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ABSTRACT: A photocatalytic, TiO,-based microreactor is designed and
fabricated on a metal—titanium foil. The microchannel is mechanically
engraved in the substrate foil, and a double-layered TiO, anatase film is
immobilized on its inner walls with a two-step synthesis, which included
anodization and a hydrothermal treatment. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) confirm the presence of an
approximately 10-pm-thick layer of titania nanotubes and anatase nano-
particles. The SEM and transmission electron microscopy (TEM) of the cross
sections show a dense interface between the titanium substrate and the TiO,
nanotubes. An additional layer of TiO,-anatase nanoparticles on the top of the
film provides a large, photocatalytic surface area. The metal—titanium substrate

Tio,

Organic

pollutants | =

Products

T €9

»

with a functionalized serpentine channel is sealed with UV-transparent Plexiglas, and four 0.8-mW UV LEDs combined with a
power controller on a small printed-circuit board are fixed over the substrate. The photocatalytic activity and the kinetic
properties for the degradation of caffeine are provided, and the longer-term stability of the TiO, film is evaluated. The results
show that after 6 months of use and 3600 working cycles the microreactor still exhibits 60% of its initial efficiency.
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B INTRODUCTION

The remediation of polluted groundwater, toxic industrial
wastes, and hazardous chemical substances has attracted
attention in many parts of the world. Photocatalytic oxidation
with a TiO, photocatalyst is considered to be a suitable choice
for the relatively cheap and efficient elimination of these
chemicals from a variety of media." Furthermore, photocatalysis
with TiO, can be successfully applied as an efficient route for
the selective synthesis of a number of organic molecules, used
in the food, pharmaceutical, and cosmetic industries.” Most
research in photocatalysis for water treatment and selective
photocatalytic synthesis in liquid media involves a TiO, catalyst
in the form of dispersed powders. The slurry reactors with
suspended TiO, particles have a uniform catalyst distribution
and a high photocatalytic surface-to-volume ratio.” For any
practical use, however, this is not the preferred configuration.
The TiO, particles have to be additionally separated from the
products and recycled, which is an expensive and time-
consuming process. In most cases it is also impossible to
completely remove all the titania nanoparticles from the liquid.
Furthermore, the penetration depth of the UV light is rapidly
decreasing due to the strong absorbing properties of the
suspended TiO, particles and other organic molecules.
Immobilized photocatalysts are therefore a better and more
practical option for photocatalytic reactions. The main
drawback of photocatalysis in the presence of immobilized
TiO, is the limited amount of exposed TiO, surface area, which
in most cases leads to mass-transfer limitations.*
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The design of a highly effective photoreactor is crucial in
order to get the highest possible reaction rates with the
immobilized form of TiO,. In recent years, microreactor
technology has become a valuable tool for the chemical
industry and mobile applications of chemical systems. A
laminar flow, short molecular diffusion distances, large
surface-to-volume ratios, a high spatial illumination homoge-
neity, and good light penetration through the entire reactor
depth are some of the many characteristics that give processes
inside microreactors an advantage over those in conventional
reactors.”® Photocatalytic microreactors with an immobilized
TiO, catalyst have already proven to be a highly effective tool
for the degradation and synthesis of different organic molecules
and for the selective cleavage of peptides and proteins, which
can be very beneficial for the synthesis of fine chemicals,
pharmaceutical industries, and proteomics laboratories.” ™
Moreover, photocatalytic microreactors can be optimized for
a particular function in a research laboratory, because they do
not have to undergo a scaling-up process. Using several
microreactors in parallel (‘numbering up’) provides the
possibility for the continuous industrial production of photo-
catalyzed products.®

There have already been reports of microstructured reactors
with immobilized TiO, on their inner walls. Choi et al. applied
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a TiO, coating on the walls of capillary microtubes using a
wash-coating technique with an aged titania gel and a
subsequent calcination.'® A similar technique was used in the
work of Rebrov et al, where they report on the synthesis of an
approximately 120-nm-thick TiO, film inside a silica capillary."!
The group of Lindstrom deposited a 1-um-thick titania film
inside a soda-lime glass microchannel using a continuous flow
of a colloidal TiO, suspension through the microreactor.'” On
the other hand, Matsushita et al. functionalized an unmounted
reactor with a spin-coating of titanjum tetra-isopropoxide
solution on a glass and Pyrex substrate with an inscribed
microchannel, which was additionally covered with a window
plate and sealed."® The interface between the TiO, film and the
substrate, the stability (aging), and the reproducibility of the
photocatalytic microreactors were not investigated. The
electrochemical oxidation of the titanium substrate has also
been applied as a TiO,-immobilization technique. The authors
reported that the contact between the TiO, film and the
substrate (titanium) improved and the surface area of the
nanostructures increased.'*'> The electrochemical oxidation
(anodization) of the titanium foil produces perfectly self-
aligned, TiO, nanotube assemblies that possess a high aspect
ratio and are frequently used as efficient photoanodes in dye-
sensitized solar cells (DSSCs)."*™® In the past five years there
has been an increased interest in the research on TiO,, aligned
nanotube arrays formed by anodization due to their interesting
and unique combination of geometry and their chemical and
physical functionalities.'® Furthermore, the geometry (wall
thickness, length, diameter, and the intertube spacing) of the
TiO, nanotube arrays can be easily tailored by controlling the
processing parameters, such as the time of the anodization, the
type and pH of the electrolyte, the temperature, the applied
potential, etc.'® Anodization has the advantage of a selective
and homogeneous functionalization of different shapes of
titanium substrates, e.g., microchannels, with titania nanotubes.
Moreover, well-bounded titania structures can be subsequently
treated with different techniques, and their surface can be
enhanced with additional titania particles in order to improve
the adsorption of pollutants and other molecules that
participate in the photocatalytic reaction.

In the present paper we report on the fabrication and
properties of a titanium photomicroreactor with an immobi-
lized TiO, photocatalyst and an integrated UV-LED source. A
novel, two-step synthesis (anodization and a subsequent
hydrothermal treatment) was applied for the preparation of a
double-layered, anatase, TiO, film. This method provides a
homogeneous distribution of a strongly bound and photo-
catalytically active TiO, coating on the inner surface of the
microchannel. The kinetic parameters, efficiencies, and stability
of the reactor were evaluated with the oxidation of a caffeine
molecule, followed by UV—vis spectroscopy.

B EXPERIMENTAL SECTION

Materials. Titanium foil (99.6%, dimensions: 25 X 25 X 1 mm,
annealed, Goodfellow Cambridge Limited, Huntington, England),
polymethyl-methacrylate sheet (Plexiglas, UV transparent, dimensions:
25 X 25 X 2 mm, Acrytech d.o.o., Ljubljana, Slovenia), fluorinated
ethylene propylene tubing (internal diameter: 0.5 mm, Vici AG
International, Schenkon, Switzerland), titanium(IV) chloride (TiCl,,
99.9%, Acros Organics, New Jersey, USA), ethylene glycol (99.5%,
Carlo Erba Reagents, Val de Reuil, France), ammonium fluoride
(Kemika d.d., Zagreb, Croatia), and caffeine (>99.0% HPLC grade,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were used
without further purification.
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Microreactor Fabrication. The microreactor device was
fabricated from a titanium foil in which a serpentine microchannel
with cross-section dimensions of approximately 500 gm X 500 ym and
a length of 390 mm was engraved using a high-precision CNC milling
machine. The substrate was then rinsed with absolute ethanol in an
ultrasonic bath for several minutes. Afterward, the titanium surface
with the microchannel inner walls was coated with a mixture of TiO,
nanotubes and nanoparticles in a two-step synthesis, which included
anodic oxidation and a hydrothermal treatment. The detailed synthesis
will be explained in the next paragraph. After the synthesis, the TiO,
film inside the microchannel was protected with high-purity wax, and
the upper surface of the microreactor was ground and polished in
order to prepare a smooth titanium surface for the next step of the
microreactor fabrication, i.e., sealing. UV-transparent Plexiglas with the
same dimensions as the titanium foil and with two holes of 2 mm in
diameter (inlet and outlet) was put on the top of the microchannel
and sealed with epoxy glue. Plastic inert tubing was used for
connecting the inlet of the reactor with a high-precision syringe pump
(Aladdin, World Precision Instruments, Sarasota, USA) and the outlet
with the tubes for sample collection. The whole device was afterward
mounted in a stainless-steel housing. Four 0.8-mW UV-LED diodes
(Roithner Lasertechnik GmbH, Vienna, Austria) with an emission
maximum at 365 nm were mounted on a circuit board with an
integrated power controller and placed on the top of the microreactor
housing. The incident light intensity of 1.2 mW cm™ was measured at
a distance of 3 mm.

Synthesis of TiO, Film. The TiO, film was prepared with a two-
step synthesis. In the first step, titania nanotube arrays were produced
by an anodization process using commercially available titanium foil.
The titania nanotubes were synthesized according to the procedure
reported by Shankar et al.'* In brief, the titanium foil was first rinsed
with acetone and ethanol in an ultrasonic bath to remove any organic
impurities. After cleaning, the anodization was performed at room
temperature in a two-electrode electrochemical cell connected to a dc
power supply of 60 V for 3 h, while the anodization current and
electrolyte temperature were monitored. The electrolyte used was an
ethylene glycol solution with a small portion of NH,F (0.3 wt %) and
H,O (2 vol%). In the second step (hydrothermal synthesis) the
anodized microreactor was positioned on the bottom of a Teflon-lined
stainless-steel autoclave that was filled with a water suspension of
TiCl, (0.2 M, 50% filling). The autoclave was placed inside an oven
(Binder FED 53) that was set to 7S °C for 1 h. The as-prepared
microreactor was washed with absolute ethanol for several times and
calcinated at 400 °C for 3 h (heating rate was S °C/min). The TiO,
film was characterized with X-ray diffraction (XRD, PANalytical X'Pert
PRO diffractometer), a focused-ion-beam workstation (FIB, FEI
Helios Nanolab650), and a transmission electron microscope (TEM,
JEOL 2010F). The TEM cross-section specimen was prepared with
conventional ion-milling (Gatan, Model 691 PIPS).

Photocatalytic Experiments. The photocatalytic efficiency of the
photomicroreactor was investigated by measuring the degradation of
caffeine. Caffeine was chosen as a model degradation molecule for
various reasons, i.e,, it is the origin of domestic sanitary contamination
and the mechanism of its degradation has already been investigated in
an aqueous suspension of TiO, particles.'”*® Four different initial
concentrations (25, 10, S, 2.5 mg L™') were examined, and a high-
precision UV—vis-IR spectrometer (PerkinElmer Lambda 950) was
used for the characterization of the caffeine concentration for six
different volumetric flow rates (100, 80, 60, 40, 30, 20 L min™"')
operating under continuous flow. The caffeine solution (200 xL) was
continuously pumped through the microreactor before each measure-
ment in order to clean the reactor. A dark sample (without
illumination) was collected at each flow rate to get an insight into
the caffeine adsorption on the TiO, film. The degradation of each
initial caffeine concentration was repeated two times, and the average
value is presented in the results. The kinetic measurements and
photonic efficiencies were determined from the initial degradation
rates (R,), calculated from the initial slopes of the caffeine degradation
at a certain initial concentration.
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Figure 1. TiO,-based microreactor: a) without housing and b) with housing and UV-LED supply.

Bl RESULTS AND DISCUSSION

Microreactor Design. Figure 1 shows the serpentine-
shaped microreactor. The characteristics of the microreactor are
summarized in Table 1. A 390-mm-long and 0.5-mm-wide

Table 1. Characteristics of TiO,-Based Microreactor

microreactor value
channel length (mm) 390
channel depth (mm) 0.36
channel width (mm) 0.5
reactor volume (uL) 70
surface area (mm?) 476
surface-to-volume ratio (m? m™>) 6780“
UV-LED intensity (mW cm™2) 12%
temperature stability (K h™) 0.3

“Values were calculated without taking into account the specific
surface area of the TiO, film. “The total integrated incident intensity
between 330 and 400 nm from four UV-LED diodes.

microchannel was mechanically engraved in the metal—titanium
foil. The grinding and polishing of the reactor surface after the
TiO, synthesis resulted in a reduction of the channel depth to
0.36 mm. A high surface-to-volume ratio is one of the essential
advantages of microreactors. In this case the calculated value
(6780 m* m™3) is comparable with the values reported by Van
Gerven et al.>° The UV-LED intensity with a maximum at 365
nm was measured with a UV-A meter (Dr. Honle AG,
Germany) at different distances from the reactor surface, and
an optimal position (3 mm) was determined, taking account of
the emission pattern and the angle of the light source. The
temperature stability of the reactor, measured with a
thermocouple, showed a negligible increase in the temperature
(1.5 °C) after longer irradiation times (5 h) and confirmed a
good heat exchange inside the reactor, without the necessity for
an additional cooling system.

The TiO, photocatalyst was immobilized on the inner walls
of the microchannel in a two-step synthesis (Figure 2). In the
first step the TiO, nanotubes were synthesized on the top of a
titanium substrate with anodic oxidation. This process provides

a homogeneous distribution of titania nanotubes, and the
diameter of the tubes and their length can be adjusted by
changing the experimental conditions. In the second step,
additional TiO, nanoparticles were produced and deposited on
the top of the nanotube arrays with a hydrothermal synthesis in
order to increase the TiO, surface area and improve the overall
photocatalytic efficiency of the microreactor. The function-
alized inner walls of the microchannel were protected with
high-purity wax, and the titania film on the other surfaces of the
metal foil was removed by grinding and polishing. The
microchannel was covered with UV-transparent Plexiglas and
placed in a stainless-steel housing.

Characterization of TiO, Film. The X-ray diffraction
pattern in Figure 3 shows the presence of a single-anatase-phase
TiO, film. The additional peaks correspond to the titanium
substrate.

450
a,b .
a- T102 anatase

400 < b - Titanium

350

300 | a
5 b
g 250 -
g 2004
S
= a

150 -

a
a
100 -
bfla ab
all &
50 aa
0 y
T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75

2 Thetal °

Figure 3. XRD pattern of TiO, film synthesized with a combination of
the anodic oxidation of titanium and a hydrothermal treatment after
annealing at 400 °C for 3 h.

The microstructure and the composition of an approximately
10-pum-thick TiO, film were characterized with SEM and a

Anodic
oxidation

——

Titanium substrate

TiO,-nanotubes

Hydrothermal
treatment

TiO,-nanoparticles/nanotubes

Figure 2. 3D schematic picture of the two-step synthesis: anodic oxidation of titanium substrate and subsequent hydrothermal treatment.
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focused ion beam (FIB). The top-view SEM picture (Figure 4)
reveals the surface morphology of the TiO, film, which

Figure 4. SEM micrograph of TiO, nanoparticle/nanotube dual-layer
from a top view.

consisted of titania nanotubes with a hole diameter of around
100 nm that are covered with a thin layer of small titania
nanoparticles. This surface layer was synthesized during the
hydrothermal treatment, where the combination of etching the
amorphous TiO, nanotubes with HCl (side product of TiCl,
hydrolysis) and the synthesis of TiO, nanoparticles resulted in
a titania surface with a high overall surface area.

The cross sections in Figure S were prepared by FIB milling
of the TiO, film perpendicular to the titanium substrate. A thin
layer of platinum was deposited on the top of the TiO, film in
order to prevent the deformation of the surface with high-
energy gallium ions (Figure Sa). A higher-magnification SEM
image (inset of Figure Sa) shows the two-phase cross-section,
where a 100-nm-thick surface layer consisting of TiO,
nanoparticles uniformly covers the titania nanotubes. The
interface between the titania nanotubes and the titanium
substrate is shown in Figure 5b. To avoid the curtains effect,
where the topography of the nanotubes would continue into
the titanium substrate, the cross-sectional cut of the metal/
nanotubes interface was performed from the metal titanium
side.*' The inset of Figure Sb shows a stable contact between
the phases. The upper, darker part of the micrograph shows
longitudinal cuts of the TiO, nanotubes with several defects
(from the sample preparation), while the lower, brighter
titanium part has a smooth, homogeneous structure without
visible imperfections.

The TEM micrograph (Figure 6) shows the interface
between the titanium support and the titania nanotube film.
The phase composition was determined with selected-area
electron diffraction (SAED) patterns (Figure 6a) for different
regions of the cross-section: the lower part of the cross-section
is composed only of titanium grains, without any oxidized
inclusions; while the scaffold and the body of the nanotubes are
built from pure anatase-phase crystals. Additional diffraction
spots for the rutile phase were found at the TiO,/titanium
interface (inset of Figure 6b). This agrees with the results of
Varghese et al, where they claimed that the phase trans-
formation from anatase to rutile at relatively low annealing
temperatures (400 °C) occurs only at the nanotube/titanium
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Figure S. SEM micrographs of the cross-section of the TiO,
nanoparticle/nanotube dual-layer: a) nanoparticle/nanotube interface
and b) nanotube/titanium substrate interface.

support interface.”> The micrograph of the interface at higher
magnification shows that a dense boundary without visible
defects, voids, or cracks was preserved between the oxidized
barrier layer and the titanium support during the TEM sample
preparation (micromilling and ion slicing). This confirms the
good mechanical properties of the titania film that was
synthesized with the anodization procedure.

Photocatalytic Activity. The photocatalytic degradation of
the caffeine starts with the breaking of the C4=C5 double
bond due to the reaction with hydroxyl radicals, which results
in the formation of dimethylparabanic acid. The second
degradation intermediate, di(N-hidroxymethyl)parabanic acid,
is formed as a product of the oxidation of N-methyl groups,
which then proceeds with a final mineralization to CO,, NHj,
and NH,Me.>® While the formation of these two intermediates
is rather fast, the complete mineralization is much slower, and,
therefore, the short reaction times of our experimental setup
with the microreactor are not suitable for complete
mineralization and, consequently, TOC (total organic carbon)
measurements were not performed. However, the reduction of
the characteristic UV band of caffeine at 274 nm gave us an
insight into the caffeine degradation with the photomicror-
eactor and the possibility to determine its activity, stability and
kinetic properties.

The photodegradation of the caffeine was investigated with
the use of an aged microreactor. Several organic molecules
(dichloroacetic acid, terephthalic acid, and formic acid) were
intensively tested for 6 months as potential model pollutants
for the photocatalytic characterization of the microreactor (to
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Figure 6. TEM micrographs of the TiO, nanotube/titanium support
cross-section: a) SAED patterns at different regions of the sample and
b) nanotube/titanium interface at higher magnification.

be published). The results of the photodegradation of caffeine
at different hydrodynamic residence times, calculated from the
equation 7 = V/q,, where V is the reactor volume and g, is
volumetric flow rate, are shown in Figure 7a. A higher
degradation was observed at lower initial concentrations of
caffeine. Furthermore, the degradations with the lowest caffeine
concentrations (2.5 and S mg L") are almost identical. This
behavior can be explained by the function of the diffusion,
which is a critical factor in the continuous degradation of
smaller quantities of pollutant, while the molecules cannot get
into contact with the photocatalyst in time to initiate the
reaction. The effect of the initial caffeine concentration on the
reaction rate (R,) is shown in Figure 7b. The initial reaction
rates increase with the increasing initial caffeine concentration
and come to a plateau at around 0.06 mM. This suggests that
the rate of degradation is limited by the adsorption of the
caffeine molecules on the photocatalyst, which follows the
Langmuir—Hinshelwood (L—H) equation*

d[caffeine] kK¢
dt 1+ K¢

R, = -

where k, is the apparent reaction-rate constant, K is the
adsorption coefficient, and ¢ is the initial concentration of
caffeine. The linearization of the Langmuir—Hinshelwood
equation results in a linear relationship with an intercept of
k,”" and a slope of (k,K)™":

11 11
kK ¢,

R, k

1 a

The reaction-rate constant (k,) of 1.82 mmol L™ h™" and the
adsorption coefficient (K) of 17 L mmol™" were derived from
the intercept and slope of the linear line shown in the inset of
Figure 7b. For comparison, the reactions of caffeine
degradation were conducted in a 10 mL slurry reactor using
a commercial Degussa P25 powder, and the kinetic properties
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Figure 7. (a) Photocatalytic degradation of caffeine in the photomicroreactor at different hydrodynamic residence times for different initial
concentrations and (b) the variation of the initial reaction rate with respect to the initial concentration. The inset diagram shows the linearization of

the data.
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were evaluated (not shown). While the k, value varies a great
deal with the experimental conditions, the K value determined
with the slurry reactor (14 L mmol™") agrees with the value
determined using the microreactor.

Photonic efficiency (&) is a well-recognized parameter in
photochemistry that enables a comparison of the results
between different groups dealing with advanced oxidation
processes. It is defined as the number of transformed reactant
molecules divided by the number of incident photons of
monochromatic light on the front window of the reactor.
Alternatively, & can be simplified as®®

rate of reaction

incident monochromatic light intensity

The photonic efficiencies were calculated from the initial
reaction rates (R;) for different initial concentrations of caffeine
and are presented in Table 2.

Table 2. Initial Reaction Rates (R;) and Photonic Efficiencies
(&) for Different Initial Concentrations (C;) of Caffeine

C, (mgL™) R, (mmol L' h™") £ (%)*
2.5 0.37 0.103
S 0.71 0.200
10 1.01 0.291
25 1.06 0.378

“Values were calculated with the assumption of an equal homogeneous
illumination on the bottom of the microchannel.

The values are rather low, which suggests that a large number
of incident photons is lost during the reaction or, in other
words, only a small portion of them actually participate in the
photocatalytic reaction. The highest photonic efficiency
(0.378%) was determined with the degradation of the highest
initial concentration of caffeine (25 mg L™'). Other groups,
dealing with the photocatalytic degradation of caffeine, did not
provide the values for photonic efficiencies; therefore, a direct
comparison was not possible. However, Gorges et al. reported
photonic efficiencies of 0.016—0.026% for the degradation of 4-
chlorophenol inside a photocatalytic microreactor.’ Their
values are approximately 10 times lower than ours, although
different degradation mechanisms and adsorption properties of
the two molecules prevent a direct comparison of the
experiments.

The stability of the microreactor was estimated by comparing
the photocatalytic activity of the aged reactor with the first
photocatalytic degradation experiments involving caffeine,
which were conducted with a newly prepared reactor. It is
important to point out that in between the experiments the
microreactor was extensively studied and used for the
degradation of different pollutant molecules. The total volume
of the reactor was replaced 3600 times in a longer period of
time (6 months), and an estimated volume of 250 mL with an
average flow of 40 L min~' was pumped through the reactor.
The photocatalytic activity of the microreactor evidently
decreases after a series of experiments, while a decay in the
degradation of caffeine was observed (Figure 8). The evaluated
initial reaction rate (R;) of the aged reactor was 40% smaller
than the rate of the fresh reactor under the same experimental
conditions. This behavior can be explained by several effects.
The first one is the washing-out and the elimination of a certain
amount of surface TiO, nanoparticles (erosion), which

9093

100 - -X /%

caffeine

I R/ mmol L™ b

o
=3
1

=)
S
1

-
=]
1

R -z
= g
REE g
S 08 —
> 404 T

=

30+

Fresh microreactor

Aged microreactor

Figure 8. Photocatalytic conversion of caffeine (C; = 10 mg L™") after
a 3.6-min residence time (7) and initial reaction rates (R;) in the
freshly synthesized and aged photomicroreactor after 6 months and
3600 cycles.

decreases the catalytic surface area and consequently the
adsorption of caffeine molecules on the photocatalyst. The next
possible effect is the fouling of the catalyst: the adsorbed
byproducts inhibit the adsorption of the pollutant and decrease
the potential activity of the catalyst.”® The third possibility is
dissolution of the nanoparticles and the deformation of the
surface titania layer in aggressive substances (model pollutants
and their byproducts). The washing-out effect was analyzed by
determining the TiO, nanoparticles’ concentration in the
product solution using a standardized analytical method for the
determination of asbestos fibers in water (EPA Method 100-
1).>” The freshly prepared microreactor was washed with 40
mL of caffeine solution under UV illumination in order to
simulate its standard operating conditions. Although this
volume represented around 570 cycles of the complete
reactor-volume replacement and more than 15% of the whole
volume being pumped through the microreactor throughout
the study, we did not detect any titania particles in the drained
solution. Therefore, we confirmed that there is no short-term
erosion of nanoparticles from the microchannel, although we
cannot neglect the possibility of the washing-out effect after
longer times of use. The negative effect of fouling could be
avoided by the regeneration of the catalyst. So the illuminated
microreactor was washed with deionized water several times in
order to mineralize the adsorbed byproducts and increase the
adsorption of caffeine. The activity of the reactor did not
improve; therefore, we can conclude that fouling was not the
key reason for the decreased activity. The partial nonreversible
deactivation of the microreactor is most probably due to the
dissolution of the surface titania nanoparticles and their further
erosion during long-term operation of the reactor. Never-
theless, the photocatalytic results in Figure 7 and Table 2 still
show significant photocatalytic activity after long-term use.
Further experiments are being planned to replace the substrate
material with the more commercially available aluminum and to
improve and prolong the activity of the reactor by increasing
the photocatalytic surface area (hydrothermal treatment) and
reducing the recombination rate (deposition of platinum or
silver nanoparticles).

B CONCLUSION

An original, two-step synthesis was used to produce a double-
layered TiO, film that was immobilized on the inner walls of a
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titanium microreactor. The lower part of the titania film in the
form of nanotubes, created during anodization, formed a stable
interface with the titanium substrate, while the upper part
consisting of TiO, nanoparticles, prepared during hydrothermal
synthesis, increased the catalytic surface of the film and played a
major role in the photocatalytic process. The metal substrate
with a functionalized serpentine channel was sealed with UV-
transparent Plexiglas and integrated with a UV-LED diode
source and power supply. A thorough photocatalytic character-
ization was performed using caffeine as a model pollutant. The
photocatalytic degradation of caffeine in a TiO,-based micro-
reactor follows the Langmuir—Hinshelwood mechanism, and
the apparent reaction rate constant (k,) of 1.82 mmol L™ h™*
and the adsorption coefficient (K) of 17 L mmol™" were
determined. The microreactor still exhibited 60% of its initial
activity after extensive use over an extended period of time (6
months, 3600 cycles). The decrease in the efficiency is most
probably due to the dissolution of surface titania nanoparticles
and a reshaping of the TiO, surface after long-term use of the
microreactor.
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