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Abstract: An evaporation-deposition coating method for coating the inner surface of long (>1 m)
quartz tubes of small diameter has been studied by the introduction of two-phase (gas-liquid) flow
with the gas core flowing in the middle and a thin liquid film of synthesis sol flowing near the
hot tube wall. The operational window for the deposition of continuous titania coatings has been
obtained. The temperature range for the deposition of continuous titania coatings is limited to
105-120 °C and the gas flow rate is limited to the range of 0.4-1.0 L min~!. The liquid flow rate in
the annular flow regime allows to control the coating thickness between 3 and 10 micron and the
coating porosity between 10% and 20%. By increasing the liquid flow rate, the coating porosity can
be substantially reduced. The coatings were characterized by X-ray diffraction, N, chemisorption,
thermogravimetric analysis, and scanning electron microscopy. The coatings were tested in the
photocatalytic decomposition of methylene blue and rhodamine B under UV-light and their activity
was similar to that of a commercial P25 titania catalyst.

Keywords: titania coatings; gas-liquid flow; sol-gel method; methylene blue; rhodamine B

1. Introduction

Semiconductor catalysts, in particular titania, were widely applied in wastewater treat-
ment [1,2], environmental applications [3], energy storage [4], biological applications [5],
and in the production of fuels and chemicals [6]. Titania absorbs only UV-light and the
position of the absorption band depends on the phase composition [7]. Titania has two
polymorphs, anatase and rutile. The transformation of anatase to rutile starts at 400 °C [8].
Anatase has a higher photocatalytic activity in the case of relatively thick films (on the
order of several microns) [9]. However, anatase dissolves in acidic solutions at a faster rate
than the rutile phase and it suffers degradation under accelerated photocatalytic cycles,
and therefore its durability is often compromised. To stabilize the catalytic activity, often a
mixture of anatase and rutile is desirable.

Thin titania coatings [10,11], titania nanoparticles (NPs) [12-15], and supported titania
catalysts [16] were widely employed in the decomposition of organic dyes. Among them,
the suspension of colloidal NPs demonstrated the highest productivity, because it provides
a good contact between the titania and the organic pollutants. However, the handling of col-
loidal suspensions often causes clogging, and it requires an expensive post-treatment filtra-
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tion process. Several coating methods to deposit catalysts onto structured substrates were
reviewed by Meille [17]. Briefly, they include suspension sedimentation [18-20], sol-gel syn-
thesis [21-24], a hybrid sol-gel method with additional pre-processing or post-processing
steps [25,26], and electrochemical sedimentation [27]. The addition of active metals is often
performed by an additional impregnation step followed by calcination [28,29]. The suspen-
sion and sol-gel methods are most widely used due to their simplicity and wide range of
coating thickness and catalyst porosity that they could offer. The coating thickness can be
varied from 300 nm to 100 pm by the suspension methods and it is determined by the size
of the particles used [17]. The sol-gel method gives a thickness starting from 100 nm [30,31].
In general, the sol composition, the type of surfactant, and solvent evaporation conditions
determine the coating porosity and thickness [32]. The solvent removal from open surfaces,
such as flat plates and the outer surfaces of tubes, often happens at moderate heating just
above room temperature. However, this method is not applicable for solvent removal from
the inner surface of a tube. Bravo et al. introduced a gas flow to displace the liquid in a
tube [33]. Their method was applied for highly viscous liquids (0.15-0.25 Pa-s). However,
the extension of the method to other synthesis sols did not provide continuous coatings.
Previously a combustion-evaporation method was developed, where a tube filled with a
sol was slowly moving into a tubular oven maintained far above the boiling temperature
of the solvent [34]. The method is similar to the static coating methods but uses elevated
temperature and introduces an additional control parameter, the tube displacement speed,
that allows to control the coating thickness. When an inert gas was added to the liquid
flow, coatings with a very high adhesion to the wall were obtained. The addition of a
gas eliminates fouling, the major problem in slurry reactors. The coatings obtained al-
low for stable operation for a very long time on stream, often for several hundreds of
hours [35]. The high heat transfer rate allows fast cooling of reaction mixture therefore
highly exothermic hydrogenation reactions can be performed under solvent-free conditions.
In this way, Pd-Bi/TiO, coatings were obtained and tested in hydrogenation reaction under
flow conditions [36]. The catalyst remained stable for 100 h of continuous operation with a
high selectivity to the desired product (98%) in the continuous mode. More recently, the
hydrogenation of an imine (N-Cyclohexyl-(benzylidene) imine) into a secondary amine
in the continuous flow was demonstrated [37]. The long-term coating stability allowed
reaching a turnover number (TON) of 150,000, an unprecedented value under operation
with coated catalysts.

In the boiling-decomposition method, the coating thickness and its morphology are
determined by boiling conditions inside the tube. There are four modes of two-phase
flow in tubes of small diameter: bubbly, slug, annular and churn [38]. For channels of
large diameter, there exists also stratified and parallel flow regime. Slug flow refers to the
phenomenon whereby gas-liquid flow is present in a tube over a wide range of intermediate
gas and liquid velocities. It was observed that the addition of a non-reactive gas can create
the slug flow regime, increasing mixing and associated heat and mass transfer rates [39].
However, a slug flow regime may often result in the formation of solid plugs, while boiling
under annular flow regime allows to obtain a uniform coating [35]. The boiling heat transfer
was studied for two-phase slug and annular flow in microchannels [40-43]. However, most
results from the past experimental studies display a substantial disagreement on the
influence of the flow conditions and mechanisms on the heat transfer rate. Partially, this
can be explained by the fact that the wall microstructures make use of the capillary forces
to evenly distribute the liquid fuel over the wall, so that the appearance of uncontrolled
dry patches can be avoided in the channels of small (below 2 mm) inner diameter. There is
limited number of experimental studies describing boiling heat transfer in channels of small
diameter. Peterson and Ma [43] investigated the maximum heat flux to the flow which
allowed to estimate the minimum furnace temperature required for coating deposition.
Helbig et al. [44] studied the flow in a channel with grooved walls. They concluded that
before forming a dry spot, the liquid in the grooves begins to behave in an unstable manner
and breaks up into droplets, which may result in discontinuous coatings. Sibiryakov et al.
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presented a numerical solution for liquid boiling in triangular channels [45] and in channels
with smooth and grooved walls [46]. Warrier et al. [47] proposed correlations for heat
transfer coefficient under two-phase boiling conditions previously reported in [48-50].
Similar to the single-phase flow, the heat transfer coefficient increases with an increase
in the flow rate. The presence of solutes affects the surface tension, density, and boiling
rate of the liquid [51]. Therefore, the boiling rate of a solution can differ significantly from
that of water. Recently, Wang et al. described the boiling of liquids in the presence of
additives [52].

In this work, the boiling-decomposition method was investigated under two-phase
flow conditions with the introduction of a non-reacting gas flow to the synthesis sol flow.
An operational window resulting in the formation of stable continuous coatings was
experimentally studied. The effect of gas and liquid flow rate, the oven temperature, and
the tube displacement speed on the titania morphology and coating thickness was studied.
The effect of an additional post-processing annealing step on phase composition was also
investigated.

2. Results and Discussion

An annular gas-liquid flow regime was chosen for coating deposition. In this regime,
the liquid flows as a thin film near the inner channel wall, while gas flows in the center of
the tube.

Such flow conditions provide a good thermal contact between the liquid and the
channel wall, so the boiling rate can be controlled by the thickness of the flowing liquid
film and the temperature excess (the difference between the actual temperature and the
boiling temperature), similar to a single-phase flow. The presence of the gas core prevents
the formation of solid plugs which were previously observed when large liquid slugs were
present in the channel.

The effect of gas and liquid flow rates and the oven temperature on the average
thickness of the titania coatings was studied in three series of experiments. In series
A, the effect of temperature was studied at a fixed gas and liquid velocity of 2.3 m s~!
and 1.2 mm s, respectively (Figure 1a). The preheater temperature was set to prevent
boiling before the furnace. Increasing the temperature increases the boiling rate and leads
to the formation of more dense titania coatings. Therefore, the mean coating thickness
monotonously decreases with temperature. In this temperature range, vaporization of
the liquid film is promoted by the lower latent heat of vaporization of solvent. On the
contrary, very porous (foam-like) coatings were produced in the temperature range above
150 °C. These coatings were rather fragile and a considerable amount of material was
detached from the surface in the subsequent calcination step. Thus, the resulting thickness
of the coatings obtained at elevated evaporator temperatures is less than in the case of
moderate temperatures. The solvent was partially decomposed, and the coatings were gray
in color after deposition due to the presence of carbon deposits. Therefore, the maximum
temperature was fixed to 150 °C in the subsequent optimization experiments.

In series B, the effect of liquid velocity on the coating thickness was studied at a
constant temperature and a constant gas flow rate (Figure 1b). The range of flow rates
between 0.6 and 1.8 mm s~ ! was chosen based on the results of our previous study [34].
Previously, contrasting trends were obtained, with the coating thickness either decreasing
or increasing by increase of liquid mass flow rate. The increase of boiling rate can be
attributed to a coalescence of gas bubbles, which increases the thermal flux and therefore
the boiling rate. The increasing bubble nucleation frequency induced by the higher flow
rate promotes bubble detachment from the wall due to increased drag force. Figure 1b
shows that an increase of liquid flow rate enhances the heat transfer performance and the
boiling rate, as a consequence of the thinner liquid film and thus higher evaporation and
coating deposition rates. The higher coating mass in this flow range can be explained by
the increased precursor evaporation rate [53].
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Figure 1. Effect of (a) oven temperature, (b) liquid velocity; (c) gas velocity onto the mean coating thickness in as-synthesized
samples, the two vertical dashed lines show flow regime transitions; (d) reproducibility experiments performed at optimised
conditions (liquid flow rate: 1.2 mm s, gas flow rate: 2.0 m s 1 temperature: 115 °C).

The liquid also contains a large number of vapor bubbles, and rather porous coatings
were formed with a larger thickness, as shown schematically in Figure 2a. The respective
optical images are shown in Figure 3a—d. The white color of the coatings is due to multiple
light reflections in their porous structure. However, an opposite trend was found in the
higher liquid flow range, above 1.5 mm s~ 1. In this range, the coating thickness decreases
as a result of higher bubble nucleation frequency and the formation of a continuous gas
layer near the hot channel wall [54]. The bubbles prevent an efficient heat transfer to
the liquid film and therefore the coating mass decreases (Figure 1b). Moreover, some
droplets can be carried away from the liquid film by the gas flow (Figure 3e) and they
do not contribute to the formation of coating. Nucleate boiling does not occur at these
conditions and the coatings formed are semi-transparent films without a developed pore
structure (Figure 3e,f). A schematic mechanism for their formation in shown in Figure 2b.
A similar mechanism was observed at higher process temperatures corresponding to high
heat fluxes.

The gas velocity has a minor effect on the coating thickness under annular flow regime
(Figure 1c). With increasing flow rate above 2.0 m s~!, a significant amount of liquid
becomes transferred from the annular film to the gas core. At a gas velocity of 28 ms~!,a
transition to mist flow regime occurs where all of the liquid is entrained in the gas flow.
Due to the large drop in heat-transfer coefficient that accompanies tube wall dryout in
the mist flow, the evaporation rate decreases, and this leads to a decrease in the coating
thickness (Figure 1c). On the other side, a transition to slug flow occurs below a gas
velocity of 1.3 m s~1. In the periodic passage of elongated bubbles and liquid slugs which
is characteristic of the slug flow pattern, the maximum heat transfer rate is achieved when
the elongated bubbles are formed at relatively low gas flow rates (below 1 m s~ 1).
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Figure 2. Schematic mechanism of coating formation. (a) formation of porous coatings at liquid

flow rate of 0.8-1.5 mm s, (b) formation of dense semi-transparent coatings at liquid flow rate of
1.5-1.8 mm s~

Figure 3. Images of coated tubes obtained at different liquid flow velocities: (a) 0.8, (b) 1.0, (c) 1.2, (d) 1.4, (e) 1.6,
(f) 1.8 mm s~ Temperature: 115 °C, gas flow rate: 2.0 m s 1,

The XRD diffractogram of the coatings obtained in the slug and annular flow regimes
are shown in Figure 4. Due to a rather low coating thickness, the scanning range was
limited to 24-31° 2-thetas to reduce the beam time, however no impurities of other phases
were observed when a wider range of angles was analyzed. Due to a sharp curvature of the
coated tubes, the measurements in a wider range are very time consuming as they result in
a large scattering and a very low signal to noise ratio requiring very low XRD scanning
rates. The presence of other reflections could be hindered by a preferred orientation of the
crystals onto the tube wall. The main phase was rutile, as confirmed by its strongest peak
at 27.0° 2-theta while small amounts of anatase were also present in the samples obtained
in the annular flow regime. The positions of the strongest XRD peaks were consistent with
the standard XRD data of the anatase and rutile TiO, phase (JCPDS no. 21-1272 and JCPDS
no. 21-1276, respectively).
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Figure 4. XRD diffractogram of as-synthesized coatings obtained at different gas flow rates. Abbrevi-
ations: A—anatase, R—rutile. Gas flow rate: (a) 0.6 ms~ 1, (b) 1.0ms™ !, (c) 1.4 ms 1. Liquid flow
rate: 1.2 mm s 1. Temperature: 115 °C.

The formation of anatase occurs in a lower temperature range as compared to that
of rutile. This allows to conclude that the surface temperature was lower in the annular
flow regime due to the much higher heat transfer rate, which is in line with the previous
discussion. It should be mentioned that the temperature of anatase to rutile transition
depends also on the particle size, shape of the nanostructure, and presence of dopants
and structural defects [55,56]. However, these parameters were very similar in all samples.
Therefore, the phase composition of the resulting coatings is mainly determined by the hy-
drodynamics of two-phase flow and the related heat transfer rates. The sample obtained in
the annular regime demonstrated an apparent density of 3.37 kg m~2, which was increased
to 3.85 kg m 3 after calcination. Moreover, the anatase phase completely disappeared after
the additional calcination step (Figure 4). A non-porous rutile has a density of 4.24 g cm 3.
Thus, a simple estimation shows that the porosity of coatings decreases from 20.5% to 9.2%
after calcination. Based on the above data, it can be concluded that optimal conditions
correspond to a temperature of 115-120 °C, a liquid velocity of 1.2 mm s~ !, and a gas
velocity of 1.4-2.6 ms~1.

Figure 5 shows SEM images of coating produced in the annular flow regime under
optimized process conditions. It can be seen that the mean coating thickness is about 9 pum,
and it reduced to 7 pm after an additional calcination step at 400 °C. These data are in
good agreement with the data obtained from the gravimetric analysis. The respective Nj
adsorption-desorption isotherms and the pore-size distribution are shown in Figure 6. The
specific surface area of the coating was 9.2 m?g~! with a mean pore size of 5.1 nm. The
mean crystallite size obtained from the XRD analysis is 10 nm. This corresponds to a low
end of the range of particle sizes observed in P25 titania catalysts. The P25 titania can
be seen as benchmarking for the coatings produced in this study. It has a wide particle
size distribution between 10 and 40 nm and a typical surface area of 50 m2g !, while the
coatings obtained in this study demonstrated a value five times smaller. It appears that a
large part of the coatings has no porosity and therefore it is not accessible for N, adsorption.
As no structure directing agents were used in the synthesis sol (see experimental section),
the formation of a partially non-porous coating cannot be excluded. A coating porosity in

the 10-20% range also supports this conclusion.
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1

Figure 5. SEM images of optimised coatings obtained at a liquid flow rate of 1.2 mm s~! and a gas flow rate of 22 m s~! in
the annular flow regime. (a,b) as-synthesized, (c,d) after calcination at 400 °C.
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Figure 6. Pore size distribution and nitrogen adsorption/desorption isotherms over the coating
1

obtained at a liquid flow rate of 1.2 mm s~! and a gas flow rate of 2.2 m s 1.
The reproducibility of the coating method was studied by coating fourteen tubes
under optimized process conditions. It can be seen in Figure 1d that the relative standard
deviation was 12%, demonstrating the rather good reproducibility of the method.
The operational window of the method is shown in Figure 7. The minimum tempera-
ture of deposition is obtained from the energy balance in the system when the heat transfer
rate is equal to the rate of solvent evaporation.

hA(T, — Tsar) = mpAH, 1)

where & is the heat transfer coefficient, A is the inner surface area of the tube, T}, is the wall
temperature, Ty is the temperature of evaporation, iy, is the liquid mass flow rate, and AH
is the enthalpy of solvent evaporation. This energy balance can be assumed based on the
fact that as the liquid is already preheated to the evaporation temperature in the preheater
section, the heating of the gas phase above the boiling temperature can be neglected. The
rearrangement of Equation (1) allows to estimate the minimum boiling temperature as a
function of liquid flow rate:

_ AH-myp

Th = h—A + Tsqt (2)
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Figure 7. Operational window for coating deposition. The blue color shows the operational range at
a minimum gas flow rate of 0.4 L min~!, the orange color shows the extension of operational range
towards lower temperatures at a maximum gas flow rate of 1.0 L min 1.

The heat transfer coefficient increases at high gas flow rate and therefore the slope
of the minimum temperature line (shown in red in Figure 7) decreases. The two vertical
lines show the transitions to the slug and churn flow regimes where the operation should
be avoided. Finally, the upper temperature range, shown by a horizontal maximum
operational temperature line in Figure 7, should always be below the solvent decomposition
temperature. The exact difference depends on the solvent type and usually stays in the
range of 10-30 K. In this study, the maximum operational temperature corresponding to
the formation of continuous coatings is limited to 135 °C. It can further be decreased to
115 °C (minimum operational temperature) by increasing the gas flow rate from 1.4 to
26ms L

The coatings obtained were tested in the decomposition of two organic compounds
at 20 °C. The kinetic data were corrected by subtracting the rate of non-catalytic reaction
measured in a blank experiment with a non-coated tube. The In(Cy/C) values versus time
provided a straight line (Figure 8). Therefore, the photocatalytic reaction rate is described
by a first order kinetics with a rate constant of 0.0120 min~! for MB and 0.0253 min~!
for RhB. The value reported for MB is in a very good agreement with that (0.014 min~!)
reported over a P25 titania catalyst [57]. The rate constant for the decomposition of RhB
exceeds this value (0.0194 min—1) reported over a TiO, /SiC catalyst [16].

10 RhB
T 8-
|
> mB
S
= 61
.0
§ 150
€ 44 Time, min
0]
o
C
S 2

MB
(J
0 T — $-RhB
0 40 80 120
Time, min

Figure 8. Concentration of methylene blue (MB) and rhodamine B (RhB) as a function of time in stop
flow conditions over a TiO, coated tube. The coating was produced under the same conditions as
those reported in Figure 5. The data are corrected based on the rate over non-coated tubes measured
in blank experiments. The insert shows the fitting curves based on a first order kinetics.
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3. Materials and Methods

The initial sol was prepared from titanium isopropoxide (97.0 wt.%, Sigma-Aldrich, St.
Louis, MO, USA), isopropanol (99.5 wt.%, Sigma-Aldrich, St. Louis, MO, USA) and HNOs3
(65 wt%, Sigma-Aldrich). First, a solution of nitric acid (0.1 mL) was added to isopropanol
(8.45 g) to obtain a solution A. Then, titanium isopropoxide was added dropwise to solution
A to obtain the final solution. The mixture was preheated to 60 °C and stirred for 2 h.
Figure 9 shows the experimental set-up employed for coating deposition. The nitrogen
flow and the flow of synthesis mixture were mixed in a coaxial mixer and fed to a tubular
furnace via a preheater section. The quartz tube (i.d. 3.0 mm, o.d. 4.0 mm) was positioned
vertically in a furnace with a 50 mm length. The liquid solution was fed with a syringe
pump and the gas flow was fed with a mass flow controller. In this study, the liquid flow
rate was varied from 0.33 to 0.75 mL min~! and the gas flow rate was varied from 0.43
to 1.27 L min~!. The temperature in the preheater section was set just below the boiling
temperature of the synthesis mixture, while the temperature in the furnace was varied in
the 115-350 °C range. The images of the gas-liquid flow were recorded using a high-speed
videocamera. In the beginning of each experiment, a gas-liquid flow was fed in the tube.
Once the temperature of the tubular furnace reached the setpoint, the quartz tube was fed
to the furnace using a stepper motor. The tube displacement speed was fixed at 1.6 mm s~ 1.
At the end of each deposition run, the coated tube was detached from the connecting lines

and annealed in an oven at 400 °C for 3 h with a heating rate of 1 K min~!.

Figure 9. Schematic view of the experimental set-up for coating deposition (a) general view: (1) quartz
tube, (2) T-mixer, (3) tubular furnace, (4) electrical preheater section, (5) stepper motor, (6) mass flow
controller, (7) syringe pump, (8) high speed camera, TI is the temperature indicator, (b) schematic
view of annular flow regime, (c) enlarged view of the furnace and the preheater section.

For analysis, the tubes were cut into short sections with a length of 15 mm. The XRD
patterns were recorded with a Shimadzu XRD-7000 diffractometer in the 23-32° 20 range
using a CuKa irradiation. The scanning rate was 2.0° 2-theta min~!. The specific surface
area and the pore volume were obtained from N; adsorption-desorption isotherms obtained
on a Quantachrome Autosorb-6iSA apparatus. For these measurements, the coatings
obtained were mechanically removed from the inner tube wall. Before the measurements,
the samples were degassed at 250 °C for 1 h. The specific surface area was calculated using
a multi-point BET method from the adsorption isotherm. The mean coating thickness ()
was determined by Equation (3).

Am

0= omd Ly

®)

where Am is the weight change after coating deposition, p. is the apparent coating density
determined from the sample porosity, d is the tube inner diameter, and L; is the coated
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length. In this method, the coating (geometrical) volume was approximated by the product
of 77-d-6-Ls. The apparent coating density was calculated by Equation (4):

m

= 4
Vrio2 + Vp

Oc

where V0 is the specific volume of titania, V) is the specific pore volume.

The decomposition of methylene blue (Cj4HigCIN3S, MB) and rhodamine
B (C8H31CIN, O3, RhB) was studied in the coated tubes at 20 °C under stop flow conditions
under UV light (power: 26 W in the range of 320-370 nm) illuminated from a distance
of 2 cm. The solution volume in the tube was 0.87 mL. The size of the light source was
considerably larger than the illuminated reactor area, providing a uniform intensity over
the entire length.

RhB and MB dyes (purity > 99.0 wt.%) were obtained from Fluka. The initial concen-
trations of MB and RhB were 10.0 and 5.0 mg L1, respectively. After the initial adsorption
in the dark, the concentration decreased by 4%. The concentration was measured with
a UV-VIS spectrometer (UV-1800, Shimadzu, Kyoto, Japan) using calibration curves. A
quartz cuvette with an optical path of 10 mm was used. The samples were diluted 10 times
in distilled water for analysis. Blank experiments were also carried out with non-coated
quartz tubes to obtain the rate of non-catalytic decomposition at the same experimental
conditions.

4. Conclusions

An operational window for the evaporation-deposition method for the controlled
deposition of micrometer-thick titania coatings on the inner surface of long quartz tubes
has been studied. The liquid flow rate and the oven temperature were the most important
parameters that control coating morphology. In particular, the effect of liquid velocity in
the range of 0.8-1.8 mm s~ ! and the boiling temperature in the range of 115-350 °C was
systematically investigated. The operation in the annular flow regime allows to reduce the
coating deposition temperature from 135 to 115 °C by increasing the gas flow rate from 1.4
to 2.6 mm s~ !. This allows uniform solvent removal leading to the formation of continuous
coatings with an average thickness in the range between 3 and 10 mm. The porosity of
the coatings decreases with increasing liquid flow rate. The preheating of the precursor
mixture to the temperature just below its boiling point was an important factor to increase
the reproducibility of the method. A mean standard deviation in the coating thickness of
12% was obtained under optimised conditions. The coatings obtained were active in the
reactions of photocatalytic decomposition of methylene blue and rhodamine B with no
observed catalyst deactivation. The photocatalytic reaction rates were comparable to those
previously reported over P25 titania catalysts.
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