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Abstract

In this work, an eco-friendly sol-gel synthesis of pure and doped TiO,, previously developed at lab-scale, is applied in three
different environmental applications at lab-scale and then, upscaled towards industrial applications. For each application, the
TiO, is used as a coating deposited mainly on steel substrates. The three applications are: (i) the development of a
photocatalytic reactor made of a UV lamp, an ozonation part and a TiO, photocatalytic coating to treat water from swimming
pools, (i) the development of a new generation of low energy sterilizers by an advanced oxidation process using a
photocatalytic coating illuminated by a blue LED, and (iii) an easy-to-clean coating for outdoor steel. In each application, the
up-scale results were similar to those obtained in the laboratory with respect to the crystallinity, the visual aspect, the
hydrophilicity, and the photocatalytic properties of the produced coatings. These developments showed the possibility to
bring sol-gel TiO, products outside the laboratory towards pilot and industrial applications, and opens the way for many

possible up-scaled sol-gel based environmental applications.
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Graphical Abstract

An eco-friendly sol-gel synthesis of pure and doped TiO,, previously developed at lab-scale, is applied in three different

environmental applications at lab-scale and then, successfully upscaled towards industrial applications.
3 applications of aqueous sol-gel TiO, coatings
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e Eco-friendly sol-gel synthesis of pure and doped TiO, developed for industrial applications.

e TiO,; is deposited on steel substrates for three applications.

e TiO, coatings used for decontamination of swimming pool and fountain waters.
e TiO, layer also used as easy-to-clean coating for outdoor pre-painted steel.
e The efficiency of the layers is successfully up-scaled from laboratory to industrial applications.

1 Introduction

Since the 1930s, the sol-gel process has been used to pro-
duce numerous metal oxides [1]. This process occurs under
soft conditions, i.e. at low temperature and pressure. This
process involves the formation of a sol followed by the
formation of a gel, giving its name. A sol is a suspension of
solid particles in a liquid, the sizes of which range from
nanometers to micrometers [1]. The two main reactions are
hydrolysis and the condensation of matrix precursors. By
controlling the rates of these reactions, a liquid sol or a solid
gel can be obtained, depending on the desired application
[1].

Sol-Gel chemistry allows amorphous or crystalline
materials to be obtained, with low or high porosity
depending on the needs of the application [2-9]. Sol-gel
technology can be used for a large range of applications
because it is also possible to combine organic species and
mineral species very easily. This gives the advantage of
enabling the incorporation of organic homogeneous cata-
lysts in a porous matrix for example [10—12]. Sol-gel pro-
cessing allows either powders or thin films to be obtained
[13—17]. This is also an advantage because the same
material can be used under different forms to take advantage
of, for example, the textural properties for adsorption in
powders or to immobilize a catalyst on an oxide film.

@ Springer

Sol-gel processing has been also used for environmental
applications, often to produce materials that can be
implemented in depollution [18, 19]. Many metallic oxides
that can be prepared by sol-gel processing are semi-
conductors such as TiO, [20-23], ZnO [24-27], SnO,
[28-30], or MnO, [31, 32]. These materials can be used as
photocatalyst to degrade organic pollutants. Indeed, pho-
tocatalysis allows the production of highly reactive species,
involving the use of an appropriate photocatalyst and light
that can react and decompose organic molecules, in the best
case to form CO, and H,O as final decomposition products
[33, 34]. The most commonly used photocatalyst is tita-
nium dioxide (TiO;) [35-37] and many lab-scale applica-
tions for water and air depollution have been developed
with sol-gel processes. Nevertheless, only a few studies
report works that have been transferred from the laboratory
towards pilot or industrial scale application. Indeed, to up-
scale a lab-scale process, many steps are usually needed:
the synthesis must be feasible and compatible with up-
scaling by using compounds with the lowest toxicity and
under soft synthesis conditions; the shaping of the material
must be made with industrial techniques such as roll-
coating or spray-coating, for example, for coating deposi-
tion; and the properties of the up-scaled products must be
comparable to those prepared on a the lab-scale. The sol-
gel process seems still quite well adapted to up-scaling due



Journal of Sol-Gel Science and Technology

its high versatility in its synthesis conditions and resulting
material shapes.

As indicated previously, the most widely used photo-
catalyst is TiO, [35-37], which is a sensitive semiconductor
to UV radiation and inexpensive [38]. TiO, exists in three
different crystallographic structures: anatase (band gap of
3.2 eV), brookite (band gap >3.2eV), and rutile (band gap
of 3.0eV) [39]. The best phase for a photocatalytic appli-
cation is the anatase phase [39]. Numerous dopants have
been developed to extend its absorption spectrum in the
visible range [40-44]. Among those dopants, iron and
nitrogen are quite efficient for increasing the activity of
TiO, in the visible range and have many advantages such as
being non-toxic, inexpensive, widely available, and efficient
for extending the photocatalytic activity of TiO, into the
visible range [44, 45].

Coatings of TiO, prepared at lab-scale have shown very
good photocatalytic properties for pollutant degradation in
water [46—48] and air [49, 50], but present also excellent
hydrophilic properties [47, 51].

In this work, an eco-friendly sol-gel synthesis of pure
and Fe/N doped TiO,, previously developed at lab-scale
[45, 52], is applied in three different environmental appli-
cations via three different research projects and then
upscaled towards industrial applications. For each applica-
tion, TiO, is used as a coating deposited mainly on steel.
The paper will detail the goals of each project, the lab-scale
results and the resulting upscaled application with a com-
parison with the lab-scale products. The three projects are:
(i) the UVozone project, which developed a photocatalytic
reactor involving UV irradiation, ozone and a TiO, photo-
catalytic coating to treat water from swimming pools, (ii)
the BlueV project, which developed a new generation of
low energy sterilizers involving an advanced oxidation
process using a photocatalytic coating illuminated by a
LED, and (iii) the DAO project, which developed easy-to-
clean coatings for outdoor steel. The novelty of this study
resides in the extrapolation of three different environmental
processes using sol-gel TiO, materials developed at
laboratory scale to larger scale and even to a commercial-
scale photocatalytic reactor.

2 Materials and Methods
2.1 Organic TiO, synthesis

8 mL of titanium isopropoxide (>97%, Sigma-Aldrich) was
mixed for 30 min in 48 mL of 2-methoxyethanol (>99%,
Sigma-Aldrich) in a closed vessel. In another vessel, 1.2 mL
of deionized water was mixed with 48mL of
2-methoxyethanol. Then, the second vessel was added to
the first and mixed for 1 h. The sol was then ready for

deposition. This suspension is called organic TiO,. All
operations were made in a glovebox under a N, atmosphere.

2.2 Aqueous TiO, synthesis

250 mL of distilled water was acidified to a pH of 1 with
HNO; (65%, Merck). SmL of titanium isopropoxide was
mixed with 15mL of isopropanol (99.5%, Acros) for
15 min. Then the second solution was mixed in the first and
the resulting mixture was then heated at 80 °C for 4 h. The
resulting suspension is called aqueous TiO,. 20 mL of the
resulting suspension was also dried under ambient air to
obtain the corresponding powder that can be more easily
characterized than the film in some cases.

2.3 Aqueous doped TiO, synthesis

Ferric nitrate (Fe(NO;3)3-9H,O, Merck) and ammonium
chloride (NH4Cl, UCB, Leuven, Belgium) were mixed in
250 mL of distilled water which was then acidified to a pH
of 1. In a second vessel, 5 mL of titanium isopropoxide was
mixed with 15 mL of isopropanol for 15 min. Then the
second solution was mixed with the first and the resulting
mixture was then heated at 80 °C for 4h. The resulting
suspension is called doped TiO,. 20 mL of the resulting
suspension was also dried under ambient air to obtain the
corresponding powder that can be more easily characterized
than the film in some cases.

2.4 Large scale TiO, synthesis

Large scale synthesis of the aqueous TiO, sol was undertaken
in a SL glass batch reactor with a water heating envelop. In
this case, 3.6 L of distilled water was acidified to a pH of 1. In
a second vessel, 500 mL of titanium isopropoxide was mixed
with 215 mL of isopropanol. Then the second solution was
mixed with the first in the glass reactor with heating at 80 °C
for 4 h. The resulting suspension is called large-scale TiO.,.
20mL of the resulting suspension was also dried under
ambient air to obtain the corresponding powder that can be
more easily characterized than the film in some cases.

2.5 Deposition methods
2.5.1 Substrates

This section gives all the information about the different
substrates used for coatings.

(1) Stainless steel slides (316 L steel), of dimensions
25ecmx7.5cmx0.7mm or 21 cmx 15¢cm x 0.7 cm, with
or without a white painted layer.

(ii) Steel cylinder (316 L) with a diameter and length of
10 cm. The steel reactor is illustrated in Fig. S1.

@ Springer
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(iii) Glass slide (Marienfeld Superior) of dimensions
25 mm x 75 mm x 1 mm.
(iv) Quartz tube of diameter 3 cm and 7 cm in height.

2.5.2 Coating deposition methods

2.5.2.1 Dip-coating The substrates were thoroughly
cleaned before coating. The speed of withdrawal of the slide
from the solution during the dip coating operation was
60 mm/min, as optimized by Malengreaux et al. [53] for this
type of TiO, synthesis. Films were dried at 100 °C for 30 s
and kept in the dark.

2.5.2.2 Bar-coating The substrate was treated with 2M
HNO; solution to increase film adhesion by steel passiva-
tion [54]. Then, the TiO, sol was deposited on the steel by
bar-coating with an Elcometer 4340 Automatic Film
Applicator with a bar-speed of 1 cm/s. The films were dried
at 100 °C for 30 s and kept in the dark.

2.5.2.3 Continuous roll-to-roll deposition This deposition
method was made on a pilot line detailed in [52]. The steel
substrate was 25 cm wide, and the band length was 800 m.
The experiment was carried out on a pilot line equipped
with an unwinder, a cleaning section, a roll-coater, an
inductor for solvent evaporation, an air cooler and a
rewinder [52]. The cleaning section was composed of a
degreasing bath to remove dirt and an acidic bath 2 M
HNOj; solution) to increase the film adhesion by steel pas-
sivation [54]. The temperature reached by the strip in the
inductor section was 100 °C. The coating can be deposited
at line speed ranging from 30 to 120 m/min, allowing the
amount of TiO, deposited to be adapted. Typically, the
samples analysed in this paper were deposited at 60 m/min.

2.5.2.4 Pump-coating the cylindrical substrate was filled
with the suspension and then the liquid was removed using
a peristaltic pump at a speed of 60 mm/min connected to a
plastic tube immersed in the liquid.

2.5.2.5 Turn-coating The cylindrical substrate was rolled
into a basin where there was only 1cm of floor height
(Fig. S2). The part was rolled manually for 5 min to also
approach a speed of 60 mm/min along the walls which
emerge from the solution.

For the 1 m reactor, the suspension was put inside the
reactor, its extremities were sealed, then it was fixed on a
mechanical lathe rotating at 60 mm/min (Fig. S3). After ten
tours, the excess liquid was removed, and the reactor was
dried by rotating with the extremities opened.

2.5.2.6 Spray-coating This technique consisted of
spraying the TiO, suspensions onto the surface of the
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samples which were placed on a hotplate at 60 °C (Fig.
S4). The spray was placed at a distance of 7 cm from the
surface to deposit the coating on the sample for a defined
number of time (5 times). A drying step at 80 °C of 5 min
was introduced after these five passes. This procedure
(5 layers + drying) was repeated several times (see
Upscaled application). At the end of the deposition, the
samples were dried at 80 °C for 5 min.

2.6 Characterization

The crystallographic properties were determined using
X-Ray diffraction (XRD). The powder patterns were
recorded with a Bruker D8 Twin-Twin powder dif-
fractometer using Cu-K, radiation. The crystallinity of the
films was characterized by grazing incidence X-ray dif-
fraction (GIXRD) in a Bruker D8 diffractometer using Cu-
K, radiation and operating at 40 kV and 40 mA. The inci-
dence beam angle was 0.25°.

The film thickness was estimated by profilometry (Veeco
Dektak 8 Stylus Profiler, Bruker), noting that this technique
can only be applied if the roughness of the substrate is
smaller than the thickness of the deposited film.

The film adhesion was tested by rubbing the surface with
a dry and a wet cloth, by flowing water or ethanol at the
surface or by ICP-AES analysis of the Ti content in water
where samples were immersed under stirring.

The hydrophilicity of films was measured by the wet
contact angle measurement technique on a DGD fast/60
goniometer device by deposition of a 10 uL water drop on
the film. The contact angle was measured one day after film
deposition, with the coated sample stored in the dark. The
measurement was performed three times to assess
reproducibility.

UV/visible diffuse reflectance spectra of pure and doped
aqueous TiO, powders were measured on a Perkin Elmer
Lambda 1050 S UV/VIS/NIR spectrophotometer, equipped
with a spectralon coated integrating sphere (150 mm
InGaAs Int. Sphere from PerkinElmer).

The pure and doped aqueous TiO, powders were
observed by transmission electron microscopy (TEM) using
a Phillips CM 100 TEM with an accelerating voltage of
200kV.

SEM images were obtained on a field-emission JEOL
7600 F scanning electron microscope operating at 15 kV.

2.7 Photocatalytic experiments
2.7.1 Methylene Blue degradation under UV-A (lab-scale)
The photocatalytic activity of TiO, films was evaluated

by monitoring the degradation of methylene blue (MB)
under ultraviolet light (Osram Sylvania, Blacklight-Bleu
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Lamp, F 18 W/BLB-T8) over 6 h [52]. The spectra of the
lamps were measured with a Mini-Spectrometer TM-UV/
vis C10082MD from Hamamatsu. UV-A light can be
considered as monochromatic with a wavelength
A=365nm. Each film was placed in a petri dish with
25mL of 2x107°M of MB solution [52]. The degra-
dation of MB was evaluated from absorbance measure-
ments with a Genesys 10S UV-Vis spectrophotometer
(Thermo Scientific) at A =665 nm. Preliminary adsorp-
tion tests performed in the dark (dark tests) showed that
MB was not adsorbed on the surface. A blank test,
consisting of irradiating the pollutant solution for 24 h in
a petri dish without any catalyst, showed that MB con-
centration under UV-A illumination remains unchanged.
The petri dishes with catalysts and pollutant were stirred
on orbital shakers and illuminated for 6 h. Aliquots of
MB were sampled at the beginning and after 6 h. Each
photocatalytic measurement was replicated three times to
assess the reproducibility of the data [52].

2.7.2 Methylene Blue degradation under UV lamp (large
scale with UVozone reactor)

The photocatalytic activity of the TiO, film deposited in the
UVozone reactor was evaluated by monitoring the degra-
dation of MB under ultraviolet light (lamp spectrum given
in Fig. S5) over 2 h. The installation (Fig. S6) consisted of a
basin containing a solution of MB (2 x 10 mol/L). This
solution was sucked into pipes by a pump that circulates the
liquid. This was injected into the bottom of the UVozone
reactor and flowed into the device. Finally, having arrived at
the top of the device, the liquid was directed towards the
initial basin. An air suction system was developed using the
creation of a vacuum (venturi effect). The air was thus
sucked in from the bottom of the UVozone, travelled
upwards throughout the UVozone being converted into
ozone, and was then injected into the pipe containing the
MB solution. 25mL was sampled every 15min at the
location indicated by the orange arrow of Fig. S6; the
injection of ozone began only after 1 h of experimentation.
The degradation of MB was evaluated from absorbance
measurements with a Genesys 10S UV-Vis spectro-
photometer (Thermo Scientific) at A = 665 nm.

2.7.3 Para-nitrophenol and Rhodamine B degradation
under visible LED light (lab-scale)

The photocatalytic activity of TiO, films was evaluated (i)
by monitoring the degradation of p-nitrophenol (PNP) and
(i) by monitoring the degradation of rhodamine B (RB)
under visible LED light (LED Wiirth Elektronic WL-
SUMW SMT Ultraviolet Ceramic Waterclear, Wiirth

Elektronik GmbH & Co. KG, Waldenburg, Germany) in
two similar photocatalytic experiments [45].

The spectrum of the lamp was measured with a Mini-
Spectrometer TM-UV/vis C10082MD from Hamamatsu.
The LED light can be considered as quasi monochromatic
with a wavelength of 395 nm [45].

The experimental procedure was very similar for both
pollutants. Indeed, each coated steel slide was placed in a
Petri dish with 25 mL of PNP solution (10 mol/L) or RB
solution (2.5 x 10 mol/L). The Petri dish was closed with a
lid in order to avoid evaporation. The degradation of PNP or
RB was evaluated from absorbance measurements with a
Genesys 10S UV-Vis spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA) at 317 nm or 554 nm, respec-
tively [45]. Adsorption tests were performed in the dark
(dark tests) to determine whether PNP or RB was adsorbed
by the films or the substrates. Blank tests, consisting of
irradiating the pollutant solution in a Petri dish without any
catalyst or support, were carried out to estimate the
decomposition of PNP or RB under the corresponding light
[45]. The Petri dishes with catalyst and pollutant were
stirred on orbital shakers at 80 rpm. Aliquots of PNP or RB
were sampled throughout the experiment and put back in
the Petri dishes after absorbance measurements to keep the
volume constant. The photocatalytic degradation is equal to
the total degradation of PNP or RB taking the catalyst
adsorption (dark test) into account. Each photocatalytic
measurement was triplicated to assess the reproducibility of
the data [45].

2.7.4 Rhodamine B degradation under LED light (large scale
with pilot fountain)

The photocatalytic activity of the pilot fountain was eval-
uated by monitoring the degradation of RB under visible
LED light (LED Wiirth Elektronic WL-SUMW SMT
Ultraviolet Ceramic Waterclear, Wiirth Elektronik GmbH &
Co. KG, Waldenburg, Germany). A Sm%h pump was
immersed in the 1.5 m3? transparent tank and connected to
the fountain prototype (see Fig. S7). The degradation of RB
was evaluated from absorbance measurements with a
Genesys 10 S UV-Vis spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA) at 554nm with sampling
every hour.

3 Results and discussions

Three applications of TiO, material synthesized by aqueous
sol-gel process will be detailed in this part. For each
application, lab-scale results will be discussed then the up-
scaled application will be detailed.

@ Springer
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Fig. 1 Grazing incidence X-ray
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Table 1 Coating thickness measured by profilometry, TiO, released in water and MB photocatalytic degradation

Sample Thicknessprofilo (nm)  Thicknessyosi, after adherence test TiO, amount in water MB degradation after 6 h
+5 (nm) (mg/L) (%)
+5 +5
Organic TiO; on quartz 15 16 <0.01 27
Organic TiO; on Steel - - <0.01 15
Aqueous TiO, on 18 20 <0.01 22
quartz
Aqueous TiO, on steel — - <0.01 14

3.1 UVozone project
3.1.1 Goal of the project

The goal of this project is to develop a photocatalytic layer
to coat the inside of a UV/ozone reactor made of a UV-
Lamp inside a cylindrical metallic reactor where ozone and
UV are used as bactericides to disinfect water from swim-
ming pools. The intention is to have additional photo-
catalytic activity from this coating to enhance the efficiency
of the process. Initially, photocatalytic layers will be
developed and tested on a laboratory scale, then the best
coating will be up-scaled. TiO, was chosen as photo-
catalytic material.

3.1.2 Laboratory scale
The organic and aqueous TiO, sols were explored at
laboratory scale. These materials were deposited by dip-

coating on quartz cylinders and on steel slides. Two sub-
strates were used as the coating can be deposited on the
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inside of the steel reactor or on the quartz tube that sur-
rounds the UV lamp.

Figure 1 shows the XRD patterns of the two coatings on
both substrates. On both quartz and steel, anatase was
obtained for both synthesis with the characteristic peak at
25° [52]. On steel substrate, some additional peaks are
present which correspond to the steel substrate.

The thickness of the coating was estimated with profi-
lometry (Table 1), but it was only possible on quartz sub-
strate because the roughness of the steel is too high
compared to the thickness of the deposit. For both syntheses
on quartz, similar thickness was obtained of around
15-18 nm (Table 1). The adherence of the coatings was
evaluated in two different experiments: (i) in a first one,
different solvents were flowed across the surface of the
coating then the thickness of the coating was measured, (ii)
in a second one, the coating was immersed in water with
constant stirring at 1200 rpm for 3 weeks, then the water
was analyzed by ICP to check that no TiO, was detected
and the coating thickness was remeasured by profilometry.
As noted in Table 1, all samples passed both test as no
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Fig. 2 Coating aspect after
deposition: a Aqueous TiO,
coating deposition on steel
cylinder by dip-coating.

b Aqueous TiO, coating
deposition on steel cylinder by
pump-coating. ¢ Aqueous TiO,
coating deposition on steel
cylinder by turn-coating

difference in coating thickness was measured and no TiO,
was detected by ICP.

The photocatalytic activity of the coating for MB
degradation was evaluated under UV-A light (Table 1), with
every coating leading to partial MB degradation after 6 h of
illumination.

When the coating is deposited on the quartz substrate, the
substrate absorbed a large amount of the UV radiation as
can be observed in Fig. S5. Hence, less UV radiation was
available for water disinfection if the coating was deposited
on the quartz tube.

In order to choose the best coating for the application,
some key parameters must be considered. First, concerning
the photocatalytic properties, both coatings had similar
properties with similar thickness. Nevertheless, concerning
the synthesis, the aqueous TiO, is prepared with water as
solvent, in contrast to the organic system which use
2-methoxyethanol as solvent. The aqueous synthesis
occurred in ambient atmosphere while the organic TiO,
synthesis is made in a glovebox under N, atmosphere.
Finally, the organic route required calcination at 500 °C
after deposition to obtain an anatase TiO, coating while the
aqueous route yielded crystalline TiO, in suspension. The
required calcination step in the former case damaged the
steel and corroded it. To summarize, the most appropriate
coating for this application was the aqueous TiO, material,
which was chosen for the upscaled application. The coating
was deposited on the inside of the steel vessel that com-
poses the pilot reactor.

3.1.3 Upscaled application

To coat the inside of the steel reactor with TiO,, first,
smaller steel cylinders (10 x 10 cm) were used as substrate
to determine to best deposition method. Three deposition
methods were evaluated: (i) dip-coating, (ii) pump-coating,
and (iii) turn-coating. For each method, the quality of the
coating was evaluated by visual inspection, ease of
deposition and adherence to choose the best method for
deposition on the actual reactor vessel.

— g,

For the dip-coating, a similar process to that used for the
steel slide was applied. The deposition on the cylinder
appeared homogeneous (Fig. 2a), and the adherence of the
coating in water, ethanol and acetone was stable upon visual
inspection. The main issue for this deposition method is that
a large volume of suspension is needed for deposition on
the large surface of the pilot reactor (several liters), with the
entire piece being immersed in the liquid. Moreover, the
coating is deposited also on the outside of the reactor, which
consumes part of the suspension unnecessarily.

For the pump-coating, the principle is to fill the cylinder
(with the extremity blocked) with the suspension to deposit
the coating and then to remove it at a controlled speed using
a peristaltic pump. The obtained coating is represented in
Fig. 2b. The coating was less homogeneous than that
obtained by dip-coating (Fig. 2a), but the coating was only
deposited on the inside of the reactor. The adherence was
also stable upon visual inspection in water, ethanol and
acetone. In this case, a large amount of sol was also
necessary to fill the cylinder for coating.

For the turn-coating, the cylinder was rotated in a basin
containing 1 cm height of suspension. The produced coating
is quite homogeneous (Fig. 2¢) and had a stable adhesion
upon visual inspection to the substrate after the experiments
with water, ethanol and acetone. Moreover, this deposition
method consumed only a small fraction of suspension. This
deposition method was chosen to coat the pilot reactor.

The UVozone photocatalytic reactor to be coated is
represented in Fig. S1. The deposit method used was a turn-
coating adapted for the pilot reactor. Indeed, as shown in
Fig. S3, the reactor was held with a turning axis which
allowed control of the rotation speed; the TiO, suspension
was then introduced in the reactor and its extremities were
closed. After the rotation, the excess suspension was
removed, and the coating was dried. Figure 3 shows the
inside of the reactor before and after coating. Due to the size
and shape of the reactor, the coating is difficult to
characterize.

To ensure that a TiO, photocatalytic coating was present
in the reactor and that it brings added value to the UVozone
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reactor, a photocatalytic experiment was conducted on MB
degradation (as described in Photocatalytic experiments).
The evolution of the MB degradation is presented in Fig. 4,
in blue when the TiO, coating was present and in red when
only UV and ozone were applied (in both cases, the ozone
was switched on after 60 min). It is clearly observed that the
TiO, coating increased the rate of degradation of MB with
around 10% more degradation after 120min of
experiments.

Moreover, experiments with water demonstrated that no
leaching of TiO, occurred during operation.

Due to the efficiency of the photocatalytic coating, this
reactor was commercialized by the society AQUATIC
SCIENCE [55]. The optimized conditions (Table 2) for
producing this reactor involve the use of an undoped aqu-
eous TiO, sol which is deposited via turn-coating on the

Fig. 3 Inside of the UVozone reactor before (left) and after (right)
deposition of the aqueous TiO, coating

100%

inside of the cylindrical steel reactor, followed by drying in
ambient air by rotating the reactor with its extremities
opened.

3.2 BlueV project
3.2.1 Goal of the project

The objective of the project is to develop a new generation
of low energy sterilizers using advanced oxidation pro-
cesses capable of advantageously replacing, in many uses,
the current UV sterilizers. In this equipment, an emitter
plate with an optimized wavelength (consisting of an LED
emitting at 395 nm), will stimulate a nearby plate coated
with TiO, photocatalytic paint aimed at disinfecting and
decontaminating water. Due to the wavelength of the LED,
the TiO, material must be doped to enhance its absorption
spectrum. First, coatings at laboratory scale will be pro-
duced, characterized, and tested for the degradation of
model pollutant. Then, larger substrate will be coated via
spray coating and tested in larger photocatalytic experi-
ments and introduced in a pilot fountain.

3.2.2 Laboratory scale

The synthesis chosen for producing the TiO, coating was
based on the aqueous TiO, synthesis described in the

Fig. 4 MB degradation in large
90%

scale experiment: (blue) MB

degradation with the TiO, 80%

coating and (red) MB —

degradation without the TiO,

coating. The beginning of the 60%

ozonation is indicated by the
black line at 60 min

50%
40% |

=4-=Degradation with TiO,

MB degradation (%)

30%

-@-Degradation without TiO,

20%

10%

! ! ! |

Va

0 20

0%

40

T T T 1

60 80
Time (min)

Table 2 Summary of the large-scale results for the three applications (optimized conditions)

Large scale  Deposited Deposition condition Substrate and size Large scale application results

application coating

UVozone Undoped Turn-coating at 60 mm/min followed by Steel cylindrical 75% of MB degraded after 120 min of
aqueous TiO,  air drying reactor of 1 m length  illumination under UV-A

BlueV Fe/N doped Spray-coating (16 x5 layers) followed Painted steel of 65% of RB degraded after 72 h of
aqueous TiO, by drying at 80 °C 250 x 150 mm illumination under visible LED

DAO Undoped Roll-coating at 60 m/min followed by  Steel of 800 x0.25m  Water contact angle <20° on the coating

aqueous TiO,  induction drying at 100 °C

showing hydrophilic property
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Fig. 5 Grazing incidence X-ray diffraction (GIXRD) pattern of the
doped TiO, coating on brushed steel substrate. (A) Reference pattern
of anatase, (Cr) Reference pattern of iron chromium carbide, and (C)
Reference pattern of chromium oxide

previous section and used for the UVozone project. Indeed,
this synthesis allowed crystalline TiO, material to be pro-
duced without calcination and used water as solvent.
However, to be efficient under visible LED light, TiO, was
co-doped with N and Fe, which have been previously
identified as good dopants for visible-light applications
[45]. The optimization of the composition was published in
[45] and is not detailed here. The co-doped TiO, suspension
(called doped TiO,) is composed of anatase-brookite TiO,
nanoparticle with 0.27 mol% of Fe and 0.5 mol% of N [45].

This suspension was deposited on brushed steel substrate
using bar-coating. Figure 5 represents the XRD pattern of
the coating. Anatase can be observed with the characteristic
peak at 25°, while peaks of the steel substrate were also
observed.

The thickness of the coating was not easy to evaluate as
the substrate had a high roughness. Hence, mechanical
profilometry was not possible on brushed steel but a similar
deposition was made on glass for profilometry measure-
ment. A thickness of 80 nm was measured on glass. The
adherence of the coating was evaluated upon visual
inspection with water, acetone and ethanol and no damage
was observed.

To better evaluate the morphology of the samples, TEM
and SEM images were taken on the pure and doped TiO,.
TEM pictures were obtained on the powder samples while
the SEM images were taken of the coatings on steel sub-
strate. These pictures are presented in Fig. S8. For both
samples, the same morphology was observed corresponding
to spherical nanoparticles of TiO, around 10nm of dia-
meter. SEM pictures also showed that a very rough surface
was obtained at a nano level, providing substantial surface
area for photocatalysis with these coatings. Indeed, no
calcination step was done on the coating, to enable a very
rough and porous surface to be retained (Fig. S8c, S8d).

—
0.9 ‘\

0.8 . R — -
0.7
0.6

Cos5

(@)

0.3
0.2
0.1

0 10 20 30 40 50 60
Time (min)

Fig. 6 RB degradation for (@) undoped TiO, and () doped TiO,
films under LED light (A =395 nm) over time

To show the efficiency of the doping with Fe and N, the
UV/visible diffuse reflectance of the doped TiO, powder is
presented in Fig. S9 compared to the undoped aqueous
TiO,. A clear shift of the absorption spectrum towards the
visible region was observed with a decrease in the band gap
value from 2.9 eV to 2.65eV.

The coating’s photocatalytic activity was evaluated for
RB degradation under LED illumination. Figure 6 repre-
sents the evolution of the degradation; a coating with
undoped TiO, was also tested for comparison. The degra-
dation was clearly enhanced by doping the TiO,. For
comparison, a coating made with a water suspension of
Evonik P25 at the same concentration was produced; this
latter coating has no activity under this visible LED
illumination.

To achieve the ultimate goal of the project, the deposi-
tion method and the size of the substrate needed to be
upscaled, as detailed in the next section.

3.2.3 Upscaled application

In order to cover larger substrates with a more industrial
method, the coatings were produced by spray coating on
brushed steel. Their photoactivity was evaluated on PNP
degradation to verify that similar properties were main-
tained with the upscaled deposition method. Similar mor-
phological features were obtained with all the up-scaled
samples compared to the lab-sample deposited on steel (Fig.
S8d).

First, deposition of the doped TiO, was made by spray-
coating on brushed steel substrate of 75 x 25 mm in size.
Two deposition parameters were studied: the dilution of the
suspension to spray and the number of drying steps between
the layer deposition. Indeed, to reach an effective thickness,
several layers must be deposited. To obtain a good adher-
ence and a visual uniformity of the surface, a dilution of the
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Fig. 7 Visual aspects of a doped
TiO, coating with dilution (left)

50% colloid : 50% isopropanol

100% colloid

and without dilution (right)

100
90
80
70
60
50
40

30
20
10

0

Bar-coating 1x

PNP degradation (%)

Spray-coating 5x Spray-coating 4x5

Doped TiO, coatings
Fig. 8 p-Nitrophenol (PNP) degradation (%) for doped TiO, coatings

in different deposition conditions under LED light (A =395 nm) after
24 h of illumination

suspension and a drying step between each five layers led to
the best coating. As an example, Fig. 7 shows two coatings,
one made with dilution and one without. It was clearly
observed that the diluted suspension gives a homogeneous
layer. Similar differences were observed between samples
with and without intermediate drying steps.

Finally, the substrate was spray-coated using the dilute
suspension and four deposition cycles. Each deposition
cycle involved five spray-coating steps with washing and
drying steps. This coating was tested on the degradation of
PNP under LED illumination. The coating produced by bar-
coating was also tested as a reference. Figure 8 shows the
degradation after 24 h of reaction. It was observed that the
degradation obtained by the spray-coating is 2.5 times better
than that obtained by bar-coating.

In order to further increase the activity of the coating, a
white painted layer was applied on steel before deposition
of the doped TiO, layer to improve the reflection of the
light. Substrates with 8 x5 layers and 16 x5 layers were also
evaluated. The PNP degradation results for all substrates are
summarized in Fig. 9 at 3 different times. It was observed
that the sample with 16 x5 layers deposited on the white
painted steel gave the best degradation rate. The durability
of the activity was also evaluated (Fig. 10) for these layers,
with some activity being maintained after nine cycles of
photocatalysis and a total of 58 h of illumination. When
more layers were deposited, thicker, porous coatings (por-
ous coatings as observed on SEM images, Fig. S8d) were
obtained with higher photocatalytic efficiency (Fig. 9), due
to the greater surface area in contact with the PNP.

@ Springer

In order to obtain a coated substrate that can be intro-
duced in the pilot fountain, a larger surface needed to be
covered. Substrates with a size of 250 x 150 mm were used
with the same protocol as for the smaller slide (white
painting sublayer and then 16 x5 layers deposited). A
homogeneous surface aspect was observed. Then, these
plates were introduced in the pilot fountain, represented in
Fig. 11. The coating was placed at the exit of the fountain as
indicated by an arrow in Fig. 11. A more precise view of the
fountain is presented in Fig. S10 with its exact dimensions.

This pilot fountain was then tested on model water pol-
luted with RB (Fig. S7). After three days, the degradation
reached 65%, showing the effectiveness of the global sys-
tem at pilot scale. Moreover, no damage to the coating was
observed and no Ti was detected in the water.

The optimized conditions (Table 2) to produce the most
efficient visible photocatalytic coating involve deposition of
the doped TiO, on 250 x 150 mm steel substrate via spray-
coating with a white painting sublayer and then 16x5
layers deposited.

3.3 DAO project
3.3.1 Goal of the project

When depositing TiO, coatings, it is observed that the
coating is hydrophilic. The goal of this project is to develop
an easy-to-clean coating for steel for outdoor application.
TiO, coating is a particularly good candidate as it produces
hydrophilic coating with photocatalytic properties. This
project will involve producing a layer at laboratory scale,
evaluating its hydrophilic properties and then upscaling the
synthesis to produce coatings on a classic roll-coating line
used for steel to see if similar properties are obtained. The
main development was published in [52].

3.3.2 Laboratory scale

A TiO, coating was deposited by bar-coating using the
aqueous TiO, synthesis, since this approach allowed crys-
talline TiO, coatings to be produced without calcination and
used water as solvent. The crystallinity of the corresponding
powder was analyzed via XRD (Fig. 12), which revealed
the presence of anatase and a small portion of brookite. The
hydrophilicity of the coating was checked by water contact
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angle measurement (Fig. 13); a comparison with the bare
substrate is also shown. The adherence was also checked by
visual inspection with water and ethanol. At laboratory
scale, crystalline and hydrophilic coating of undoped TiO,
was obtained.

3.3.3 Upscaled application
In order to deposit the coating using the pilot roll-coating

line, a large volume of aqueous TiO, sol was needed. The
synthesis was upscaled to a volume of 5L (protocol in

Pre-painted Brushed Pre-painted Brushed Pre-painted
brushed steel 8x5 brushed  steel 16x5  brushed
steel 4x5 steel 8x5 steel 16x5

Doped TiO, coatings
8x15 layers
2 3 4 5 6 7 8 9
Photocatalytic cycle
16x5 layers
2 3 4 5 6 7 8 9
Photocatalytic cycle

Large scale TiO, synthesis). To ensure that the large-scale
synthesis was similar to that made in the laboratory, 20 mL
of the large-scale suspension was dried under ambient air to
obtain a TiO, powder. This powder was measured by XRD
as shown in Fig. 12. A similar pattern to that obtained at
laboratory scale was observed corresponding to anatase
with a small fraction of brookite.

Then, 800 x 0.25 m of steel was covered by the TiO,
coating. These coatings were then compared to those made
on a laboratory scale. The water contact angle of the large-
scale coating is shown in Fig. 13c; hydrophilic behavior
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was observed compared to the bare substrate (Fig. 13a).
Similar properties were obtained, showing the successful
upscaling of both the synthesis and the deposition method
[52].

The best conditions (Table 2) to obtain an efficient, easy-
to-clean coating at large scale involve deposition of the
aqueous TiO, at a speed of 60 m/min on steel surface pre-
viously treated with an acidic bath to increase the film
adhesion.

4 Conclusions

In this work, throughout three different projects dealing
with sol-gel TiO, coating, it was shown that upscaling
laboratory results to pilot scale is possible. Indeed, each
project leads to a larger scale application of the lab-scale
developed product with similar efficiency.

Fig. 11 Pilot fountain scheme in 3 dimensions. Orange arrows indicate
the place where the photocatalytic steel plate is placed in the device

Fig. 12 X-Ray Diffraction
(XRD) pattern of the undoped
aqueous TiO, powder at ()

B
laboratory scale and (#) large (8)

In the first project, the UV/Ozone project, a TiO, coating
was developed to be deposited on the inside of a cylindrical
reactor for water treatment. First at laboratory scale, two
TiO, were successfully deposited on two different sub-
strates: quartz and steel. These coatings were adherent,
crystalline (anatase) and exhibited photoactivity for MB
degradation. The aqueous TiO, synthesis was chosen for
upscaling due to the possibility of depositing coatings
without calcination and the use of water as solvent. On a
larger scale, the inside of the steel reactor was covered by
this aqueous TiO, coating. This reactor was efficient for MB
degradation on a larger scale with no leaching of Ti. This
project led to the commercialization of the reactor for
swimming pool water treatment without chlorine.

In the second project, the BlueV project, a doped TiO,
coating was developed to be photoactive under visible LED
light. At laboratory scale, a doped TiO, coating was
deposited on steel substrate using bar-coating. This crys-
talline anatase coating was shown to be efficient for the
degradation of RB under LED light. Upscaling was con-
ducted using a spray-coating technique and different pro-
tocols were tested and evaluated for the degradation of PNP
under LED light. Finally, coating on larger, white-painted
steel substrate (250 x 150 mm) was demonstrated, consist-
ing of 16 x five layers deposited with drying and washing
steps in-between. This coating allowed a PNP degradation
of 80% after 4 h of illumination. This coated substrate was
successfully introduced in a pilot fountain, showing pho-
toactivity on model polluted water at large scale.

In the third project, the DAO project, an easy-to-clean
coating for outdoor steel was developed. At laboratory
scale, aqueous TiO, was deposited on steel and showed

scale. (A) Reference pattern of
anatase and (B) Reference

(A)

pattern of brookite

Intensity (a. u.)
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(a)

(b)

Fig. 13 Water contact angle (a) on bare steel, (b) on TiO, coated steel
at lab-scale, and (c) on TiO, coated steel at large scale

anatase crystallinity and hydrophilicity. Larger scale
synthesis of 5 L batches was successfully demonstrated with
similar properties to those of the laboratory product. The
large scale TiO, synthesis was deposited with a roll-coated
pilot line on 800 x 0.25 m of steel. The upscaled product
showed the same properties as the lab-scale product.

These developments demonstrate the possibility of
bringing sol-gel TiO, products out of the laboratory towards
pilot and industrial applications, and opens to ways for
many possible up-scaled environmental applications.

Data availability
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ongoing study.
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