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Abstract

The release of active pharmaceutical ingredients (APIs) in natural environment has become
a global issue. Used as a complementary remediation solution, the heterogenous photocatalysis
is underperformed in terms of operation cost per volume of treated wastewater if the non-
immobilized catalyst needs to be recovered. This work has identified two promising substrates

for the immobilization of TiO2-based photocatalysts, namely a glass fiber velvet and a self-
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luminous textile. The former demonstrated good catalyst attachment and can receive high
irradiation intensity from the external UV lamp but required large working volume in the
reactor. While the latter suffered from low irradiation intensity delivered by the internal optical
fibers, it exhibited high flexibility in shape. Subsequently, a side-by-side combination the above
two substrates was implemented in a horizontal annular flow reactor without the need to expand
the reactor volume. Using HPLC-MS/MS, ion chromatography, and TOC analysis, the system
achieved over 90% degradation of phenol and paracetamol as model pollutants within 60
minutes and an 80% mineralization rate within 120 minutes under laboratory conditions.
Furthermore, the system demonstrated cost-efficient degradation of multiple pharmaceutical
compounds—achieving 98.3% degradation of caffeine—and a 66% reduction in TOC in a real
effluent sample collected from an urban wastewater treatment plant (WWTP) after 360 minutes
of treatment, despite the sample's high organic carbon content and elevated inorganic ion

concentrations.

Keywords

Photocatalysis, reactor design, active pharmaceutical ingredients self-luminous textile, glass

fiber velvet.
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1. Introduction

The manufacture and usage of active pharmaceutical ingredients (APIs) are increasingly
growing in parallel with the global expansion of healthcare activities. The presence of APIs in
water, even at ng/L concentration, has been evidenced or suspected to raise environmental and
health concerns. Such concerns include, but not limited to, anti-microbial resistance and
hormone disruption effects (behaviour changes, intersex organisms and endocrine related
medical conditions). [1] However, as most current wastewater treatment plants (WWTPs) are
not specifically designed for the total removal of API residues, [2] the release of APIs into the
natural environment has become evident and is now recognized as a global issue. [3] In
response, more specific and cost-efficient treatment techniques need to be complemented and
further developed to eliminate APIs emissions. Advanced oxidation processes (AOPs) such as
UV, ozonation and heterogenous photocatalysis are possible solutions. UV approach suffers
from ineffectiveness. [4] The ozonation showed promising results for treating some APIs, yet
their applications have been limited by the low solubility of ozone in water and consequent high
energy consumption to generate enough ozone [5]. Finally, the heterogeneous photocatalysis
might be the most expensive treatment techniques if the catalysts are used in suspension and
not being recovered. [6] By consequence, the aforementioned AOPs, in theory, are
underperformed compared to homogenous techniques such as Fenton-based process in terms
of operation cost per volume of treated wastewater. [7] Among them, the heterogeneous
photocatalysis might be converted to one of the most cost-efficient treatment techniques by
simply immobilizing the expensive photocatalyst on substrate materials and use them
repeatedly. Among the commonly studied photocatalysts today, anatase TiO2 is still the most
cost effective and numerous efforts have been dedicated to the immobilization of TiO2 on
different substrates. For example, TiO2 nanotubes have been directly anodized on titanium
substrate with the presence of fluorinated medium. [8] Moreover, TiO2 particles can be
deposited on functional carbonaceous materials [9, 10] or on micrometric silica-based beads.
[6, 11] However, the above immobilization techniques need either sophisticated engineering
process or require specific and expensive substrate materials, which prevented them from being

used on a large scale.

Glass fiber-based materials are suitable inorganic substrate candidates thanks to the high
surface area, low fabrication cost and abundant availability. Furthermore, their excellent
thermal stability at high calcination temperatures can allow flexible TiO2 immobilization
procedures. To date, sol-gel-based deposition and subsequent in-situ growth of TiO2 on woven

3
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glass fiber fabrics have been demonstrated for large surface area applications. [12, 13] Good
adhesion is assured by the intimate contact between the precursor sol and the surface of
substrate, as well as the post calcination process. However, this method provides insufficient
flexibility in control over particle morphology and particle size, which can greatly affect the
attachment and photocatalytic performance. In this work, we selected a glass fiber velvet
containing numerous protruding fuzzy filaments to increase the total surface area available for
contact with TiO2. Additionally, we aimed to ease the constraints of controlling the morphology
of TiO2 by developing a novel deposition strategy. This approach involves depositing a
colloidal suspension of pre-crystallized anatase particles onto the glass fiber velvet, followed
by in-situ calcination. Phosphor source was added to the photocatalyst to retain anatase phase
and limit the loss of specific surface area during calcination. The superior gas-phase
photocatalytic performance of this phosphor- and fluorine-modified anatase nanoparticles has
been demonstrated, [14] yet the immobilization of this photocatalyst on glass fiber velvet and

the subsequent liquid photocatalytic performance need to be approved.

While the textile-based substrates have been intensively studied for the deposition of TiO2
as well, [15] we have noticed a unique self-luminous textile substrate. This special textile,
provided by Brochier® Technology, [16] is woven from optical fiber and textile yarn. This
textile is self-luminous thanks to the build-in optical fibers and is highly flexible in shape. It
has been demonstrated that by coating a SiO2-based layer between textile substrate and TiO2
layer can simultaneously provide good TiO:2 attachment and prevent optical fiber ageing
induced by the photocatalytic activity of TiOz. [17] Due to the organic nature of the substrate
material, deposition of Ti-precursor then post-calcination is not an option. Instead, we used a
crystalline anatase photocatalyst obtained by calcinating the commercially Hombikat UV100
TiO2 for deposition onto the textile substrate. This recently reported easy-to-obtain
photocatalyst can effectively degrade phenol, paracetamol and chloramphenicol under
laboratory conditions, [18] but the performance under realistic conditions while immobilized

has not been evaluated.

In this work, we tried to identify the advantages and weaknesses of the abovementioned
two individual substrates. Subsequently, a side-by-side configuration combining both
technologies was implemented in a horizontal annular flow reactor in an attempt to realize a
cost-effective water treatment solution. First, the individual and combined systems were tested
for degradation of two model contaminants: phenol and paracetamol under laboratory

conditions. Phenol is a major contaminant whose presence in water can be due to natural
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occurrence (dead plants and animals decomposition) or through anthropogenic activities
(multiple industrial sectors). [19] Its structure is also quite common in different pharmaceutical
chemicals. Paracetamol is a common drug for analgesic and antipyretic uses. [20] Its structure
in addition contains nitrogen (as an amide group) in its structure. Finally, an effluent sample
collected from an urban WWTP was used to evaluate the efficiency of pharmaceutical
compound removal under real-world condition. As a result, an efficient degradation of multiple
pharmaceutical compounds has been demonstrated despite high organic carbon content and

elevated inorganic ion concentrations using a reactor with modest working volume.

2. Experimental

2.1. Photocatalyst preparation

UV100-700: Commercial Hombikat UV100 TiO2 was purchased from Sachtleben Chemie
GmbH. The UV100-700 photocatalyst was prepared by calcining the UV100 in air with a
heating rate of 5 °C-min! and then kept at 700 °C for 2 h. After cooled to room temperature,

the photocatalyst in powder form was used as obtained.

PANaF-700: In a typical sol-gel synthesis for the phosphorus- and fluorine-modified TiO2
(P/F-modified TiOz, labeled as PANaF-X, with the X representing the calcination temperature),
5 g of Titanium (IV) isopropoxide (TTiP, Ti(O'Pr)4, 97%, Aldrich) was mixed in 10 g of
Propan-2-ol (AnalaR Normapur, > 99.5%, VWR Chemicals), and this solution is labeled as
solution A. Then, adequate amount of Sodium fluoride (NaF, ACS reagent, >99%, Sigma-
Aldrich) and Phosphoric acid (H3POs (PA), analytical reagent, >85%, R.P.Normapur) were
added in 6.2 g of 2.2 mol/L acetic acid solution. They provided to the synthesis media the
fluoride anion (F") and the phosphate anions, respectively. The molar ratio of each additive to
titanium was fixed at 0.03, and the obtained solution is labeled as solution B. Finally, the
solution B was added dropwise into the solution A. Immediately, a white milky precipitate was
formed upon hydrolysis process and the solution was kept under stirring for 1 h, before being
further sealed in a glass container and aged at 50 °C for 4 days without any stirring. After
filtration of the powder from the rest of the solvent, the solid (labeled as “PANaF”’) was washed
by 2 x 50 mL distilled water for 10 min, before being finally dispersed in 40 ml water for further
deposition on glass fiber velvet, this suspension is labelled as suspension C. Part of this

suspension was dried at 100 °C and the so-obtained white powder (same as “PANaF”) was not
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photocatalytically active and was calcined in air at 700 °C for 2 h with a heating rate of 5 °C/min

to obtain PANaF-700 in powder form to assess the photocatalytic activity.
2.2. Deposition of TiO: on substrates

On Treffler® glass fiber velvet: The glass fiber velvet, supplied by Treffler®, is woven
from glass fibers and features numerous protruding fuzzy filaments. It was specifically designed
to serve as a catalyst support. [21, 22] The deposition was carried out by coating an aqueous
suspension of the already crystallized PANaF particles (suspension C) on the said velvet,
followed by an in-situ calcination. A functionalization was performed on PANaF particles prior
to the deposition. Briefly, 3 ml of Triethanolamine (Sigma, = 99.0% (GC)) was added in the
suspension C and the mixture was kept at 60°C for 30 min in a closed container without string.
Then the solid was centrifugated and washed by 2 x 50 mL distilled water for 10 min by cycle.
Finally, the ready-to-deposit titania sol was obtained by dispersing the obtained solid in
adequate volume of distilled water so that the TiO2 solid dry weight concentration is 7%. A
Triethanolamine-free titania sol was also prepared to study the influence of Triethanolamine on
photocatalytic activity of the TiO2. The titania sol was applied to a 260 mm by 200 mm glass
fiber velvet by using a fine painting brush. After drying at 100 °C in a ventilated oven, the
deposited velvet was calcined at 700 °C in air for 2 hours with a heating rate of 5 °C-min™'. The
glass fiber velvet had been pretreated at 700°C for 2 hours to eliminate any organic sizing prior
to the TiO2 deposition. [23] This pretreatment is to minimize the impact of the organic sizing
on the photocatalytic activity of TiOz. Different types of light source have been coupled with
the Treffler® glass fiber velvet to study the impact of the illumination mode on photocatalytic
performance. Apart from the tubular UVA lamp, a "veil" composed of polymethyl methacrylate
(PMMA) optical fibers woven with monofilament polyester yarn, provided by Brochier®, was
selected. Different UVA power input was created by either adjusting the number of connected
UVA LEDs, changing the input UVA power of the UVA LEDs or the UVA lamp, or modifying

the distance between the “veil” and the velvet.

On Brochier® self-luminous textile: The self-luminous textile was fabricated and
provided by Brochier® Technologies. This textile is woven by a combination of polyester
textile fiber (Trevira fibers) and PMMA optical fiber interlacely according to the Jacquardloom.
The optic fibers are distributed and exposed on the two sides of the textile. Specific treatment
was performed on the optical fibers to distribute light emission over the entire surface of the

textile [24, 25]. The textile of 260 mm by 200 mm was firstly coated with a layer of SiO2 by
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spraying a SiO2 sol (Aerodisp W7622). Subsequently, a UV100-700 TiO2 aqueous suspension
was sprayed on both face of the textile. Another deposition method was used to study the impact
of the deposition methodology. Briefly, a paste composed of UV100-700 TiO: particles was
scrapped on the textile surface that has been previously spray-coated with the SiO2 sol, the latter
was then dried at 70 °C for 1 h. The minimum deposition quantity of TiO2 for this method was
19 mg.cm™. The UVA-LEDs with the emission peak centered at 365 nm, was used to connect

to the converged optical fiber to deliver the UV A light to the interior of the textile.

Detachment test: Lost rate in weight percentage (w%) of TiO2 on different substrates
compared to the initial TiO2 weight deposited was accessed to evaluate the adhesion strength
of the TiO2 depositions. Briefly, a 6.3 cm by 20 cm substrate piece was curved and immobilized
against the inner wall of a 250 ml beaker, while submerged in 200 ml of distilled water. A
magnetic bar was stirring at the bottom center, with its reach close to the surface of substrate
without touching it, at 600 RPM for 1 h. Afterwards, the Ti concentration in the water was
measured by ICP to deduce the lost quantity of TiOz. Detachment of TiO2 from the substrates
during photocatalytic test in the annular flow reactor was deduced by analyzing the Ti
concentration in the collected outlet flow sample in the end of 360 min (by ICP) in presence of
each individual TiO2-deposited substrate. Two substrates with similar real TiO2 densities, as
measured by ICP, were selected. A TiO2 density of 3.2 mg/cm? was deposited on the self-

luminous textile, while the glass fiber velvets had a TiO: density of approximately 3.4 mg/cm?.
2.3. Characterization

Phase identification of dried TiO2 powders was carried out by X-ray diffraction (XRD)
with an Empyrean X-ray diffractometer (Malvern Panalytical) using CuKa. 2 radiation in the

Bragg-Brentano configuration.

Scanning Electron Microscopy (SEM) observations were performed using a JEOL IT800
scanning electron microscope equipped with In-Lens Schottky Plus Field Emission Election
Gun (FEG).

Transmission Electron Microscopy (TEM) analysis was performed using a Philips CM200
in standard mode observation, equipped with thermo-ionic LaB6 filament, operating at a 200

kV acceleration voltage.

ICP-OES analysis was adopted to quantify the Ti density on different substrates. Samples
were dissolved in hot HNOs/HF medium prior to analyses by an Agilent 5800 ICP-OES

instrument.
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BET surface area of photocatalysts in powder form was measured using a Micrometritics
ASAP 2020 system at 77 K with nitrogen sorption. Samples were dried under vacuum overnight

at 90 °C prior to the analysis.

A VLX-3W radiometer (from Witec AG) equipped with a sensor specified at 365 nm was
used to record UV irradiation at this wavelength on different UV light sources. For the UVA
lamp, the record was carried on its center point in length with a 3.6 cm distance between the
lamp axis and sensor (half of the annular flow reactor inner diameter). For the self-luminous
textile, the irradiance measurements were taken on an uncoated textile sample to assess the
irradiation value received by the TiO2 deposition layer. At a given power input, an average
irradiance was calculated by measurements at nine evenly distributed points across the surface
(arranged in a 3x3 grid based on the textile's length and width). By default, the sensor surface
was positioned in direct contact with the textile during irradiance readings. Calibration of the
average irradiance as a function of input current showed a linear dependence over the range of
0 A to 0.9 A. The escaped UVA light through the TiO: layer was measured by directly
contacting the sensor with the deposited textile surface and the values are relatively low
compared to the no-coated counterparts. In a typical case, at a given power input, 3.21 mg/cm?
of deposited TiO2 resulted in 0.04 £ 0.04 mW/cm? of escaped irradiation compared to 0.36
mW/cm? received. The escaped irradiation showed a strong dependency on the measurement
positioning, indicating non-uniform deposition across the textile surface. Due to the difficulty
in generalizing the non-homogeneous distribution, the escaped irradiation was not subtracted
from the received values measured without TiO: in this work. A similar approach was applied
to the "veil," though with a range of different distances maintained between the "veil" and the

Sensor.
2.4. Photocatalytic tests

For photocatalysts in powder form. Photocatalytic degradation tests of photocatalysts in
powder form were conducted by using a 100 ml Pyrex photo-reactor in air atmosphere. Phenol
(99%, Aldrich-Sigma) was used as the model pollutant. For all the experiments, the
concentration of the photocatalyst was set to 1 g/L. In detail, 100 mg of catalyst were added to
100 mL of a solution of 20 ppm pollutant with top motorized stirring for 60 min in the dark to
reach equilibrium. A pre-heated UV-A PL-L 18W (Philips) was positioned under the reactor.

The irradiation at 365 nm measured on the inner bottom side of the reactor was 4.8 mW/cm?.
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0.8 mL of the solution was sampled and filtrated on an MILLEX HVLP 0.45 pm hydrophilic
filter (Millipore, Burlington, MA, USA) for the HPLC analyses.

For TiO:-deposited substrates. Photocatalytic degradation tests of two types of TiOa-
deposited substrates individually or in combination (side-by-side) were conducted by using a
reactor fabricated by Treffler® Production. This reactor is composed of a horizontal annular
flow reactor part for photocatalysis treatment, a vertical cylindric reservoir and a pump. The
two TiO2-deposited substrates, both measured of 260 mm by 200 mm, was put in the center of
the horizontal annular flow reactor, curved against the outer wall of the reactor. In case of the
side-by-side combination, the TiOz-deposited self-luminous textile was curved and put side-
by-side on the outermost side of the TiO2-deposited glass fiber velvet, against the outer wall of
the reactor (Schematic 1 and Schematic S1). A UV-A PL-L 36W U-shape lamp (Philips) was
positioned in the center of horizontal annular flow reactor to illuminate the TiO2-deposited glass
fiber velvet. For the TiO2-deposited self-luminous textile, the optical fibers were grouped into
two bundles at one end. These bundles passed through the reactor side wall via sealed holes
(sealed with waterproof resin) and were connected to two 3W UV A-emitting LEDs. The length
of horizontal annular flow reactor is 423 mm and distance between the perpendicularly
connected inlet and outlet is 262.8 mm. The inner diameter of the horizontal annular flow
reactor is 72 mm and outer diameter of the inner quartz tube is 40 cm, providing an annular
cross-sectional area of 8.04 cm?. A 2.5 L solution of pollutant at 20 ppm was pumped and
internally circulated through the space between the outer wall and an inner quartz tube that
protects the center lamp. The flow of the liquid was fixed at 18 L/min. Consequently, the flow
speed in the annular space is 37.3 cm/s, and the calculated residence time between the inlet and
outlet is 7.05 s. Phenol (99%, Aldrich-Sigma) and paracetamol (99%, Aldrich-Sigma) were

used as model pollutants.
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Schematic 1. Side-by-side combination of two substrates, namely Treffler® glass fiber velvet and
Brochier® self-luminous textile, in a horizontal annular flow reactor in 3D perspective and in cross-

section side view, along with the photos of the real appearance (including reservoir and pump parts).

To access the photocatalytic performance in remediating pharmaceutical compounds under
real-world conditions, we used a disc-filtered effluent water that was obtained from the
company SYVAB in Sweden. SYVAB operates the Himmerfjirden WWTP, which receives
wastewater from the southern Stockholm region. At SYVAB, the wastewater is treated using
mechanical treatment, biological purification and finally disc filtration (10 um) before it is
released into the Baltic Sea. More information on how SYVAB treats wastewater and treatment
results can be obtained at their website (www.syvab.se). The effluent water was collected after
the disc filter (which means that the water is ready to be released to the sea) in a plastic can and
was sent to France to conduct the photocatalytic tests. The received effluent sample was
autoclaved at 125 °C for 20 min and stored in a fridge to avoid excessive microorganism
development prior to tests. 2.5 L of effluent was used in each photocatalytic treatment. During

the test; 7 mL of the solution was sampled at each measurement point and filtrated on an
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MILLEX HVLP 0.45 um hydrophilic filter (Millipore, Burlington, MA, USA) for the HPLC
and TOC analyses.

HPLC analyses for phenol and paracetamol were performed using a Shimadzu system
(Shimadzu, Japan) equipped with a photodiode array detector and a 150 mm x 4.6 mm x 2,7um-
Ascentis Express 90 A AQ-C18 column (Supelco Merck). The mobile phase was a 95 %v /
5%v acidified Water (with 0.1%w/w HCOOH) / Methanol mixed solution. In all cases the flow
rate was set at 1.0 mL/min. All of the HPLC analysis were performed at 40 °C.

Tonic chromatography was used to trace the concentration of NH4"/NO3™ in model pollutant
molecule that contains nitrogen atoms. The instrument was a Metrohm 881 Compact IC pro.
Two columns, thermostated at 30 °C, were used: Metrosep C4 150/4.0 for cations and Metrosep
A supp5 150/4.0 for anions. The mobile phases were mixtures of both 1.7mM nitric acid and
0.7mM of dipicolinic acid for cations, and of 3.2mM sodium carbonate and 1mM sodium
hydrogenocarbonate for anions. Both flow rates were set at 1.0 mL/min. Conductivity detector

suppression was made by a 0.1M Phosphoric acid solution.

The analysis of inorganic anions in the real effluent was performed using an ion-exchange
chromatography system (DIONEX ICS 1000) equipped with a conductivity detector. A Dionex
IonPac™ AS22 column (4x250 mm) was used for the separation of anions. The mobile phase
consisted of 4.5 mM Na2COs3 and 1.4 mM NaHCO3, with a flow rate of 1.2 ml/min. The samples
were measured directly without further purification or dilution, and the effluent water samples
were only filtered using 0.2 um PTFE syringe filters. The concentration of inorganic anions

was determined using previously measured calibration curves.

The pharmaceutical compounds in the real effluent sample were analysed using an Agilent
1290 Infinity II UHPLC system (Agilent Technologies). Chromatographic separation was
achieved using a Luna Omega PS C18 analytical column 2.1x100 mm, 3 um particle size from
Phenomenex at a flow rate of 0.4 ml/min. The mobile phases consisted of (A) H2O with 0.5
mM NH4F + 0.01% HCOOH and (B) acetonitrile + methanol (1:1). The gradient was 90% A at
0 min, 0% A at 6 min to 8 min, 90% A at 8.1 min. The post time was 3.9 min with 90% A and
the stop time 11 min. The HPLC system was coupled to an Agilent G6495A Triple Quadrupole
mass spectrometer equipped with an Agilent Jet Stream electrospray ionization source. Agilent
MassHunter Acquisition software was used for data acquisition, and Agilent MassHunter
Workstation software was used for data analysis. The samples were filtered using 0.2 pum PTFE
syringe filters and diluted accordingly depending on the concentration of specific target

molecule.

11
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Reaction rate constant for the first order decay kinetics was calculated by the formula:

[Al12 1_  _kt
oz ¢ W

Where [A]o is the initial concentration of the molecule A after absorption period in the dark,
[A]12 is the concentration of [A]o decreased by half, ti is the timescale on which the initial

concentration [A]o is decreased by half. K is the reaction rate constant presented in min™.

The Total Organic Carbon (TOC) of all samples was quantified using a Shimadzu TOC-
VSCH model equipped with an autosampler. The detection limit of the TOC analyzer is 0.5
mg/L and the quantification limit is 1 mg/L. The curve of TOC as function of time were fitted
using Origin® software by the Boltzmann sigmoid formula:

_ A1—Ay
y = AZ + 1+ e(x—xg)/dx (2)

Where A: is the final value, A1 is the initial value, xo is the inflection point (where the plot
curvature changes), dx is the time constant. To help location the inflection point, 1% derivative
of TOC as a function of time was plotted against the time. The inflection point is where the

latter curve reaches its minimum.

3. Results and discussions

3.1. Choice of photocatalysts on different substrates

The Brochier® textile is intricately woven by polymer-based textile fiber and optical fiber,
which impose two restrictions on the deposition of TiOz. First, an in-situ crystallization of TiO2
by calcinating a deposited organic Ti precursor cannot be realized, as the textile is not designed
to sustain high temperature treatment. Thus, only crystallized TiO2 can be deposited without
calcination. Secondly, the photocatalytic oxidative property of the crystallized TiOz can self-
damage the textile surface, accompanied by a rapid deterioration of light distribution efficiency.
A protection measure on textile must be envisaged. To overcome these two restrictions, highly
crystalline anatase TiO:z particles were first produced by calcining the commercial Hombikat
UV100 at 700 °C (namely UV100-700), then they were deposited on textile surface that was
covered by a layer of silica sol. The silica sol can bind TiO2 particles and simultaneously protect
organic fiber from intimate contact with TiO2 particles, thus can significantly limit the
photocatalytic aging of the organic fibers [17]. The selection of this photocatalyst is based on a
recent study [26] on its high photocatalytic activity in the phenol, paracetamol and

12



342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

369
370
371

372
373

chloramphenicol degradation, which is likely due to the high crystallinity of the anatase phase
(the only existing phase, Figure la) resulting from high temperature calcination of the
commercial Hombikat UV100, aided by the self-contained sulfur’s retarding effect on the
anatase-to-rutile transition. The specific surface area of UV100-700 catalyst is about 18 m?/g
(Table 1) and the mean crystallite size calculated from the XRD pattern is about 23.6 nm.

The Treffler® velvet, woven from glass fibers, allows for the deposition of a Ti precursor
followed by an in-situ calcination process. Instead of using an organic Ti precursor, we opted
for a pre-crystallized TiO2 suspension, to achieve a better control over the crystallinity and
particle morphology evolution during the post-calcination step. In detail, we have deposited a
dispersible titania sol, consisting of pre-crystallized TiO2 modified with phosphorus (P) and
fluorine (F) by sol-gel route, on the velvet surface and followed by an in-situ calcination at
700°C. This photocatalyst, labeled as “PANaF-X (X is the calcination temperature)” has
demonstrated superior gas-phase degradation performance for butane-2-one after calcination.
[14] The enhanced photocatalytic activity can be attributed to the high anatase crystallinity and
the high surface area of this catalyst thanks to the roles of phosphorus in suppressing particle
growth and delaying the anatase-to-rutile phase transition during calcination. Additionally, the
more controlled anatase crystallization kinetics during the sol-gel synthesis promoted by
phosphorus and the increased exposure of the active {001} facet due to fluorine’s structuring
effect also contributed to the enhanced photocatalytic activity. Indeed ,the photocatalyst
deposited on the velvet can still retain a moderate specific surface area of 63 m?/g and a small
crystallite size of 14 nm after calcination at 700°C, compared to 131 m%*g and 11 nm before
calcination (Table 1, Figure 1a and Figure S1). These properties, along with the high specific
surface area and excellent dispersibility of the TiO: particles, allow for extensive contact with
the glass fibers, improving the physical interaction and adhesion strength of the photocatalyst
to the velvet. Calcination is necessary since the non-calcined PANaF TiO2 showed no

noticeable photocatalytic activity (not shown).

Table 1. Summary of main characterizations and photocatalytic phenol degradation rate constants of
different TiO; photocatalysts that would be used on different substrates.

Sample Specific surface area (m?/g) Mean crystallite size (nm) Phenol decay rate constant (min")
PANaF-700 63 13.6 0.019
UV100-700 18 23.6 0.017
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Figure 1. (a) XRD patterns of TiO, UV100-700 and PANaF-700 in powder form. Anatase reference
pattern is included at the bottom. (b) Ln(C/Cy) of photocatalytic phenol degradation plotted against the
irradiation time for UV100-700 and PANaF-700 in powder form, the slope of curve is defined as -k
(min™). (c-d) Concentration of phenol and generated hydroquinone and catechol concentration as a
function of time in presence of UV100-700 and PANaF-700 in powder form. The initial concentrations
of phenol were targeted to 20 ppm in weight, equivalent to 212.5 umol/L. All curves have been
normalized so that the phenol concentration at Time = -60 min is 212.5 pmol/L.

Liquid-phase photocatalytic performance of these two photocatalysts in powder form were
compared. Phenol degradation and generation of Hydroquinone and Catechol as intermediate
degradation products were followed (Table 1 and Figure 1b-d). Both photocatalysts exhibited
similarly efficient degradation rate during the 3 hours of illumination time. A balanced trade-
off between specific surface area and anatase crystallinity, influenced by the effects of sulfur
or phosphorus in retarding crystallization kinetic, [27] achieved through carefully controlled
calcination temperature, might account for their similarly high photocatalytic activities. Thus,
the intrinsic photocatalytic activity of the different catalysts will be a neglected factor for the

following parts of the work after they are deposited on different substrates.
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3.2. Parameter studies on individual substrates

An average of 35% by weight of UV100-700 photocatalyst can be efficiently deposited on
Brochier® self-luminous textile by spray method when the real TiO2 weight density reached
approximately 3 mg/cm? (Figure 2a, e-f) (Figure S2 and Figure S3). The low surface area, large
crystallite size and high degree of particle aggregation of this photocatalyst (Figure S4) have
limited the attachment strength on the textile, specifically on top of the silica layer. Once the
thickness of TiO2 deposition layer surpassed a certain threshold, the binding effect from the
silica layer can no longer cover the TiO2 layer in excess. On the other hand, about 65% by
weight of UV100-700 photocatalyst can be efficiently deposited by scraper method (Figure 2a
and Figure S2). This method relies on the densely compacted TiO: particles to deliver the
attachment force. However, a minimum processable quantity of 13 mg of TiO2 per cm? is
required, as the spreading of the highly concentrate TiO2-containing paste over the entire textile
surface would become difficult below this threshold. The degradation rate constants for phenol
increased with the real deposited TiO2 density when the total surface area of the textile was
fixed (Figure 2b). The high deposited amount of TiO2 by scraper method did not lead to further
increase in the degradation rate constant. Naturally, excessive layer of the deposited TiO2
cannot receive sufficient UV irradiation coming from the inside of the self-luminous textile.
Although the scraper method resulted in more efficient TiO2 deposition, its high minimum
deposition threshold and low photocatalytic performance per TiO2 quantity ratio have reduced
the overall cost-effectiveness value. Consequently, this method will not be pursued in further
studies. The degradation rate constants for phenol have expectedly increased with the surface
area of the textile when the real deposited TiO2 density was fixed (Figure 2c). Finally, the
degradation rate constants for phenol also increased with the received irradiation up to a rate
constant of approximately 0.053 min™', before the value approached a pseudo-plateau (Figure
2d). Considering that the irradiation originates from optical fibers embedded within the TiO-
deposition, we believe that an irradiation intensity of 0.35 mW/cm? is sufficient to penetrate the
entire thickness of the TiO: layer at around 3 mg/cm?. The TiO: particles deposited closest to
the optical fiber likely contributed the most to the photocatalytic activity, while the outer layer

of TiO2, which received significantly less UV light, made less contribution.

During the detachment test, 0.39% of the weight of the photocatalysts has been lost in
contact with a strong water current when the real TiO2 density was about 3.2 mg/cm?, showing

the robust adhesion of TiO2 on the silica sol (Table S1).
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Figure 2. (a) The relationship between the theoretical and real TiO, deposited on Brochier® self-textile
by spray and scraper methods. The blue spheres represent spray method, the red sphere represents
scraper method. (b) Phenol degradation rate constant k (min™') as a function of the real TiO, density
deposited on the Brochier® textile. The blue spheres represent spray method, the red sphere represents
scraper method. The UVA irradiation (at 365 nm) was about 0.36 mW/cm?. (c) Phenol degradation rate
constant k (min") as a function of the surface area of the Brochier® textile. The real TiO, density
deposited was about 3.2 mg/cm? and the UV irradiation was about 0.36 mW/cm?. (d) Phenol degradation
rate constant k (min™') as a function of the UV irradiation (at 365 nm). The surface area of the Brochier®

textile is fixed at 520 cm” and the real TiO, density deposited was about 3.2 mg/cm?. (¢) SEM image of
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the uncoated Brochier® textile. (f) SEM image of the Brochier® textile deposited with about 3 mg/cm?
of TiO,. The scale bars in (¢) and (f) are 500 um.

For the Treffler® glass fiber velvet, the deposition of a pre-crystallized anatase TiOz2 sol
(“PANaF”, Figure S5) followed by calcination has resulted in an average weight deposition
efficiency of 41% when the real TiO2 weight density reached approximately 3.4 mg/cm? (Figure
3a). The degradation rate constant for phenol, if other parameters were fixed, has rapidly
reached near 0.02 min™! at a real TiO2 deposition density of about 1.2 mg/cm? and this value
has marginally increased to about 0.023 min"! when the TiO2 deposition density was further
increased to 3.2 mg/cm? (Figure 3b). At 1.2 mg/cm?, the rate constant may have reached a
pseudo-plateau. The TiO2 deposited on the tips of the glass fiber filaments in the front layer of
the velvet could obstruct the penetration of UVA light to the bottom layer. As expected,
excessive TiO2 deposition would lead to limited performance improvement. The coverage of
TiO2 on the surface of the glass fibers has been observed in SEM images (Figure 3c-d and
Figure S6).

The deposition of a triethanolamine-functionalized PANaF TiO: particles on velvet
followed by calcination has greatly decreased the photocatalytic performance on the
degradation of phenol compared to the triethanolamine-free counterpart if other parameters
were fixed (Figure S7a). We attribute the decreased photocatalytic activity to the excessive
insertion of nitrogen atoms into the TiO2, which could compromise the crystallographic
integrity of the anatase phase or create an abundance of detrimental electron traps. [28] Even
after calcination at 700 °C for 2 hours, the velvet coated by using Triethanolamine-
functionalized PANaF TiOz retains a yellowish color, indicating the thermal stability of the

inserted nitrogen atoms (Figure S7b).

A study on the photocatalytic performance with different modes of light sources has
revealed a linear dependence of the phenol degradation rate constant as a function of the
received UV A irradiation (Figure S8). By far, the UV A lamp is the most optimal option because
of its high UVA irradiation emitted.

During the detachment test under a strong water current at a given real TiO2 deposition
density (approximately 3.4 mg/cm?), 0.66% by weight of the triethanolamine-functionalized
PANaF TiO: photocatalysts was lost, compared to a loss rate of 1.66% for the triethanolamine-
free counterpart (Table S1). Although triethanolamine has improved the attachment of TiO2 on

the glass fiber velvet, the improvement was relatively limited. We attributed the strong adhesion
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primarily to the high surface area and good dispersion properties of the PANaF TiO: particles,
which created an intimate contact with the glass fiber filaments, further reinforced by the in-
situ calcination. Therefore, only triethanolamine-free PANaF TiOz particles will be used for
deposition on glass fiber velvets, considering the balance between photocatalytic performance

and attachment stability.
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Figure 3. (a) The relationship between the theoretical and real TiO, deposited on Treffler® glass fiber
velvet by deposition of PANaF TiO; sol followed by in-situ calcination. (b) Phenol degradation rate
constant k (min™") as a function of the real TiO, density deposited on the velvet. The UVA irradiation
(at 365 nm) was about 4.05 mW/cm?. In (a-b), the trend lines (dotted lines) pass zero point. (c) SEM
image of the uncoated Treffler® glass fiber velvet. (d) SEM image of the Treffler® glass fiber velvet
deposited with about 1.2 mg/cm? of TiO (without usage of triethanolamine) and after calcination at 700

°C for 2h. The scale bars in (c) and (d) are 10 um.

3.3. Side-by-side combination of the two substrates

Typically, in a annular flow reactor for liquid-phase photocatalysis, a large volume is
occupied by the interval space separated between the catalyst surface and the central UV lamp.

The liquid flows within this space to come into contact with the catalyst while letting the light
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source to reach the catalyst surface. As the light is mostly absorbed (blocked and stopped) by
the TiO2-deposited substrate, any space that is left behind the substrate (on the opposite side of
the lamp), if existed, is basically useless. By consequence, the use of an excessively large
substrate that leads to over-rolling is meaningless. By our side-by-side combination
configuration, the self-luminous Brochier® textile can utilize the outermost space behind the
Treffler® glass fiber velvet (which is illuminated by the central lamp) thanks to the self-
supplied UV source and the flexibility of this textile. As a result, there is no need to expend the

reactor size (Schematic 1 and Schematic S1).

To demonstrate the advantage of the combination of two substrates, photocatalytic
degradation of two model pollutant molecules, phenol and paracetamol (Figure S9), has been
performed individually on each substrate and jointly with the side-by-side presence of the two
substrates. Photocatalytic degradation rate of the model molecules, generation of by-products
and the total organic carbon were followed with time, and the results are presented in Table 2
and Figure 4. With identical substrate area, similar deposited TiO2 density and similar
irradiance, the two individual substrates exhibited similar phenol degradation rate constant
(Figure S10). Therefore, as expected, the glass fiber velvet showed a much more efficient
oxidation of phenol and paracetamol compared to the self-luminous textile only because the
former has received much more UV irradiation from the UVA lamp.

The side-by-side combination system has resulted in a disappearance of phenol in 120 min
of illumination time (Figure 4a). Hydroquinone and Catechol were quickly generated, then
disappeared before 120 min after reaching to a turning point between 30-50 min (Figure 4c).
This turning point is coherent to the inflection point of TOC curve fitted by Sigmoidal model
and its derivative (48.5 min, Table 2, Figure 4e and Figure S11). These observations aligned
with the fact that the photocatalytic degradation of phenol consisted of hydroxylation at early
stage of the reaction without carbon mineralization, and aromatic ring opening and oxidation
of hydrocarbon species into CO2 were not the main reaction pathway until the inflection point.

Paracetamol undergoes successive long photocatalytic degradation steps before being
mineralized into CO2 as well as into NH4"/NOs". Identifying and quantifying a full list of
organic intermediate molecules for the degradation of this pollutant are not the goal of this
paper, readers can refer the works done by Yang et al. [29] for this purpose. We are interested
in the original molecule decay rate and the mineralization yield. The combined system has
resulted in a rapid degradation of paracetamol to near total disappearance short after 60 min of

irradiation (Figure 4b). The nitrogen mineralization rate is around 76% at a reaction time of 240
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min (Figure 4d). The TOC curve exhibited a fast inflection point at about 29 min, but has
reached a plateaued mineralization rate about 81% mineralization at 240 min of irradiation
(Figure 4f). It seems that the photocatalytic oxidation of paracetamol was generally fast, but
became difficult in degrading small molecule(s) containing both carbon and nitrogen at the end
of the degradation pathway. Among the end degradation products, we have excluded Acetamide,
Maleic acid, Fumaric acid, oxalic acid and acetic acid by HPLC calibration and have
hypothesized that formamide might be formed but were unable to confirm it yet.

The experimentally obtained degradation curves of phenol and paracetamol for the
combined system were very similar with those simulated by mathematically superimposing the
two degradation curves of individual system (Table 2, Figure 4a-b and Figure S12). Although
it is unpractical to precisely compare them quantitatively due to the lack of data points and the
error marge (Table S2), a good additive effect on the degradation of model molecules has been
demonstrated in terms of the internal and external energy specific degradation rate constant
total input energy by the side-by-side combined substrates (Table S2). We can confidently rule
out the theory suggesting that water flow obstruction or restricted molecular diffusion is caused

by substrate overlap within the confined space of the reactor.

The detachment of TiO2 photocatalysts by the flow in the annular flow reactor was accessed
by analyzing the Ti content in the collected outlet flow sample at the end of 360 min of reaction
time (Table S1). Both substrates demonstrated good TiO2 adhesion strength in our condition by
losing less than 0.1 % of TiO2 weight in a flow rate of 18 L/min. Although a few sediment
particles were detached from the TiO2-deposited textile (Figure S13), they are large enough to
resist the current. No detached particle from TiO2-deposited velvet has been noticed by visual

observation in the flow (Video S1).

Table 2. Table of results of individual or side-by-side combination of the two substrates on

photocatalytic phenol and paracetamol degradation.

* Internal energy specific degradation rate constant is the degradation rate constant divided by the
received UV A energy (at 365 nm).

> Phenol, ¢ Paracetamol

Degradation rate Internal energy specific

Reql ' Re?eiyed constant k (min-!) degradan‘or_llrati . TOC
Sample Area deposited  irradiation at constant (min'. W)
P (cm?) TiO, 365 nm Inflection Time
(mg.cm?) (mW.cm™) Phe.? Para.t Phe. Para. point constant

Phe. Para. Phe. Para.

Textile only 520 3.2 0.36*2 0.004 0.006 0.011 0.015 201.1 229.7 937 163.6

Velvet only 520 35 4.01 0.017 0.017 0.008 0.008 799 569 414 459

Combined (Exp) - - - 0.031 0.042 0.013 0.017 485 298 244 313
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Figure 4. Degradation rate constant k (min™') of (a) Phenol and (b) Paracetamol as a function of
illumination time in presence of Brochier® textile or Treffler® velvet or the side-by-side combination
of two substrates. The initial concentrations of phenol and paracetamol were targeted to 20 ppm in
weight, equivalent to 212.5 umol/L and 132.3 umol/L respectively. All curves have been normalized so
that the phenol and paracetamol concentration at Time = -60 min is 212.5 pmol/L and 132.3 umol/L
respectively. Simulated degradation curves for the combined system are obtained by mathematically
superpositioning the two individual degradation curves. Concentrations of (c¢) Hydroquinone and
Catechol formation from the degradation of phenol nitrate and those of (d) ammonium and nitrate ions
from degradation of paracetamol are plotted as a function of illumination time in presence of individual
or combined substrates. TOC curves of the concentration of carbon remaining in the liquid medium are
plotted as a function of illumination time for the degradation of (¢) Phenol and (f) Paracetamol in
presence of individual or combined substrates.
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3.4. Real effluent

The horizontal annular flow reactor with side-by-side combination of TiO2-deposited self-
luminous textile and glass fiber velvet has been employed to treat a real urban WWTP effluent
sample. Traces of various pharmaceutical compounds have been detected (Table S3 and Figure
S14). It's important to note that the exact composition of organic and inorganic compounds in
the effluent may fluctuate over time, influenced by the collection location, pharmaceutical
production activities and seasonal variations. In this particularly effluent sample, the sum of
organic carbon concentration of all detected pharmaceutical compounds is about 1.5 pmol/L
compared to about 950 umol/L for the total organic carbon (TOC). It is in line with our
expectation that the pharmaceutical compounds existed in trace level and were accompanied by
large quantity of unknown organic compounds. Molecular concentrations of pharmaceutical
compounds before and after 360 min of photocatalytic treatment and TOC curves of the
individual and the combined system as a function of irradiation time are shown in Figure 5a-b
and Figure S15. The velvet, as expected, was much more effective than textile due to the more
abundant UV irradiation received, and the combined system has resulted in efficient elimination
of both pharmaceutical compounds as well as a rapid decay of TOC value (about 66% of TOC
reduction). Although the pharmaceutical compounds represented a small portion of the organic
compounds, they were relatively well degraded (Figure 5c). Notably amount them, Caffeine
was the main pharmaceutic compound and has been reduced by 98.3%; while most of others
(e.g., Gabapentin, Meteprolol, etc.) have been reduced to their detection limits after 360 min of
treatment except paracetamol, whose concentration was increased in the more efficient systems
(i.e., on velvet and combined systems). No compound among the given list is known to degrade
into paracetamol under normal circumstances, since their chemical structures differ
significantly from that of paracetamol. However, it is possible that during photocatalytic
degradation processes in a chemical environment rich in unknown organic compounds, some

unexpected degradation intermediates could form.
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Figure 5. (a) Molecular concentrations of pharmaceutical compounds in the real effluent before and
after 360 min of photocatalytic treatment by individual and the side-by-side combined system. The
patterned zone is in a larger scale than the non-patterned zone. (b) TOC curves of the real effluent treated
by individual and the combined system as a function of irradiation time. (c) Comparison of the sum of
carbon concentrations of pharmaceutical compounds and TOC concentrations in the real effluent before
and after 360 min of photocatalytic treatment by individual and the combined system.

The UV-Vis spectra of the effluent showed a dominant absorption intensity at <250 nm, a
peak around 265 nm and gradually diminished absorption beyond (Figure 6a). The
photocatalytic treatment led to a decreased absorption most significantly between 250 nm and
400 nm, while the evolution of those below 250 nm has been less noticeable. Figure 6b showed
UV-Vis absorption value at a specific wavelength between 205 to 450 nm of the effluent during
the photocatalytic treatment as a function of time by individual or combined systems. The
deposited velvet and the combined system led to rapid and efficient decrease in absorption
especially between 250 to 350 nm after 360 min of treatment. On the other hand, the absorption
values below 220 nm were also recorded. Their absorption values were higher than 1 a.u.,
meaning that the concentrations of the less conjugated molecules were too high to conduct a
quantitative study. Despite that, qualitative observations can still be made. The absorption at
220 and 215 nm showed a U-shape curve with a decrease firstly followed by an increase. And

those below 210 nm were literally increasing all the way immediately after the illumination was
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turned on. This indicates that the more conjugated molecules have been dissociated into less
conjugated (and likely in smaller weight) molecules during the photocatalytic treatment, and
this process was not completed before 360 min of irradiation. This is in line with the TOC
curves that did not show a total mineralization after reaching the same timeline (Figure 5b). In
the case of the less efficient self-luminous textile, slow decreases have been observed across all
wavelengths, meaning that the conversion of more complex molecules has not generated
overconcentrated byproducts that would saturate the active sites of the photocatalysts. These
observations are in line with Figure Sc that self-luminous textile led to a relatively less
pronounced degradation of pharmaceutical compounds, while the more efficient velvet and the

combined systems showed good selectivity on degrading pharmaceutical compounds.
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Figure 6. (a) UV-Vis spectra between 200 to 500 nm of the real effluent during the photocatalytic

treatment in presence of individual substrates and side-by-side combined system. (b) UV-Vis absorption

value at a specific wavelength between 205 to 450 nm of the effluent during the photocatalytic treatment
as a function of time in presence of individual substrates and combined system.
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Anions in high concentrations were presented in the effluent sample as well (Table S4).
Significant presence of chlorides (about 3040 umol/L) and sulfates (about 690 umol/L) were
particularly evident along with less presences of nitrite, nitrate and phosphates anions. We have
only noticed a significant decrease in nitrite concentration in presence of the velvet and the
combined system. The decreased amount of nitrite anions corresponded approximately to the
increased quantity of nitrate after treatment by the same systems. It could indicate that nitrites
were readily oxidized into nitrates by photocatalytic oxidation process. We believe that the
generated nitrates likely originated from free nitrites present in the effluent, rather than from
the nitrogen contained in the organic molecules. This is because the nitrogen atoms in the latter
are primarily in the form of amines, which are typically converted into ammonium ions, as is
the case with paracetamol. (Figure 3¢). Considering the complicity of chemical environment in
the effluent which includes organic molecules and mineral ions, it is more remarkable that the

pharmaceutical compounds can be efficiently eliminated by our reactor design.

4. Conclusion

This work has identified two promising substrates for the immobilization of TiO2 as
complementary remediation solution for water treatment, namely a self-luminous textile
provided by Brochier® Technologies and a glass fiber velvet provided by Treffler® Production.
The glass fiber velvet demonstrated good photocatalytic performance by receiving high
irradiation intensity from the external UV lamp, but required large working volume in the
reactor. The self-luminous textile suffered from low irradiation intensity delivered by the
internal optical fibers but exhibited high flexibility in shape. Subsequently, a side-by-side
combination of the above two substrates has been implemented in a horizontal annular flow
reactor without the need to expand the reactor volume. The reactor with side-by-side combined
substrates has showed more efficiency compared to the individual substrates when accessed for
the degradation of phenol, paracetamol in laboratory condition. Finally, by HPLC-MS/MS,
ionic chromatography and TOC, the above combined substrates have resulted in a cost-efficient
degradation of multiple pharmaceutical compounds (e.g., Caffeine and Gabapentin etc.) in a
real effluent sample collected from an urban wastewater treatment plant despite high organic

carbon content and elevated inorganic ion concentrations.
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