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GRAPHICAL ABSTRACT
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ABSTRACT
Current wastewater treatment plants are not prepared for the removal of micropollutants like
phenol, pharmaceuticals and pesticides in water. As their release into the environment has
adverse consequences towards the living organisms of ecosystems, the engineering of novel
sustainable processes able to ultimately remove the emerging organic contaminants is an
objective of paramount importance. Hereby we report for the first time on the successful scale-
up of a macroscopic photo-CWPO La1«TixFeOs/SiC alveolar foam catalyst used at the pilot-plant
scale inside a Compound Parabolic Collectors based photoreactor. The removal of a span of
organic micropollutants in water matrices of different complexity was efficiently realized under
natural solar radiation using H,O. or persulfates as oxidizing agent. The water matrix
composition affected the efficiency of the degradation process. Using H,0,, for a collected
energy of ca. 27 KJ/mol, the rate of micropollutant removal ranged from 53% to 95% in distilled
water depending on the micropollutant in a cocktail configuration. It was lowered to the 17-
66% range in tap water, and to the 8-42% range in simulated urban wastewater. The results
demonstrated the promise of using sodium persulfate as oxidant instead of H,0», with a better
efficiency towards the removal of most of the micropollutants tested. The use of the sodium
persulfate oxidant allows for overcoming the drawbacks associated to the treatment of real
water matrices observed using H.0,, as better performances were reached when increasing
the water matrix complexity. Complete removal of carbamazepine and diclofenac
micropollutants was reached in tap water and simulated urban wastewater for ca. 27 KJ/mol
of collected energy. The degradation performances combined to the catalyst robustness make
this water treatment technology promising for operating in a continuous way under natural

solar light.
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1- INTRODUCTION

The presence of micropollutants such as phenol, pharmaceuticals and pesticides in the
environment is due to their release from the human activities [1]. Due to the harmful effect
they can have on the environment, the micropollutants are regulated by discharge limits. In
some cases, they have been included into the priority pollutants list [2], the regulations being
regularly actualized by successive EU decisions as 2015/495/UE, 2018/840/UE and
2020/1161/UE.

The current wastewater treatments are not engineered for an efficient removal of those
contaminants, so that the development of novel sustainable processes efficient for the removal
of those refractory pollutants is still an overarching objective. In this scenario, a wide span of
Advanced Oxidation Processes (AOPs) is investigated as alternative or complement to the
processes in place [3, 4]. Among them, the Fenton process and its heterogeneous Catalytic Wet
Peroxide Oxidation (CWPOQ) analogue that both operate through the decomposition of H,0; by
Fe catalyst, as well as heterogeneous photocatalysis that is based on the activation of a
semiconductor by photons of suitable wavelengths, have gained particular attention due to
high efficiency and relatively low cost.

Recently, we demonstrated the capability of a robust single-phase nanoparticulate Lai-
«TixFeOs orthoferrite material to behave as a dual light-driven catalyst able to take advantage

of a synergistic effect between heterogeneous photo-CWPO catalysis and photocatalysis [5, 6].
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It generates HO,® radicals by Fe-catalyzed H,0, decomposition under light (photo-CWPOQ), while
simultaneously showing photocatalytic activity thanks to its semiconductor nature with a
suitable band gap and well-located electronic bands. The selective cationic substitution was
shown to boost the sunlight-driven activity of the catalysts compared to the bare titanium-free
LaFeOs, owing to an enhanced photo-CWPO/photocatalysis synergy, an enhanced
photogenerated charge carriers availability at the surface, and an electronic enrichment of the
surface Fe species. It also boosted the catalyst robustness, so that the optimized Lai«TixFeOs
catalyst with x=0.11 reached full mineralization of different refractory targets with improved
degradation and mineralization rates, with no leaching of Fe to the solution and no loss of
activity after many cycles. While most of the activity resulted from the photo-CWPO catalysis,
photocatalysis was proposed to allow the cleaning of the catalyst surface from poisoning Fe-
carboxylate complex intermediates that are blocking the mineralization and leading to Fe
leaching to water [5, 7].

Up to now, most of the works on light-driven AOPs has been extensively conducted on
powdery nanoparticulate catalysts. They require however the recurrent implementation of
costly and time-consuming (nano)filtration recovery steps for separating/recovering the
catalysts from the solution, what lowers irretrievably the viability of the remediation process
[8, 9]. By contrast, although it might allow the water treatment processes to operate in a
continuous mode, by far less works report on the application of heterogeneous light-driven
AOP catalysts immobilized on macroscopic supports, due to inherent limitations resulting from
a poor light distribution within the photoreactor core, a reduction of the exposed surface area
or increased pressure drops [10-13]. The scale-up of heterogeneous processes for real
applications has been less investigated than laboratory systems. Indeed, it requires the

restricting engineering of non-powdery supports with a macrostructure allowing for the



processing of high flow rates at a low pressure drop while maintaining a high contact statistics
between the pollutants and the surfaces, and a suitable light transmission to the reactor core.
Additionally, the selected supports must be able to adapt to the photoreactor configuration,
and must be of a chemical nature allowing for the robust and long-lasting immobilization of the
photocatalyst in order to prevent from any detachment and leaching of the nanoparticles to
the solution [10].

Among a span of macroscopic supports including notably the multi-channel metallic or
ceramic materials [12-14], open-cell alveolar solid foams have attracted significant interest for
immobilizing photocatalysts, because they provide a good compromise between antinomic
features inherent to open and close structure systems [10, 15, 16]. Their ability to act as static
mixer is also a worthy feature. Although Ni metallic foams are of interest, they suffer from low
thermal resistance that avoids thermal treatment to fix durably the photocatalysts as well as
from high costs [17]. Thus, low cost ceramic foams based on alumina or SiC remain open-cell
structures of choice due to their higher mechanical and thermal resistance compared to
polymer or carbon foams [18-20]. The reader can refer to [10] and [15] for more details.

In preliminary works, we evidenced that open-cell alveolar solid foams made of SiC were
macroscopic structured supports of choice for immobilizing sol-gel TiO, and commercial TiO;
P25 photocatalysts with application in the removal of a series of pesticides or nanoplastics in
an continuous operation mode [11-15, 21]. Compared to photocatalysis, by far less works have
reported on the use of alveolar foams - and in particular SiC foams - as support for Fenton-type
catalysts. Magnetite powder, BiFeOs, ferrisilicate or Fe-ZSM-5 have been immobilised on Ni or
SiC foams and used as dark-Fenton foam catalysts for CWPO [22-25]. Recently photo-Fenton-

like degradation was achieved under UV-A light on perovskite-type catalysts supported on



cordierite monoliths [26] and on TiO,-FeSOs immobilised on metallic foams [27]. No data on
TOC conversion or stability aspects were provided.

A preliminary lab-scale step forward toward a viable application of the LaiTixFeOs
catalyst material was recently achieved, with its immobilization on macroscopic open-cell
alveolar SiC foams [28]. In a similar way than its powdery counterpart, the LaiTixFeOs/SiC foam
catalyst combined photocatalytic and H.0,-mediated photo-CWPO activity under UV-A light.
Substantial mineralization rates and high TOC conversions were achieved at circumneutral pH
with 4-chlorophenol as model contaminant, and without any Fe release to the solution. It has
also the advantage of being able to be manufactured with a cylindrical shape, compatible with
tubular photoreactors.

Herein, we aim at assessing for the first time the implementation at the pilot-plant scale
of the photo-CWPO La1TixFeOs/SiC foam catalyst inside a photoreactor based on Compound
Parabolic Collectors (CPC) operating under natural solar radiation. The removal of different
organic micropollutants in wastewater matrices differing in terms of complexity using H,0- or

persulfates as oxidizing agent was accomplished.

2- MATERIALS AND METHODS

2.1- Water matrices and characterization

Three water matrices differing in terms of composition and complexity were used to
evaluate the performance of the catalyst on the pilot scale, namely, i) deionized water (DW), ii)
real tap water (TW) and iii) simulated urban secondary wastewater effluent (SUWW). The Total
Organic Carbon (TOC) and the inorganic anions or cations were measured with a Shimadzu 138

TOC-VCN analyzer and a Metrohm ionic chromatograph Model 850, respectively. The initial pH



values of DW and TW were 5.8 £ 0.1 and 6.5 + 0.1. The ionic composition of TW is shown in
Table 1.

Simulated urban wastewater was prepared from distilled water by addition of the
different compounds listed in Table 2. After overnight stirring, the pH value of SUWW was 7.7

+0.1.

Table 1. lonic composition of tap water (TW).

Compound mg/L

F 0.3
cr 334
Br 3.4
NOs 11
S04* 109
C2042' 1.1
NOy -
Na* 217
NH4* -

K* 2.8
Mg?* 31

Table 2. Composition of the simulated urban wastewater (SUWW).

Compounds mg/L
NaHCOs 96
MgSOa4 60
NaCl 580
KH2PO4 7
CaS04,2H,0 60
(NH4)2S04 23.6
KCl 4
Beef extract 1.8
Peptone 2.7
Humic acid 4.2
Sodium lignin 2.4
Sodium lamyl sulfate 0.9
Tannic acid 4.2
Aracia gum powder 4.7




2.2- Reagents

4-Chlorophenol (4-CP) was used as model contaminant at a concentration of 20 mg/L. The

pH values of the starting 4-CP solutions were 5.5, 6.3 and 7.2 in DW, TP and SUWW,

respectively. Imidacloprid (IMI) was used as model micropollutant at 1000 pg/L. A mix of
different micropollutants (MPs), namely Caffeine (CAF), Trimethoprim (TRIME),
Sulfamethoxazole (SULFA), Carbamazepine (CARBA) and Diclofenac (DICLO), was also used, at
an initial concentration of 100 pg/L. The micropollutants were added to the pilot plant from a
methanolic stock solution with 2.5 g/L of each compound for allowing the complete subsequent
dissolution of the micropollutants in 10 L of water, what consequently added only a few mg/L

of extra TOC to the water matrix.

2.3- Catalyst preparation

SiC alveolar foams with 10 PPl were purchased from Nanning Elaiter Environmental
Technologies Co. Ltd (China). They are mainly composed at ca. 80% of multiple SiC polytypes,
notably a (4H and 6H) and B (3C), and at ca. 20% of alumina. They were used in this study as 46
mm (d) x 36 mm (h) cylinders. Prior to the ferrite synthesis, the foams were calcined at 1000°C
to remove by combustion potential carbon residues from synthesis process, and to form a
natural washcoat made of amorphous oxygenated phases at the foam surface favouring the in
situ synthesis of the ferrite on the foam.

The Ti-modified LaFeQs/SiC alveolar foam catalysts were elaborated according to the
synthesis protocol described in Garcia-Mufioz et al. [28]. They were prepared by dropwise
incipient wetness impregnation of the SiC foam disks, by implementing a sol-gel citric acid

based Pechini synthesis in the presence of dried amorphous sol-gel titania as a titanium source,



with final calcination at 800°C for 2 h. Synthesis details can be found in [28].

2.4- Analysis techniques
The concentration of Imidacloprid and MPs in the mix was followed by ultra-performance liquid
chromatography (UPLC) (Agilent Technologies, Series 1200) with a UV-DAD detector at 273 nm
and a C-18 analytical column (ZORBAX Eclipse XDB-C18, 600 bar, 1.8 um, 4.6 x 50 mm). For
imidacloprid, 5% of ACN as mobile phase A and 95% ultrapure water with 25 mM of formic acid
as mobile phase B were used applying a gradient from 5 to 100% of A during 13 min, with a re-
equilibrium time of 3 min. It was detected at 273 nm. For MPs in the mix, the mobile phases A
and B described above were used. A linear progressive gradient from 5% to 80% of A was used
until 13 min and then to 100% for 1 min. Caffeine, Trimethoprim, Sulfamethoxazole,
Carbamazepine and Diclofenac were determined at 270, 270, 267, 267 and 285 nm,
respectively. The injection volume was 50 pL and the flow rate 1 mL/min.
The concentration of 4-CP was followed by high-performance liquid chromatography (HPLC)
(Agilent Technologies, Series 1100) with a UV-DAD detector at 228 nm and a C-18 analytical
column (Luna €18, 150 x 3 mm, 100 A, 5 pm, purchased from Phenomenex, Torrance, CA, USA).
It was analyzed with 25 mM formic acid (40%) and methanol (60%) as mobile phase at 228 nm.
The injection volume was 20 puL and the flow rate 0.5 mL/min.

The concentration of the dissolved iron was measured at the end of each experiment by
a phenantroline-based spectrophotometric method according to the ISO 6332:1998 standard,
after pre-filtration of the sample using a 0.22 um nylon syringe-driven filter. Fe (ll) forms a
chelate complex with 1,10-phenanthroline. To measure the total iron in the sample, a spatula
tip of ascorbic acid is also added to reduce Fe(lll). The limit of quantification (LOQ) of this

method was 0.25 mg/L, being the limit of detection (LOD) 0.1 mg/L.



2.5- Photodegradation reactions

The photodegradation experiments under solar radiation were conducted in a CPC pilot
plant photoreactor operating at a tilt angle equal to the PSA latitude (37.09°N). The CPC
photoreactor consists of two borosilicate tubes working in series and allowing for a 90 %
transmission of the UV-A radiation from the natural solar spectrum. Each of the borosilicate
tubes has a 5 cm internal diameter and a reflecting Al surface of 0.224 m? (length: 140.5 cm,
width: 16.5 cm). The total volume was 10 L with a total illuminated volume of 1.9 L filled with
cylinders of Ti-modified LaFeOs/SiC alveolar foams (Figure 1). For details on the auxiliary
facilities and the overall configuration of the experimental setup, the reader may refer to [29].

The 10 L contaminated water matrix was first homogenised by recirculation within the
pilot plant at a water flow rate of 30 L/min in dark conditions for 30 min (CPC photoreactor
covered), and a sample was subsequently taken to check the initial pollutant concentration, as
well as the TOC concentration in the case of 4-CP. Afterwards, H,0> or PS was added as oxidant,
and the CPC photoreactor was further uncovered and exposed to sunlight. All the experiments
were run in full sunshine for 4 h, and samples were taken at predetermined times. The UV-A
irradiance during the degradation tests was 27-47 W/m?, monitored with a global UV-A
radiometer (KIPP& Zonnen, CUV4 model, 300-400 nm), located on a platform tilted at the same

angle as the CPCs (37°).
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Figure 1. CPC photoreactor consisting in two borosilicate tubes operating in series and filled
with cylinders of the Ti-modified LaFeOs/SiC alveolar foam catalyst. Simplified schematic side-

view of the CPC solar reactor.

The catalyst performances and the reaction kinetics were assessed by considering the
accumulated solar UV energy per unit reactor volume collected by the reactor during the
experiment (Quv, Eq. 1) rather than the experimental time. This allows a fair comparison among
the different experimental runs by getting rid of the variations of the solar radiations. The
experimental errors calculated from both the duplication of tests and the uncertainty in the

analytical measurements were below 5%.
_ Aj
Quvns1 = Quvn + AtnUVG,nZ [eq.1]

where: Quv is the accumulated solar UV energy per unit of volume (kJ/L); UV; ,, (W/m?) is the
average solar UV-A radiation measured between tn:1and t,(s); Aiis the irradiated (solar

collector) area (m?); Vris the total volume of the plant (L).

3. RESULTS AND DISCUSSION
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3.1. Catalyst characterization

Figure 2 shows the XRD pattern of the Lai4TixFeOs/SiC foam catalyst. It shows the
diffraction lines indexed to the Pbnm orthorhombic unit cell of LaFeOs (JCPDS card 070-7777).
Beside the dominant reflexes assigned to the multiple SiC polytypes and to the alumina phase
composing the ceramic foam support, diffraction lines indexed to the Pbnm orthorhombic unit
cell of LaFeOs (JCPDS card 070-7777) were observed. In previous works conducted on Ti-
substituted LaFeOs orthoferrite powders, complete structural refinement with cationic site
occupation demonstrated the partial substitution of La by Ti within the LaFeOsz matrix, and the
significant change in the Pbnm orthorhombic unit cell parameters observed revealed
consequently the insertion of Ti within the structure and the La14TixFeOs nature of the powders.
The reflexes observed in the XRD pattern of the SiC foam supported catalyst confirmed the
structural analogy between the Lai14TixFeOs/SiC foam and the powdery Lai«TixFeOs. For more
details, the reader can refer to Garcia-Munoz et al. [28]. The optical images of both the bare
SiC foam and the supported LaiTixFeOs-based catalysts show the macroscopic homogeneity

of the coating on the SiC foam cylinders.
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Figure 2. (A) XRD patterns of the LaiTixFeOs/SiC foam and the powdery LaixTixFeOs
counterpart. The intensity of the diffraction peaks corresponding to the supported Lai-xTixFeOs
phase has been necessarily amplified by scratching the surface of the Lai«TixFeOs/SiC foam.
This allowed for minimising the masking presence of the multiple reflexes corresponding to the
largely dominant phases which come from the 3D ceramic foam support. The positions of the

Bragg reflections are represented by vertical bars, in black for the reflections indexed in the
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Pbnm orthorhombic unit cell of LaFeOs and in blue for those of the a-alumina phase (CPDS-
ICDD 46-1212). In the pattern of the Lai«TixFeOs/SiC foam, all the other high intensity reflexes
correspond to the multiple a (4H and 6H) and B (3C) SiC polytypes, with hexagonal and cubic
crystalline structures, respectively. The very small asterisk at ca. 26=22° corresponds to the
silicon oxide phase impurity. (B) Optical images of the bare SiC foam support and the La;-

«TixFeOs3/SiC foam.

3.2 Pilot-plant vs. lab-scale

Prior to the assessment of the capacity of the novel La14TixFeOs/SiC foam catalyst to be
used at the pilot-plant scale for the removal of MPs, preliminary tests were performed using 4-
CP as model pollutant for evaluating its efficiency with a simple and well-known contaminant
used for testing AOP light-driven catalysts during decades [30]. To this end, Figure 3 shows the
evolution of both 4-CP and TOC concentrations along time, the experiments being carried out
using the H,0, dose theoretically needed for achieving a total mineralization of 20 mg/L of 4-
CP, namely 125 mg/L. For the sake of comparison, Table 3 shows the main parameters of the

photoreactions conducted at both lab and pilot-plant scales.

Table 3. Comparison of the main parameters of the photoreactions conducted at both lab and

pilot-plant scale.

Parameters Lab scale @ Pilot-plant scale
Volume to be treated 0.1L 10L

Catalyst 1 foam 37 foams
Amount of catalyst (mg) 50 1850

Reaction time (TOC removal) 120 min (>99%) 120 min (75%)
k’ toc (mg/Lmin) 0.137 0.085

kK’ a-cp (mint) 0.036 0.091

@ Reaction parameters and data taken from the previous lab-scale studies of the authors [28].
14



The results obtained with the La1«TixFeOs/SiC foam catalyst showed that 75% TOC removal
was achieved for an energy collected by the reactor of 13 kJ/L over a 120 min timescale, while
a 4-CP removal below the quantification limit was already reached for an energy collected of
3kJ/L, that corresponded to 60 min of operation. H,0, showed a total depletion within 120 min
of reaction (data not shown). Remarkably, no iron leaching to the solution was detected along
the photoreaction, so that the catalyst operated via pure heterogeneous surface reactions. This
was in good agreement with the experiments carried out at the lab scale for which no iron
leaching was observed, regardless of whether the tests were carried out with the La1,TixFeOs
catalyst as powdery material or supported on SiC foams, under UV-A or simulated solar light [5,
7, 28].

The experimental data were fitted following pseudo-first-order and pseudo-zero-order
kinetic laws for the main pollutant and the TOC, respectively, as usual for photoassisted
reactions. On the pilot-plant scale, apparent kinetic rate constants of 0.091 min'* and 0.085
mg/Lmin were obtained for 4-CP degradation and mineralization, respectively. These values
have to be put in perspective of the apparent kinetic rate constants for 4-CP degradation and
mineralization obtained on the lab scale using the Lai4TixFeOs/SiC foam catalyst in a batch-
mode under 60 W m of artificial UV-A irradiance, for treating a similar concentration of 4-CP,
namely 0.036 mint and 0.137 mg/Lmin, respectively. At the lab scale, those values could be
increased up to 0.06 min! and 0.3 mg/Lmin, respectively, when increasing the incident
irradiance to 120 W m2 [5-7, 28]. The faster degradation kinetics observed under solar radiation
in the pilot system compared to the lab-scale test relies on better lighting of the foam cylinders
due to the geometry of the solar photoreactor. However, the mineralisation was slower in the

pilot system. This behaviour might result from the adsorption on the catalyst of the reaction
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intermediates formed from 4-CP. Indeed, the pilot system is characterised by a lower amount
of catalyst per unit of volume (and thus per mole of 4-CP degradation intermediates) compared
to the lab-scale, namely 3.7 foams per litre vs. 10 foams per litre. The adsorption of the 4-CP
degradation intermediates could reduce the catalyst efficiency and lower the mineralisation
rate in the advanced stages of the degradation. This revealed the ability of the supported
catalyst to operate in solar CPC photoreactors of several meters length under flow of water
without high pressure drop. Secondly, the kinetics obtained are in the same range than those

obtained during the lab scale studies.
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Figure 3. 4-CP oxidation and TOC mineralization in DW under solar light in the CPC photoreactor
at the pilot-plant scale with the La1«TixFeO3/SiC foam catalyst. Operational conditions: [4-CP]o=
20 mg/L, Vr= 10 L; circumneutral pH, [H20;2] = 125 mg/L. Quv of 3 and 13 kJ/L were collected for

test durations of 60 min and 120 min, respectively.

3.3 Photodegradation of micropollutants in demineralized water
The degradation of the imidacloprid (IMI) pesticide was assessed at a lower

concentration, namely 1000 pg/L. The results obtained using 50 mg/L of H,0, shown in Figure
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4A depicted that a solar energy of 4.4 kJ/L was needed to reach the removal of IMI until
quantification limit with an apparent kinetic rate constant k’imi= 0.07 min.

The ability of the catalyst to treat water was further assessed on a cocktail of five MPs
(100 pg/L of each MP) normally detected at low concentrations after the secondary treatment
of urban wastewater treatment plant, namely Caffeine, Trimethoprim, Sulfamethoxazole,
Carbamazepine and Diclofenac (Figure 4B). The use of the micropollutant cocktail resulted in
the increase to 30 KJ/L of the energy that the reactor needs to collect to achieve a significant
reduction of the micropollutant concentrations, what in consequence prolonged the reaction
time needed. However, all the micropollutants were substantially degraded under irradiation,
albeit to different extents, and with a final H,O, consumption of 73% for an initial concentration
of 50 mg/L. For an energy of 30 KJ/L (that corresponded to a reaction time of 240 min),
Diclofenac was the micropollutant which undergone the highest degradation rate with a
removal of efficiency of 95%, while Sulfamethoxazole has been found as the most persistent
compound with a removal efficiency of 46%. Intermediate degradation rates were observed for
the other micropollutants, reaching 54%, 53% and 62% for Carbamazepine, Trimethoprim and
Caffeine, respectively. This is in agreement with the work of Kowalska et al. [31]. They studied
the degradation of a mix of almost the same MPs via homogeneous photo-Fenton at
circumneutral pH and showed that Diclofenac and Trimethoprim were faster oxidized than
Sulfamethoxazole and Caffeine, with higher degradation rates. The absence of any leached iron

measured at the end of the reaction corroborated the stability of the catalyst.
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Figure 4. Performances obtained with the La1«TixFeOs/SiC foam catalyst in DW under solar light
in the CPC photoreactor at the pilot-plant scale. A) IMI oxidation with [IMI]o= 1000 ug/L ; B)
Oxidation of the mix of MPs, each of them at the initial concentration of 100 pg/L. Operational

conditions in both cases: Vg= 10 L; circumneutral pH, [H,0,] = 50 mg/L.

3.4. Effect of water matrices in the removal of pollutants

A step further in the assessment of the capacity of the Lai«TixFeOs/SiC foam catalyst to
treat water lies in its ability to adapt to a complex water matrix. The influence of the water
matrix on the activity and stability of the Lai4TixFeOs/SiC foam catalysts was studied first
through the degradation of 4-CP at 20 mg/L in DW, TW and SUWW. The results shown in Figure
5 and Table 4 evidenced that the degradation and the mineralization of 4-CP are strongly
impacted by the components of SUWW. This efficiency reduction was materialized by the
extension of the treatment time with the increase in the water matrix complexity, from 30 min
in DW to 180 min and 300 min in SUWWW and TW, respectively. In parallel, a decrease in the
apparent reaction rate was observed, from 0.091 min in DW down to 0.028 min and 0.007

mintin SUWW and TW, respectively.
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In terms of mineralization, it must be said that the TOC removal curves can only be
compared for DW and TW due to the absence of extra-load of organic matter in both matrices.
The mineralization rate decreased from 0.085 mg/Lmin to 0.015 mg/Lmin, which is indicative
of a pronounced scavenger effect caused by the presence of salts in TW, that reduces drastically
the overall activity of the catalyst. This effect has been observed previously in different works
[32-34]. Although the matrix components are not directly involved in the surface mechanism
that leads to the mineralization of the effluent, their competitive adsorption onto the catalyst
surface impacts the apparent kinetic rate constants for the degradation of the main pollutant
and that of the different intermediates. The matrix components also dramatically scavenge the
produced oxidizing radicals [35].

After the tests, slightly lower pH values were measured at 3.8, 6.5 and 6.0 in DW, TP and
SUWW, respectively, which resulted as usually from mineralization and short-chain organic
acids formation. Independently of the water matrix complexity, no iron leaching from the
catalyst to the solution was observed, suggesting a good stability of the catalytic material in
operating conditions and consequently allowing for its consequent reuse. It is worth noting that
the supported catalyst kept activity toward the main contaminant removal evenin the presence

of the different water components (Figure 5).
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Figure 5. 4-CP oxidation and TOC mineralization with the Lai«TixFeOs/SiC foam catalyst in
different water matrices under solar light in the CPC photoreactor at the pilot-plant scale.
Operational conditions: [4-CPJo= 20 mg/L, [TOClo= 12 mg/L, Vr= 10 L; circumneutral pH, [H20:]
=125 mg/L. It must be said that [TOC]o in SUWW slightly exceeds the value of 12 mg/L due to
the presence of organic matter in the aqueous matrix. 13-15 KJ/L corresponds to 120 min of

photoreaction.

Table 4. Pseudo kinetic rate constants for the removal of 4-CP and TOC in different water
matrices with the Lai«TixFeOs/SiC foam catalyst under solar light in the CPC photoreactor at

the pilot-plant scale (derived from Figure 5).

DW W SUWW
K’ a-cp (min) 0.091 0.0065  0.0275
K’ toc(mg/Lmin)  0.085 0.0150  0.0240

A step further in the assessment of the capacity of the Lai«TixFeOs/SiC foam catalyst to

treat water consisted in evaluating the effect of the water matrix on the removal of the mixture
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of MPs in a more realistic pg/L concentration range as previously studied in DW. As can be
inferred, the presence of salts and of organic components in the TW and SUWW matrices,
respectively, resulted in a decrease in the oxidation rate of the different contaminants (Figure
6A-E). Figure 6F shows the impact of the different water matrices on the initial oxidation rate
of the individual micropollutants. Whatever the targeted micropollutant, the removal rate
decreased in TW and SUWW compared to DW, the effect being more pronounced in SUWW.
The extent to which the micropollutant degradation is affected by the water quality was
shown to depend on its nature. In pure DW, the oxidation rates follow the order
koicLo>kcar>kcars>ktrime>ksuira, that differs from that observed in both TW and SUWW (Figure
6). Indeed, tests in both TW and SUWW matrices evidenced that the rates of DICLO and CAF
degradation were highly impacted by the water components, while those for TRIME, SULFA and
CARBA were less affected (see rates in Table 5 and 6). However, it was worth noting that a
significant decrease in the pollutant concentration was observed throughout the process in all
the cases, the degradation percentages ranging from 62 to 95% for DW, 17 to 66% for TW and
810 42% for SUWW. CAF and DICLO were the micropollutants being the least and more affected

by the treatment for ~27-28 KJ/L, respectively (Table 6).
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Figure 6. Oxidation of the mix of MPs in different water matrices with the La14TixFeOs3/SiC foam
catalyst under solar light in the CPC photoreactor at the pilot-plant scale. A) CAF; B) TRIME; C)

SULFA; D) CARBA; E) DICLO; F) Apparent initial reaction rates for the removal of MPs in different
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water matrices. Operational conditions: Vg= 10 L; circumneutral pH, [H202] = 50 mg/L. The

highest energy collected by the CPC reactor reported on the graphs for each experiment (ca.

27 KJ/L) corresponds to 240 min of reaction approximately. No change of pH values was

observed due to the low MP concentration.

Table 5. Pseudo kinetic rate constants for the removal of MPs in the cocktail configuration

in different water matrices with the La1«TixFeOs/SiC foam catalyst under solar light in the

CPC photoreactor at the pilot-plant scale, as derived from Figs. 6A-E.

k’ (mint) DW W SUWW
K’car 0.0045 0.0008 0.0003
K’ TRiME 0.0033 0.0023 0.0005
K’ sutra 0.0025 0.0009 0.0009
K’ carea 0.0036 0.0012 0.0012
K’ picto 0.0102 0.0035 0.0022

Table 6. Influence of the water matrix on the conversion of MPs reached after 240 min of test

(what corresponded to a solar radiation of ca. 27 KJ/L), as derived from Figs. 6A-E.

X 27k (%) DW TW SUwWw
Xcar 62 17 8
XTRIME 53 43 11
XsuLra 46 20 20
X carsa 54 24 28
X picLo 95 66 42
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3.5. Effect of the water matrix in the removal of the micropollutants using Na;S.0s as
oxidizing agent

In order to study the viability of the process for treating real effluents, the degradation
process was also implemented in the MP cocktail configuration using sodium persulfate (PS) as
oxidizing agent instead of H,O,, at the same concentration of oxidant (50 mg/L). The
degradation curves obtained in the different water matrices are shown in Figure 7, and Table 7
compares the conversion of the pollutants achieved after 240 min using H,0, and PS
(corresponding to ca. 27 kJ/L of collected energy).

In DW, the order of magnitude of the MP removal was similar (apart from CARBA)
regardless of whether H,0, or PS was used, while the use of PS led to a higher efficiency in TW
or SUWW whatever the pollutant targeted. In DW, larger removals of CAF and DICLO were
observed with H,0,, while higher oxidation rates were obtained with PS for TRIME, CARBA and
DICLO. In both TW and SUWW, the highest removal efficiencies were obtained with PS
independently of the pollutant targeted.

The fact that the PS efficiency is less affected by the water composition must be related to
its mechanism of reaction and its more selective nature, as both oxidants differ strongly in the
nature of the oxidizing species they generate, namely SO4*~ for PS and HO® for H,0,. PS
generates two SO4" in the presence of light, while H.O; only provides one HO®. In fact, it is
known that the detrimental effect of chloride, sulfates and carbonates (which are scavengers
of HO® [36]) is lower with PS than with H,0,, what is of prime importance as both TW and
SUWW contain those anions in large concentrations. It can also be noticed that both HO® and
SO4" radicals strongly differ in terms of their action mode. SO4°~ acts better at circumneutral
pH as its redox potential (1.8-2.7 V) is higher than the one of HO® [37]. Besides, SO4*~ presents

a longer lifetime (30-40 ps) compared to HO® (<1 us) [38]. On the other hand, SOs* is
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characterized by its selective nature compared to HO®[3]. While SO4°~ attacks selectively -OH
and -NH; groups present for instance in both CARBA and DICLO micropollutants, HO® reacts
unselectively with any chemical compounds from the water matrix, including unfortunately
salts and organic matter [3]. This could explain the substantial oxidation of CARBA and DICLO
regardless of the water matrix complexity when using PS as oxidant instead of H,0,. For this

reason, PS is recently gaining interest as alternative oxidant to H.0; [39-41].

Table 7. Conversion of MPs in different water matrices at ca. 27 kJ/L of collected energy

(corresponding to 240 min of test), as derived from Figs. 7A-E.

Pollutant DW TW SUW
H.0; PS H.0; PS H.0; PS
CAF 62 27 17 21 8 44
TRIME 53 57 43 61 11 46
SULFA 46 31 20 27 20 53
CARBA 54 >99 24 >99 28 >99
DICLO 95 >99 66 >99 42 >99
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Figure 7. Oxidation of the mix of MPs in different water matrices with the La14TixFeOs3/SiC foam
catalyst under solar light and using PS as oxidant in the CPC photoreactor. A) CAF; B) TRIME; C)
SULFA; D) CARBA; E) DICLO; F) Apparent initial rate constants of the MP degradation in the
different water matrices. Operational conditions: Vg= 10 L; circumneutral pH, [PS] = 50 mg/L.

240 min of test corresponded to ca. 27 kJ/L of collected energy.

Attending to results presented in Figure 7 (PS was more efficient than H,0,), treatment capacity
of SUWW of the La1«TixFeOs/SiC foam catalyst could be roughly calculated taking into account
treatment time (240 min, i.e. 26.7 KJ/L) system volume (10 L), solar collector area (0.224 m?)
and % of degradation (70%) of the mixture of MPs at 500 pg/L: 3800 pg m2 h! at an average

solar UV 45 W m™. Taking into account average solar UV in many sunny countries is around 20
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W m, average treatment capacity would be around 1700 pg m2 h'l, which means that 7.4 g
m2 year! could be removed. MPs concentration in effluents from municipal treatment plants
range between 0.050-0.100 g m> and the objective of advanced treatment would be 80%
removal [1-4]. Therefore, the treatment capacity of the LaixTixFeO3/SiC foam catalyst
(operated under the sun 4380 h per year) could be envisaged in the range of 150-75 m3 m

year?l.

Treatment capacity could be compared with other results available in the literature, for
homogeneous photo-Fenton at circumneutral pH using iron complexes with PS (or H,0,),
applied also to MPs in SUWW or real effluents at lab scale. For example, Cabrera-Reina et al.
[3] with Fe-EDDS and PS got average treatment capacity around 60000 pg m2 h™ at 30 W m?,
which accounts for 40000 pug m2 h't at 20 W m2, clearly higher than Lai1«TixFeOs/SiC foam

catalyst.

Ricardo et al. with Fe-NTA and PS get average treatment capacity around 5100 ug m2 h! at 30
W m2, which accounts for 3400 ug m2 h* at 20 W m [42]. Gualda-Alonso et al. [43] presented
a continuous flow solar demonstration plant of large size (100 m? raceway pond reactor)
operating with Fe-NTA and H,0; at circumneutral pH giving a treatment capacity of 0.80 m3 m-
2 d1at 25 W m?, eliminating 50% of 68 ug/L MPs. It accounts for 2300 ug m2 hl. These two

last examples using Fe-NTA gave results in the same range than Lai4TixFeOs/SiC foam catalyst.

3.6 Long-term stability of the catalytic foams
All the former experiments were performed with the same La1TixFeO3/SiC foam catalyst,

so that the supported catalyst was used for more than 100 h under real solar light. Besides, the
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durability of the material was challenged by performing at regular time-interval (every 20 h of
use) a control reaction that consisted in degrading 4-CP at 20 mg/L in DW (reaction shown in
Figure 3). In all cases, 75% of TOC mineralization was achieved after 13-15 kJ/L of energy
collected, indicating that the activity of the catalyst was not affected by the large amount of
experiments conducted over prolonged operation times under different conditions and in
water matrices of different complexity. In all cases, no iron leaching was detected. However,
this is not incompatible with a slow leaching of some of the supported nanomaterial. Long-
lasting tests with specific analysis to assess whether nanomaterial leaching occurs, are currently

underway.

4. CONCLUSIONS

The employment of a macroscopic photo-CWPO Lai«TixFeOs/SiC alveolar foam catalyst
has been scaled up for the first time within a CPC photoreactor operating under natural solar
light for the efficient removal of model contaminants and different emerging organic
micropollutants in wastewater matrices of different complexity using H.O, and PS as oxidizing
agent. No iron leaching, substantial degradation and mineralisation as well as long-time use,
has not been described yet under so different and realistic conditions for any other macroscopic
catalyst. The experiments showed that the Lai1«TixFeOs/SiC alveolar foam catalyst is efficient
and stable for the removal of 4-CP, IMI and a mix of MPs at different concentration levels.

The reactions performed with H,02 in DW revealed the need of increasing the collected
energy when the concentration of the pollutant was decreased from the mg/L to the pg/L
range, namely from ca. 4 KJ/L to ca. 27KJ/L. The composition of both TW and SUWW matrices

highly affected the catalyst activity and the efficiency of the overall process, and independently
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of the targeted micropollutant, the removal rate decreased in TW and SUWW compared to DW.
In the case of MPs in the cocktail configuration, the slowing down effect was more pronounced
in SUWW.

The use of PS as oxidant instead of H,0; resulted in a better efficiency in the MP removal
in DW and in some cases even better degradation rates were obtained when performing the
oxidation reaction in TW and in SUWW. This can be related to the different reaction mechanism
taking place when using PS rather than H,0, and to the more selective nature of the SO4*~
radicals generated under light, that allows the radicals and consequently the catalytic
photodegradation process to be less affected by the presence of ions and organic matter in the
water matrix. Nevertheless, although the use of PS is globally advantageous over H;0,, the
efficiency of each oxidant upon the process remains strongly affected by the water matrix.
Finally, while the absence of any detectable iron leaching to the solution was demonstrated
regardless of the oxidant use and of the wastewater complexity, however, this is not
incompatible with a slow long-term leaching of part of the supported nanoparticles, which
needs to be further studied in detail.

The degradation performances combined to the stability of the catalyst indicate the
prospect nature of the La1«TixFeOs/SiC alveolar foam catalysts to operate in a continuous way
for the polishing effluents from a secondary wastewater treatment plant. Indeed, attending to
the slower kinetics compared to other homogeneous photocatalysts, the simplicity of
operation of the La1«TixFeOs/SiC foam catalyst would be a clear asset especially interesting for
this application niche where volumes as high as millions of cubic metres per day are disposed.
It is interesting to note the treatment capacity of 150-75 m3 m2 year! for eliminating 80% of

MPs in municipal effluents containing 50-100 pg/L.
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To this end, it is not necessary to use powerful systems, but rather to implement systems that
are simple to operate. However, prolonged long-term testing with real effluents is still needed

to get economical and operational key parameters.
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