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In this work a simple method is described for depositing a robust yet highly porous
film of anatase titania nanoparticles with a very high surface area onto the inside
walls of microfluidic devices. A very high loading of 66 g of titania per liter of reactant
solution was achieved. The effectiveness is demonstrated of this deposition method by
producing functionalized microfluidic reactor devices and using them to photocatalyti-
cally degrade air-saturated methylene blue solutions. Experiments were performed
with and without the addition of gaseous oxygen to the microreactors. The addition of
oxygen dramatically enhanced the degradation rate. This highlights the necessity
for supplying additional oxygen to microsystems during photocatalysis since dissolved
oxygen can be rapidly depleted within the small confined space inside microreactors.
With additional gaseous oxygen, the conversion rate for the photodegradation reaction
of 0.1mM methylene blue at a flow rate of 12 ul min~" was 10.6 % s~'. ©2007 American
Institute of Chemical Engineers AIChE J, 53: 695-702, 2007
Keywords: titanium dioxide, anatase, photocatalysis, microreactor fabrication

Introduction a titanium dioxide powder in an aqueous solution, which is
then exposed to UV light. Efficient light coupling and the
subsequent removal of the catalyst from the solution can be
problematic.”* Immobilized systems can be used to overcome
the problem of post process separation, although they tend to
have smaller interfacial surface areas and can be difficult to
apply at larger scales.”®

Microfluidic devices have the potential to be highly effec-
tive for use as photocatalytic reactors due to their inherently
large surface area to volume ratio and ease of interfacing

Correspondence concerning this article should be addressed to A. Iles at a.iles@ with UV light. Although the output of a single device is

Titanium dioxide has enormous potential for use in appli-
cations such as photocatalytic synthesis and the photodegra-
dation of persistent organic compounds.'* However, despite
extensive research, the widespread use of titanium dioxide in
such applications has been restricted due to difficulties in con-
structing a practical system incorporating this photocatalyst.
Typical macroscale systems have involved the suspension of
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small, throughput can be increased by connecting many devi-
©2007 American Institute of Chemical Engineers ces in parallel.” A number of researchers have investigated
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the possibility of using immobilized titanium dioxide in pho-
tocatalytic microsystems.

The group of Maeda investigated the deposition of titanium
dioxide in capillaries.g’9 This was based on the production of
a film of silica/titania nanocomposites, held together with an
organic surfactant. The performance of this system was com-
pared to a monolayer of titania nanoparticles in a capillary
and also to a batch process. Both capillary systems were ca-
pable of decolorizing an aqueous methylene blue (MB) solu-
tion and were more effective than the comparable batch
process. However, the monolayer system had a small active
surface area and, although the surface area of the nanocom-
posite was larger, it is questionable as to whether these
organic/inorganic structures would be robust enough to
survive extended periods in the harsh environment found
inside such a microreactor.

Gorges et al. used anodic spark deposition to create a film
of titania on a microstructured ceramic substrate that was
then bonded to a glass top plate.10 A UV-LED array was
utilized so that a fully solid state system could be realized
for the photodegradation of 4-chlorophenol. The nature of
this fabrication method meant that the film porosity was
variable and only 30% of it was of the photoactive anatase
form. Also, since the substrate material was not transparent,
it would not have been possible to stack multiple devices
and maximize UV light usage.

The group of Kitamori investigated the use of sol-gel me-
thods to deposit a porous titania film for use inside a micro-
reactor.'! The film produced covered only one surface inside
the channel. XRD measurements showed that anatase titania
was present, but the proportion of anatase to rutile in the
film was not reported. The surface area of the film was rela-
tively low since it was only 300 nm thick and was composed
of 100 nm size particles. The device was used to perform a
redox-combined synthesis, but the productivity of the system
was poor due to surface area limitations. MB photodegrada-
tion was also performed, although no data were provided.

Recently, Jones et al. fabricated several types of photoca-
talytic microreactors for protein Cleavage.12 These were based
on the use of titania coated glass, or titania sol gel coated
silica particles. The available surface area and the proportion
of anatase to rutile titania were not discussed.

A practical microfluidic photocatalytic reactor must have a
very large active surface area, be simple and cheap to pro-
duce, yet be robust enough to be used for long periods
without maintenance. Previously reported systems have not
met all of these rigorous requirements. Nanoporous TiO,
films have been studied intensively for their use as electrodes
in applications such as solar cells, rechargeable batteries,
electrochemical synthesis and for smart window/display
systems.13 These um deep films typically consist of a highly
permeable network of interconnected nanometer sized par-
ticles. Reactant solution enters the pore channels and estab-
lishes contact with each particle; hence, heterogeneous redox
reactions can occur at the inner surface throughout the entire
volume of the film. The idea behind this study was to combine
the beneficial properties of these nanoporous films with micro-
fluidic devices to produce highly effective systems for photo-
catalysis. Hence, in this work we describe a simple technique
for depositing a robust, nanoporous large surface area TiO,
film onto the inside walls of microfluidic reactor devices.
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Methylene blue (MB) has been used as a model compound
to demonstrate the performance of numerous bulk scale
titania based photodegradation systems. These studies have
shown that the efficiency of the degradation process is de-
pendent upon a number of factors, including: photocatalyst
particle size and loading, temperature, light intensity, solu-
tion pH, and the dissolved oxygen concentration (DOC).'* 16
It is generally assumed that degradation occurs predomi-
nantly via the formation of powerful oxidizing species such
as hydroxyl radicals on the surface of the photocatalyst dur-
ing illumination. However, the efficiency of hydroxyl radical
formation is strongly dependent on the DOC, since the pre-
sence of oxygen suppresses electron/hole recombination by
scavenging electrons. It has been shown that when the DOC
is below 5 mg 17", the degradation rate of MB by TiO, is
severely affected.'® Furthermore, if the DOC drops below
0.32 mg 17!, then the reduced, colorless form of MB, leuco-
methylene blue (LMB), is rapidly formed. This is a reversi-
ble photo-bleaching effect, not a degradation reaction, which
indicates that the hydroxyl radical formation process is ex-
tremely inefficient in the absence of dissolved oxygen. The
exposure of LMB solutions to oxygen reverses the decolor-
ization process. Hence, as noted by Mills et al.,'” when using
the change in red light absorbance of MB solutions to
measure the extent of photodegradation, it is critically impor-
tant to expose the reacted solutions to air, before performing
measurements.

The effectiveness of the devices produced using our new
technique was demonstrated by applying them to the photo-
degradation of MB. None of the previously reported micro-
scale systems were operated with additional oxygen. The
solubility of oxygen in water is relatively low and, in a
microfluidic photodegradation system, the dissolved oxygen
is likely to be depleted very quickly, especially if the photo-
degradation rate is high. However, a major advantage of mi-
crofluidic systems is that gasses such as oxygen and solutions
can be efficiently manipulated and mixed within a single
device. We show that the effectiveness of microfluidic cata-
lytic photodegradation reactors can be significantly enhanced
by supplying additional oxygen to these systems. Although
in many respects, microfluidic reactors are potentially an
ideal platform for photodegradation reactions, we suggest
that such systems are ultimately limited by the availability of
oxygen inside the microchannels of a device.

Experimental
Microfluidic device fabrication

1.5 mm thick soda-lime glass blank wafers, as well as
wafers pre-coated with low reflective chromium and photo-
resist, were obtained from Nanofilm (Westlake, USA). The
coated wafers were micro-patterned using direct write laser
lithography (DWL, Heidelberg Instruments, Germany); and a
serpentine channel with two inlets and one outlet, as shown
in Figure 1, was wet-etched into the glass to the desired
depth (50 pum) using buffered NH4F/HF solution. The inner
area and volume of the etched chip were calculated to be
1.58 cm® and 2.97 ul, respectively. The projected area was
measured to be 0.53 cm>. After etching, access holes were
drilled ultrasonically (SOM-21, Shinoda, Tokyo, Japan). Prior
to bonding, the wafer surfaces were degreased with acetone
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Figure 1. Chip design.

The microfluidic reactor contained 11 rows with 32 side
lobes per row to increase surface area. It was isotropically
etched to a depth of 50 um, and the channel width was
approximately 150 um. Note the secondary inlet for oxygen
introduction (if required).

and then iso-propanol. Subsequently, the surfaces were im-
mersed in heated piranha solution for 1 h. The wafers were
then washed with deionized water and were ready for bond-
ing. The structured wafer was then thermally bonded to a
blank sealing wafer by applying slight pressure and heating
to 570°C for 10 h in air. After bonding, silica capillaries
(150 um i.d., Polymicro, USA) were glued into the access
holes using Araldite 2014 (RS Components, Corby, UK).

Deposition method

A colloidal TiO, suspension of a suitable loading was
manufactured using Ishihara STS-01 (Ishihara Sangyo, Osaka,
Japan). The best deposition results were obtained when a
colloid of 11% dry content was used. The appropriate con-
centration was obtained by diluting the STS-01 suspension
with nitric acid of pH 1. The suspension was sonicated for
30 min before usage to ensure homogenous dispersion.
Before filling the microdevices with TiO, suspension, the
channels were flushed with a solution of 2 M NaOH for
20 min and were subsequently flushed with deionized water.
The microdevices were filled with TiO, suspension using a
syringe pump (Harvard Apparatus 11 Plus). Then, nitrogen
gas was pumped through these devices to remove the excess
TiO, suspension. The TiO, treated chips were then heated in
air at 400°C for 6 h.

Film analysis and methylene blue degradation

Microstructural observations of TiO, layers deposited onto
the channel walls in the microfluidic chips were performed
using an optical microscope (Nikon Eclipse TE 2000-U) and
a field emission scanning electron microscope (Hitachi
S-4800). Well-defined cross sections of the coated channels
were obtained by scribing the bonded chips on the upper and
lower sides with a diamond cutter and subsequently breaking
the chip apart along the scribe lines.

The surface area of the TiO, layer was obtained by BET
measurements (Quantachrome Autosorb-1 sorption analyzer).
The samples were outgassed at 200°C for 1 h before the
adsorption measurements. The specific surface area calcula-
tion was based on a seven-point measurement. The powder
used for the surface area and XRD analyses was prepared by
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depositing a one micron thick layer of TiO, suspension onto
a large glass plate and heating the deposited layer in air at
400°C for 6 h. The heated layer was then scraped off the
glass plate yielding millimeter and submillimeter flakes of
sintered particles. The specific surface area was calculated
using the BET method. The crystal structure of the powders
was determined by X-ray diffraction (RINT 2200, Rigaku)
using CuKo radiation. The porosity of the deposited film was
obtained by a method described previously.18

Photocatalytic reactions were carried out by illuminating
the microreactors with UV-light from a combined mercury-
xenon arc lamp (Supercure-352S, San-Ei Electric). This lamp
was equipped with a light guide. For each experiment, a
microreactor was placed 2.5 cm from the UV lamp light-
guide while a 0.1 mM solution of methylene blue (MB)
(Fluka; +97%) in deionized water of pH 7.0 was pumped
through the device using a syringe pump. According to
literature, this concentration can be estimated to result in a
mixture of 59% dimeric- and 41% monomeric MB.'” The
photodegraded solution was collected in a closed plastic vial
in order to prevent the evaporation of solvent during the
course of the experiment. Gaseous oxygen was introduced
into the microreactors as required, by connecting an oxygen
cylinder via a reduction regulator. This produced alternating
plugs of liquid and gas traveling through the microfluidic
channel. The pressure of the gas was adjusted so that the
plugs of gas and liquid in the channel were of a similar
length (approximately 4mm). Hence, this reduced the liquid
residence time by approximately a factor of two. The reac-
tant solutions were analyzed using absorption spectroscopy.
Absorbance spectra were obtained using quartz cuvettes and
a UV-VIS-NIR spectrophotometer (Jasco V-570).

Lamp spectral intensity measurements were performed with
a Spectroradiometer (Ushio USR-30) positioned at the work-
ing distance (2.5 cm from the end of the light guide). The
total integrated incident intensity between 200 and 800 nm
from the UV lamp was 1.0 W cm ™2 A layer of glass of the
type used for the chip substrate material was placed between
the light guide and the spectroradiometer so that the total
integrated intensity spectrum impinging on the TiO, layer
inside the chip device could be estimated. This was found to
be 625 mW cmfz, which means that 375 mW cm ™2 was lost
due to reflection losses and absorption in the glass. A similar
measurement was then performed with a 2 pum thick TiO,
film deposited onto a layer of substrate glass. The total transmit-
ted integrated intensity of this spectrum was 474 mW cm 2,
which means that 526 mW cm 2 was lost due to reflection
losses and absorption in the glass and TiO,. Adding these loses
gives 900 mW cm ™2 and, hence, approximately 100 mW cm 2
is absorbed in the TiO, layer. The amount of light that was
absorbed in the chip was also calculated from spectral intensity
measurements on the chip glass substrate (see above) and
absorption measurements of a 2 um thick film of titania particles
on a quartz sheet using an integrating sphere (Jasco V-570).
This calculated integrated absorbed power within the TiO, layer
was 111 mW cm 2, that is, close to 100 mW cm 2, verifying
that the absorption measurement was reasonably correct. No
correction for reflection was made for the TiO, coated quartz
slide and, hence, a value of 111 mW c¢m ™2 is the upper limit of
light absorption in the TiO, layer. The geometry of the chip
made it difficult to estimate the magnitude of the error intro-
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Figure 2. (Top) Microscope top view picture of a micro-
reactor with a TiO, film deposited onto the
walls (magnification x200); (bottom) Cross
sectional SEM picture of deposited TiO, layer
onto the walls inside a microreactor.

duced for the approximation used for the effective film thick-
ness. This is because optical effects such as light scattering and
light reflection might increase or decrease light absorption in
the TiO, layer.

The stability of the lamp system was monitored over a
period of 3.5 days using a photodiode. The maximum varia-
tion in the light intensity from the lamp during this period
was +8%.

To estimate the amount of MB adsorbed onto the surface
of the TiO, inside the microdevice, we mixed 0.066 g of
sintered TiO, powder (obtained from STS-01 suspension)
with 1 g of MB solution at 0.1 mM MB in a vial and meas-
ured the absorbance change of the MB solution after equili-
bration. The ratio of 66 g of TiO, to 1 liter of MB solution
corresponded to the estimated ratio between the amount of
MB solution and TiO, in the microfluidic chip.

Results and Discussion

As can be seen from optical and SEM observations
(Figure 2), a porous film of titania was deposited on the
inside of the microreactors using the method described, even
though the geometry of the chip layout was relatively com-
plex. The film thickness was roughly 1 um. The porosity of
the TiO, layer was measured to be 67%. An 11% titania
solution was found to give the best results. Higher concentra-
tions produced films that cracked and peeled after drying. By
taking the inner surface area of the etched channel walls
(1.57 sz), the film porosity, the density of anatase, and the
layer thickness, we estimated the total photoactive TiO,
surface area inside the chip to be roughly 520 cm?. The film
proved to be very robust, in terms of its mechanical stability;
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it did not crack or peel even after several days of continuous
operation. However, the film could be removed by pumping
alkaline solutions through the device, such as 2.0 M sodium
hydroxide. This delamination was probably due to the
sodium hydroxide attacking the glass channel walls.

Figure 3 shows X-ray diffraction patterns of the TiO, films
that were heated to different temperatures for 6 h. All dif-
fraction peaks in all spectra can be attributed to the anatase
polymorph, the most photoactive form of titania. The esti-
mated particle size using the Scherrer equation'® was roughly
7 nm, 12 nm, and 15 nm for temperatures of 70°C, 400°C,
and 450°C, respectively. Hence, heating to 400—450°C led to
a certain amount of particle growth. In this work we used a
sintering temperature of 400°C, which means that assuming a
mean particle diameter of 12 nm, a 1 um thick film would
have a depth of about 83 particles. The high porosity in
combination with the small particle size resulted in a surface
area of this deposited film of 260 m? g~!, which is about
seven times higher than previously reported values for films
of titania deposited within photocatalytic microreactors.'’
Films heated at low temperatures were not sufficiently
robust. Films heated to 450°C resulted in an anatase film
with a smaller BET surface area (130 m* g~ ). Consequently,
for our devices we heated the films to 400°C to consolidate
the film, produce a robust layer, and achieve as large a
surface area in the channels as possible.

The results of the application of our photocatalytic micro-
reactors to the degradation of methylene blue are shown in
Figure 4. The decrease in the peak intensity at 664 nm was
used as a measure of the amount of degradation. A 9%
decrease in absorbance, corresponding to a degradation rate
of 0.30 % s~ ' (effective residence time 30 s), was observed
under UV illumination when MB solution and oxygen were
pumped through a chip without a TiO, film. The degradation
of MB by UV alone is a well-known effect.”® The reactant
solutions did not change color once exposed to air, which
indicates that the intensity decrease was due to degradation
and not due to formation of the reduced MB form.

The presence of the titania film had a significant effect on
the concentration of MB observed in the effluent. A 38%

400°C

Intensity / a.u.

70°C

T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90
2 Theta / deg

Figure 3. XRD patterns for deposited TiO, films heated
to different temperatures for 6 h.
Crystallographic planes are indicated for each peak.
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decrease in absorbance was observed when an aerated MB
solution was pumped through a TiO, coated chip at 3 ul
min~ ' and exposed to UV light; see Figure 4. This corre-
sponds to a conversion rate of 0.63 % s~ ! (residence time 60 s).
The addition of oxygen to the TiO, coated microdevices had
a dramatic effect on the degradation process. Even though
the introduction of gaseous oxygen reduced the residence
time of the solution within the microdevice, a 99.9% decrease
in absorbance was observed when pumping MB solution at
3 ul min~' and oxygen gas through the UV exposed TiO,
coated chip. This corresponds to a conversion rate of 3.33 % s~ '
(effective residence time 30 s). It can be seen that between 300
and 800 nm, the absorbance has been reduced almost to zero.
Below 250 nm, an increase in absorbance can be observed. This
is probably due to the oxidation of the nitrogen and sulfur in the
methylene blue to produce nitrates and sulphates; see Eq. 1
below.?! Figure 4 also shows the spectrum obtained from MB
solution pumped at 12 ul min~" through the UV exposed TiO,
coated chip in the presence of additional gaseous oxygen. As
can be seen, an 80% decrease (effective residence time 7.5 s,
conversion rate: 10.6% s~ ') was still observed, even at this
higher flow rate.

Our MB reactant solutions did not regain their color after
exposure to air, which strongly indicates that the LMB form
of MB was not produced and that truly irreversible photo-
degradation of MB was achieved. The enormous difference
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!, respectively, through a UV exposed chip with a TiO, coat-

between the photodegradation of an aerated solution and a
solution with additional gaseous oxygen can be attributed to
the difference in the amount of available oxygen in the micro-
channels in these two experiments. The reaction for the com-
plete degradation of MB is shown below:

CeH sN3SCI + 25.50, =22V HCI + H,S0, + 3HNO;

+16CO, + 6H,0 (1)

As can be seen from Eq. 1 above, a 0.1 mM solution of MB,
as used in these experiments, would require 2.55 mM of
oxygen for complete degradation. However, an air-saturated
solution at room temperature and atmospheric pressure can
only contain 0.25 mM of dissolved oxygen. In the minute
confined space within our microfluidic devices, we have a
high light intensity, a high concentration of MB, and a large
active TiO, surface area. Hence, the dissolved oxygen in the
aerated MB solutions can be depleted rapidly by photoreac-
tions. Pumping both oxygen and MB solution through the
chip ensures the availability of oxygen throughout the micro-
fluidic network at any given time. This observation highlights
the importance of providing a sufficient amount of oxygen
when performing photodegradation processes within micro-
fluidic chips. There are many reasons why oxygen improves
the photodegradation rate of methylene blue:
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(a) Oxygen suppresses direct electron-hole recombination
within the particles by acting as an electron acceptor at the
TiO, surface forming O,, which is a powerful oxidant. The
removal of electrons also improves the charge separation and
creates more holes and OH radicals that are then available
for photodegradation of MB.

(b) The oxygen prevents MB from being reduced into the
leuco form LMB at the TiO, surface by competing kineti-
cally with MB in electron acceptance at the TiO, surface.

(c) Oxygen rapidly oxidizes any LMB that is formed back
into the MB form and, in the process, produces o,

(d) Pumping oxygen through the chip effectively improves
the mass transfer by increasing the mixing of reactants in the
reactor.

In an attempt to determine the number of photons absorbed
in the deposited TiO, layer inside the chip, we approximated
the effective light absorbing path length of TiO, inside the
channels to be 2 um, since SEM pictures revealed that the
TiO, films were roughly 1 um thick on each surface. The
spectral intensity distribution of the light reaching the TiO,
on the channel walls in our microdevices is plotted in Figure
5a. The absorption spectrum of a 2.0 um thick TiO, film
deposited on quartz is also plotted in Figure 5b. As can be
seen, the TiO, film only absorbs a small fraction of the light
that has passed through one bare glass chip substrate. Figure Sc
shows the intensity distribution of the absorbed photons in
the TiO, layer as obtained from Figures 5a and 5b. We cal-
culated the total power absorbed in the deposited TiO, film
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to be 59 mW and the total number of photons absorbed
in the TiO, film to be 1.0 x 10'7 s™'. This level of power
means that our system was operated in a regime where the
reaction rate was independent of light intensity.*> Flow rates
of 3 ul min~" and 12 ul min™" correspond to 3.0 x 10'? and
12 x 10" MB molecules passing through the chip per
second, respectively. Hence, the number of photogenerated
charge carriers was far in excess of the number of MB
molecules. Although the total mineralization of one MB
molecule requires 102 oxidizing equivalents that must be pro-
duced by photoelectrochemical reactions,'” there were still
more than enough photons to perform the complete photode-
gradation of MB. However, even though there were sufficient
photons available for the reaction, at a flow rate of 3 yl min™"
MB was not completely destroyed unless additional oxygen
was present. This shows that light intensity alone is not suffi-
cient to achieve TiO, catalyzed MB photodegradation since
without the presence of adequate oxygen, the formation of
oxidizing species is extremely inefficient.

At the higher flow rate of 12 ul min~" with added oxygen,
complete destruction was not achieved, despite the high pho-
ton flux. Hence, the influence of mass transfer effects on the
photodegradation efficiency must be evaluated. Fast mass
transfer of MB to the TiO, on the channel walls and fast
mass transfer inside the TiO, film combined with strong
adsorption of MB onto the surface of the TiO, are essential
for efficient photochemical degradation. From the Einstein
relation for molecular diffusion, we estimated the average

March 2007 Vol. 53, No. 3 AIChE Journal



time for an MB molecule to reach the channel walls to be
approximately 10 s (assuming an average traveling distance
of 35 um for MB molecules in this microfluidic geometry
and an MB diffusion coefficient of 5.7 x 107° cm® s™").”
Without the supply of additional oxygen, the flow rates of
12 and 3 pl min~' used in this article resulted in maximum
residence times of 15 s and 60 s, respectively. Assuming perfect
laminar flow and negligible MB adsorption onto the TiO, par-
ticles, then the average MB molecule would contact the TiO,
layer only 1.5 or 6 times (at 12 gl min~" and 3 gl min ™", respec-
tively) during passage through the chip. However, experiments
with sintered powder and MB solutions (see Experimental sec-
tion) showed that the adsorption interaction between MB mole-
cules and TiO, is fairly strong. Additionally, the average time
for an MB molecule to diffuse through a 1 um porous TiO, film
can be estimated to be roughly 1 ms using an obstruction factor
of two.?* Therefore, the diffusion of MB through the porous
TiO, layer is also not a limiting factor. These estimates indicate
that there are no mass transfer limitations in this system and the
degradation process is limited by intrinsic reaction kinetics.
Previously, Gorges et al. showed how mass transfer limita-
tions in microfluidic reactors containing porous photocata-
lysts can be estimated from the Damkdhler number, D, '°

ky - dy

Dy =
"7 366-A-D- (K +cp)

(@)

where k, is the apparent system dependent rate constant, d;, the
hydrodynamic diameter (d;, = 6.6 x 1074 dm), A the interfacial
area per unit volume of the TiO, film (A = 3340 dm™"), D the
molecular diffusion coefficient, K the Langmuir adsorption
coefficient, and cy, the bulk concentration of the solution (¢, =
10~* M). For D,y values of less than 0.1, the reaction rate can
be considered limited by the intrinsic kinetics of the photoreac-
tions. Substituting parameters with values obtained from the lit-
erature (k, = 9.9 x 10 M ' s 12! Dy = 5.7 x 107% dm?
s71.2 and Ky = 20 mM ™! %) results in a maximal D.n
value of 6.3 x 10~* when using the highest figure for k, in
the literature, which again verifies that the photoreaction rate
is not limited by mass transfer of MB. Having excluded pho-
ton flux and MB mass transfer effects, the limiting factor for
MB photodegradation in this system can only be attributed to
the mass transfer of oxygen. In order to estimate the Dam-
kohler number for oxygen, it is necessary to determine the
bulk concentration of dissolved oxygen in the microchannel.
However, it was not possible to estimate the rate and homo-
geneity of the dissolved gas distribution within the micro-
channel when additional oxygen was supplied, and so the
D,y value for this system could not be calculated.

Li et al.® fabricated photocatalytic microreactors by de-
positing composite silica-titania anatase structures, held to-
gether with a surfactant, polyethyleneimine (PEI). In the
harsh environment found inside a titania photoreactor, we
were concerned as to whether PEI would remain unaffected.
Hence, we obtained a sample of PEI (Wako Pure Chemical;
average M,, 600), prepared a 40 mg 1" solution of this surfac-
tant and passed it through one of our photocatalytic microreac-
tors, in both the presence and absence of added oxygen.

As can be seen from Figure 6, the absorption spectra of
the PEI after passing through the device are significantly dif-
ferent, especially when additional oxygen is present. This
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Figure 6. Absorbance spectra of polyethylene imine
(PEI) solutions.

(a) Reference solution 40 mg 171, (b) PEI in aerated water
(40 mg 1" ") photodegraded using a TiO, coated microreac-
tor exposed to UV light. (c) PEI solution (40 mg 1°')
photodegraded using a TiO, coated microreactor exposed
to UV light with the addition of gaseous oxygen. The flow
rate in each case was 3 ul min~ .

shows that PEI is seriously affected by contact with anatase
titania and UV light. The increase in absorbance that can be
observed in the far UV is probably due to the oxidation of
the organic nitrogen within PEI to form nitrates.>> Although
Li et al. did not report on the long term stability of their
system, our experiments show that it is unlikely that such
composite structures would be suitable for long term opera-
tion within a photocatalytic microreactor.

In order to establish the robustness of our devices, we in-
vestigated the effects of running a microreactor continuously
over a period of several days. A high flow rate (12 ul™'
min~') of MB was used and additional oxygen was not
supplied. This was to see whether the microreactor would be
overwhelmed under such conditions. Effluent samples were
collected at intervals from the device. Some variation was
noted, although this was within what would be expected due to
lamp output variations. Even after extended periods of opera-
tion, no deterioration in device performance was observed.

Previously reported photocatalytic microreactors fabricated
using sol gel and spark deposition methods involved several
complicated fabrication steps and produced devices where
only one surface was coated. Our deposition process involves
a simple modification to conventional chip fabrication meth-
ods. All surfaces inside the device are coated, and the
method can be applied to a wide range of pre-manufactured
microfluidic devices. For our experiments, we used soda lime
glass as it is cheap, readily available, and easy to work with.
It is also sufficiently UV transparent (89.5% transparent for a
1.5 mm thick substrate at 365 nm). The use of quartz sub-
strates could be used to improve performance, as this would
allow the effective use of deep UV lines from the lamp that
would be more readily absorbed by the TiO, film.

The microreactors used in this work were not specifically
designed for photocatalysis, and so there is significant room
for design optimization. With a simple redesign, the chip lay-
out could be improved to maximize the available surface
area and improve gas/liquid mixing. The lamp system is not
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particularly efficient, and it cannot be used for more than
1000 h before the lamp must be exchanged. This could be
replaced with an LED system, which would mean that a
robust, low power, low cost, fully solid state system could be
realized. Such a system could be operated for very long peri-
ods of time without maintenance. Further improvements
could be made by enhancing the light coupling to the system
and by operating multiple devices in parallel. These devices
could be illuminated from both sides to increase the absorbed
light intensity or even stacked to maximize the efficient
usage of available light.

Conclusions

We have shown that it is possible to deposit a highly
porous anatase film with a very high surface area onto the
inside walls of microreactor devices and have demonstrated
that such devices can be used for photodegradation. These
devices were found to be very robust and could operate for
long periods of time without loss of performance. Photocata-
lytic devices fabricated using our new method could be used
in an enormous range of different catalysis systems, not just
for photodegradation. Hence, it is likely that they will be uti-
lized in many different areas of chemistry and biochemistry.

Microreactors are potentially an ideal platform for photo-
catalysis since a large amount of light can be absorbed in a
thin, immobilized, high surface area photoactive layer held
within a very small volume that can be efficiently coupled to
a light source. As we have shown, an extremely high loading
factor of 66 g of anatase TiO, per liter of MB solution can
be realized while maintaining homogenous excitation in the
photoactive layer. Such a high loading with a macroscale
suspension system would be extremely inefficient since
homogeneous excitation would not be possible. Furthermore,
although the small confined space within a microreactor lim-
its the availability of oxygen, which plays a significant role
in photodegradation processes, gaseous oxygen can be added
to overcome this limitation. In order to realize the full poten-
tial of microreactors for photodegradation, future studies will
have to address the problem of designing microreactors that
can maximize the efficient incorporation of oxygen.
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