increase the isoelectric 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) [272]. For our purposes, a firing
temperature of T is preferred in order 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 of T and T+50 °C will still be investigated in the

following.

4.3.2. Optimization of the coating

Once characterized the unsupported membranes, the coating and layer formation processes
for fabricating 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.
4.6), it can be seen that at T+50 °C the top layer presented a considerable amounts of cracks, which
even led to the peeling of the top layer. As shown in Table 4.1, no phase transformations were
observed after sintering at the temperatures of T and T +50 °C, but there was an increase on the
tetragonal ZrO, and anatanse TiO> crystallite sizes, therefore, the cracks observed at 600°C were
most likely caused by the dimensional change of the particles in the densification process occurring
during the heating. The volumetric shrinking of the layer generates tensile stresses resulting in
cracks on the top layer [227]. 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.
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°C. TiO2 P25 dosage = 2%wt.

Table 4.2 reports the top layer morphology and thickness obtained with the dosages of 1,
2, 3, 5, and 10 %wt of TiO2 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 the tensile stresses cause deformation of the layer in the plane and the
consequent spontaneous formation of cracks [47,240,241]. In addition, the suspension prepared
with 10 %wt TiO2 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 TiO> in

the coating fluid, therefore this dosage was chosen for fabricating the top layer.

Table 4.2. Cross section of the membranes obtained with different TiO2 dosages and fired at
temperature T.

TiO2 P25
dosage
Layer
thickness 1 2-3 4-5
(Hm)

1 %wt 2 Yowt 3 %wt

Cross
section




4.3.3. Characterization of the membrane

Fig. 4.7a shows the membrane top layer, as prepared with the optimised parameters. The
surface is smooth and without defects, such as cracks and pinholes. At the higher magnification
(Fig. 4.7b), it is possible to observe the good sintering of the nanoparticles. In Fig. 4.7c, 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/TiO> 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 it can be verified in the EDS
elemental mapping of the membrane cross-section (Fig. 4.7d), where it is possible to verify the

top layer composition and the homogeneity of the membrane layer, showing a thickness of ~2 pm.

Ce-Y-ZrO»/TiO>

Fig. 4.7. SEM images of the photocatalytic membrane (a) surface, (b) surface at higher
magnification, and (c) cross-section showing the SiC support, the ZrO> intermediate layer, and the

Ce-Y-ZrO2/TiO2 top layer. (d) EDS Elemental mapping of the cross section of the membrane.

The molecular weight cut-off (MWCO) of the developed membrane was estimated using
the polyethylene glycol (PEG) retention curve (Fig. 4.8a), a common procedure for ultrafiltration
membranes [49,273]. Therefore, it was obtained a MWCO of 19 kDa, which corresponds to the
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PEG molecular weight (MW) for which 90 % of the molecules are retained during filtration. The
pore size of the membrane can be estimated using a correlation to convert the PEG molecular
weight into pore diameter (Equation 1)[18,36].

d,=0.085 - (MW)"4¢ (1)

From this equation, it is possible to conclude that 90 % of the pores (Dgo) of the developed
membrane are below 8 nm of diameter and 50 % of the pores (Dso) 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 [256].
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Fig. 4.8. (a) Polyethylene glycol (PEG) retention of the photocatalytic membrane and their
correspondent pore diameter calculated by Equation 1. (b) Pure water flux of the membrane at
different transmembrane pressures (TMP).

The retentions of selected compounds are shown in Table 4.3, 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 membrane pore size are retained on the membrane surface [274], 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 [75]. Actually, also interfacial

interactions need to be taken into account, namely electrostatic repulsions (charge effect) and
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hydrophobic—adsorptive interactions [246] established between membrane surface and the solutes
to be separated [274]. Indigo blue is a hydrophobic compound insoluble in water [275,276]: its
retention is caused by its strong adsorption onto oxide surfaces [277] and by the consequent
formation of a cake blocking the membrane pores [278]. However, the retention of humic acid can
be explained by sieving effect and by the electrostatic repulsion generated by the negatively
charged humic acid [247,279] and the negatively charged membrane surface at the filtration pH
(Fig. 4.5¢).

Table 4.3. Retention of selected compounds for the filtration at 1 bar with the photocatalytic
membrane. Initial feed concentrations: 20 mg L™ for humic acid, indigo blue, and 1 g L™ for bovine

serum albumin, hemoglobin, and whey protein.

Isoelectric

Compound MW point Charge  Retention

P (kDa) [90,247—  atpH 7 (%)
249,280,281]
Humic Acid 4.7-30.4 3 negative 100
Indigo blue 0.262 N.A. neutral 100
Bovine Serum .

Albumin 66 4.7 negative 92
Hemoglobin 64.5 5-7 negative 87
Whey protein (milk) 14-150 4.5 negative 87

The flux of pure (non-fouling) water was measured at different transmembrane pressures
(Fig. 4.8b), resulting in a permeability of 160 L m2 h™ bar?, similar to the ones reported in the
literature for zirconia/titania non-catalytic membranes: Larbot et al. [282] fabricated ZrO:
membranes with pore sizes from 6 to 10 nm on a-Al>O3 supports, achieving water permeabilities
from 175 to 210 L m2h bar?, while Li et al. [256] obtained permeabilities of 128 to 180 L m2h-

! bar? with their TiO2 membranes of pore sizes from 3 to 5 nm on a ZrO, support.

4.3.4. Photocatalytic activity

The photocatalytic activity of the unsupported membrane (Ce-Y-ZrO,/TiO2 + TiO2 P25)
was evaluated with the photodegradation of phenol (10 mg L™) in the sun light simulator (Fig.
A3.3a), following a standard procedure [87,181,283,284] taking advantage from the fact that
phenol does not present significant adsorption nor direct photolysis. The experiment carried out
with pure TiO2 P25 results in 100% of phenol degradation in 150 min, but the unsupported
membrane promotes 70 % of degradation in the same time, confirming the photoactivity of the
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system. Compared to these data, the catalytic activity of the membrane measured in batch
experiments at pH 3 and 6 and reported in Fig. A3.3b, is much more limited, nevertheless the
results are promising considering the membrane 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 nanoparticles dispersed in water [179,267]. The mechanism governing the
photodegradation of organic compounds with TiO2 has been extensively described in the literature
[123,133,151,152], whereas only few works deal with the explanation of Ce-ZrO, activity
[102,108,119], but in all cases, the semiconductor oxides (Ce-ZrO, or TiO2) absorb photons
promoting the photo-induced h*/e” charge separation. Once formed, valence band holes (h*) can
directly oxidize organic molecules and/or react with the "OH anions producing ‘OH radicals that
can successively oxidize the organic molecules at the catalyst surface. The superoxide anion
radicals ("O2), generated by photo-induced electrons (") in the valence band, could also participate
in degrading the organic compounds [110]. In conclusion, the reaction mechanism passes through
the formation of reactive "OH radicals, and if we like to improve the reactivity of the system for a
scale-up of the process, we should increase the production of these reactive species to increase the
abatement rate. To this purpose we considered the possibility to generate hydrogen peroxide by
irradiating the TiO2 present in the membrane [285] and to use the membrane for a photo-Fenton
degradation of phenol with in-situ generation of H2Oz, realizing in heterogeneous conditions the
very fast process reported in homogeneous phase in Fig. 4.9a [286]. As it can be seen, a great
increase of phenol degradation was observed adding Fe*? ions to the phenol solution. In this
condition the H20> generated in the membrane reacts with iron ions to generate "“OH radicals able
in degrading phenol, while Fe*? ions are reduced to Fe*? completing the Fenton cycle. As control
experiments, no degradation was observed after addition of Fe*2. In Fig. 4.9b, 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 filtration, but when the irradiation

started its concentration decreased thanks to the photocatalytic action of the membrane.

91



b T P W """"""""""""""" ®
T T 1 a
0.8 i N 084 A
< U - o A
S L — U IR
0 0.6 l} AN --@---Fe*2 00.6 4 *
_ 1L A ------ Membrane _ |
2 ' AN ---A--- Membrane + Fe*? 2
204 4! ‘o L@ Fe?+H0, 204 A
o 1y T [N |
02 41 A 0.2 { @ Dark
14 I 1 --a-—--Light
00 __I._——t & T ® T 00 T T T T T T T
0 30 60 90 120 150 180 0 3 6 9 12 15 18 21 24
Time [min] Time [hours]
(c) 1.0 T — R S < (d) 1.0
| \\:\\:‘=‘Z::Z::_—__.—__._ ______ i --9---Dark
084 N e B 0.8 ---4--- Light
i s S e be 1t
AN 1 o A b
0.6 - . Q06 | 2%
$ O \ @
8 1 T ' | “; ¢
044 T S04 Ta
---A--- Photolysis e Tl
1 ----Adsorption e ]
02 4 --m--pH9 0.2
{ —*-pH7 | T
--@--pH5
00 T T T 00 T T T T T T T
0 60 120 180 240 0 3 6 9 12 1518 21 24
Time [min]

Time [hours]
Fig. 4.9. 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.

Regarding the degradation of humic acid (HA), in batch experiments (Fig. 4.9c), 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, as reported in the
literature [110,136]. In filtration experiments with recirculation of the permeate (Fig. 4.9d), 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 membrane. In summary, these results demonstrate the
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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.

4.3.5. Anti-fouling properties

Humic acid (HA) was chosen as a model compound for simulating the presence of natural
organic matter (NOM) that is a major foulant during ultrafiltration of surface and wastewater
[66,71]. The normalized permeate flux (J/Jo) measured in HA filtration using the photocatalytic
membrane in the dark and under visible light irradiation is shown in Fig. 4.10a. 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 formation of a cake- or gel-like layer on the
membrane surface, as reported by other authors [71,78,287]. 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 ht), while for the filtration in the
dark the flux was reduced to 60 % of the initial one (105 L m h'!) in the same time interval. This
result can be explained considering two phenomena, both affecting the tendency of the membrane
to foul [85]: 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 reported in Fig. A3.4, and the photo-induced super-hydrophilicity (PSH)
of TiO2 [83,84,288]. 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 effect concerning the fouling can be visually observed comparing the membrane after the HA
filtration in the dark (Fig. 4.10b) and under irradiation (Fig. 4.10c).
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Fig. 4.10. (a) Normalized flow for the humic acid filtration in the dark, under light irradiation.

Pictures of the membrane after HA filtration (b) in the dark and (c) under irradiation.

In order to confirm and proof the self-cleaning properties of the membrane, two operational
conditions were tested (Fig. 4.11): 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 hours and then under irradiation for the following 2 hours. 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 recovered 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
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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 3 h of dark filtration,
whereas the irradiation caused the flux recovery for the higher photo-induced surface

hydrophilicity and cleaning of the membrane caused by the HA photodegradation.
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Fig. 4.11. Normalized permeate flow (J/Jo) for the HA filtration experiments with dark and light

intervals.

For comparison, the performances of some ZrOz and TiO2 UF photocatalytic membranes
reported in literature are listed in Table 4.4. Apart some cases, the Ce-Y-ZrO2/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 undergo to direct photolysis under UV light irradiation creating
misunderstanding and wrong evaluations on the real activity of the membranes [257]. Also, in
several cases the use of pristine TiO2 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-ZrO2/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.
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Table 4.4. Comparison of photocatalytic ceramic membranes

Pore Clean water Photocatalytic test
Support : .
Reference Top layer (Pore size) size permeability
(nm)  (Lm?h?bar?) Contaminant  Light source
] Simulated
. Ce-Y- SiC (15 pum) + Phenol and .
This work . 6 160 S sunlight
ZrO,/Ti0,  ZrO2 (60 nm) Humic acid (300-800 nm)
Taavoni-Gilan et . a-Al,0s+ Methyl violet
al. [89] TiO2/ZrO, TiO, 4 5 dye uv
Goei et al. [83] TiO; Al;0;3 <10 155 Rhodamine B
. . Rhodamine B uv
Goei et al. [84] Ag-TiO; Al;Os N.A. 123 + Bacteria (365 nm)
Mendret et al. TiOo/ Al>O3 .
[85] AlLOs (200 nm) <200 200 Acid Orange 7
Alias etal. [71] TiO; Al>0O3 /SiO; N.A. 50-100 Humic acid uv
Zhang et al. [86 TiO 50-100 400
getal. [80] 2 Al Direct Black Y,
200 nm 168 365 nm
Zhang et al. [91] Si- TiO; ( ) <60 N.A. ( )
Manjumol et al. . Al>Os Methylene
[90] TiO; (1um) 11 215 blue uv

4.4. Conclusions

In the present work, a photocatalytic Ce-Y-ZrO2/TiO> ultrafiltration membrane on
ZrO-/SiC supports was successfully prepared by a modified 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? 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 sun light irradiation. In 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, as a result of the HA photodegradation and the light-induced super-
hydrophilicity of the TiO2 top layer. Consequently, the membrane 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 to the relevance

of deepening the investigation of potential applications of the developed membranes in innovative
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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.

4.5. Annex 3
Zirconium n-propoxide + Titanium isopropoxide
+ Cerium ammonium nitrate + [sopropanol
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Fig. A3.1. Experimental design for preparation of Zr/Ti sols, fired gel, coating fluid, unsupported
membrane, and photocatalytic membrane.
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Fig. A3.2. XRD patens of the different zirconia gels calcined at temperature T.
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membrane and AEROXIDE TiO, P25 particles. (b) Photodegradtion of phenol using the

photocatalytic membrane, initial phenol concentration Co = 10 mg L™,
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5. CONCLUSIONS

The photocatalyst studied in this thesis, cerium-doped zirconia (Ce-ZrO.), was successfully
synthesised by hydrothermal and sol-gel processes. The obtained nanoparticles were fully
characterized in terms of phase composition (XRD), porosity and surface area (N2
absorption/desorption), surface charge (zeta potential), and HA adsorption isotherms. In the
photodegradation of HA catalyzed by Ce-ZrO, water dispersions, it was observed that the sol-gel
prepared Ce-ZrO; exhibited the higher HA removal in circumneutral pH, achieving 93% of
efficiency in 180 min of adsorption in the dark followed by 180 min under visible-light irradiation
using light-emitting diodes (LEDs). Changes in spectral properties and in total organic carbon
amounts confirmed the HA degradation and contributed to the proposal of a mechanism for the
HA photodegradation.

Ce-ZrO; catalyst was immobilized through a sol-gel process on a silicon carbide (SiC)
support, to increase the efficiency and avoid using suspended nanoparticles. It was verified that
the system was efficient in the photocatalytic reduction of Cr(\V1), one of the most dangerous
pollutants because of its carcinogenicity and high-toxicity. The influence of initial pH, humic acid
(HA), and catalyst dosage was investigated for Cr(VI) containing solutions. Then, a real
galvanizing industry effluent (Cr(V1)=77mg.L™, Zn=1789mg.L!) was treated. It was observed
that Cr(V1) adsorption and photoreduction are greatly favoured at low pH values. HA can decrease
Cr(VI) adsorption but also acts as holes scavenger, reducing the electron-hole recombination,
consequently favouring the photoreduction. With the immobilized Ce-ZrO2, more than 97% of
Cr(VI) was removed from the diluted effluent. These results indicate that the immobilized catalyst,
upon more investigations, could have a potential application of in the treatment of Cr(\V1) effluents
even in the presence of other metals and natural organic matter.

In the effort to develop the photocatalytic membrane, an ultrafiltration intermediate layer,
made of pure zirconia, was fabricated by dip coating the high porous SiC support with a ZrO>
slurry prepared by ceramic processing. The optimum slurry was obtained with the aid of 2 %wt of
the dispersant Dolapix CE64 followed by ball milling for 24 h and addition of 2 %wt of the binder
Optapix CS 76. The green membranes were sintered in a temperature range between 1000-1300
°C, in air. With two dip coating-drying cycles and sintering at the optimal temperature, it was
obtained a mechanically strong, homogenous, and defect free separation layer with 45 um of
thickness and average pore size of 60 nm. A pure water permeability of 360 L m h* bar? and
high retentions of humic acid, indigo dye, and hemoglobin were observed, which indicated the
possibility to use this membrane in treating wastewater containing organic matter, from tanning

and food industries. Owing to the membrane high hydrophilicity, in a pilot test with an olive
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oil/water emulsion, 99.91 % of the oil was removed without fouling. Long-term corrosion tests
(21 weeks) in basic and acid baths indicated no damages (no change in the pore size) during time.
The developed ZrO,/SiC membrane has the properties required to operate in harsh conditions (e.g.
heavily contaminated industrial effluents or urban and tanning wastewaters) or in applications that
require severe membrane cleaning and disinfection, such as food and pharmaceutical industries.

A photocatalytic Ce-Y-ZrO./TiO ultrafiltration membrane was successfully prepared on
the ZrO2/SiC support using a modified sol-gel process. The 2 um thick top active layer was
uniform and defect-free, being composed of tetragonal zirconia, anatase and rutile titania. The
membrane presented a molecular weight cut-off (MWCO) of 19 kDa, equivalent to an average
pore size of 6 nm, and a high pure water permeability, 160 L m2h~bar?. The high hydrophilicity
and negative surface charge of the membrane favoured a great retention of proteins (bovine serum
albumin, whey protein, and hemoglobin), indigo dye, and humic acid. In photocatalytic
experiments, the developed membrane was able to degrade phenol and humic acid under simulated
sun light irradiation. In 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, as a result of the HA photodegradation and the light-induced super-
hydrophilicity of the TiO. top layer. Moreover, self-cleaning properties were observed, as the
membrane recovered up to 97% of the original flux by irradiation. Consequently, it can operate
for long time without chemical cleaning, which could reduce operational costs and the process
footprint.

In conclusion, the results obtained indicate that the developed membranes have the
potential to be further applied in innovative treatments for dinking and wastewaters by combining
filtration and advanced oxidation processes in the abatement of contaminants of emerging concern
in the presence of natural organic matter. Furthermore, solar light could be used to drive the
process, which contributes to the development of more sustainable, cleaner, and cost-effective

wastewater treatments, with important environmental implications.
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