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ABSTRACT: Optofluidic microreactors are promising prospects for photocatalytic reactions. However, because the flow type in
conventional designs is typically laminar, the mass transport mainly relies on diffusion, and thus the rate of mass transport is
limited. Accordingly, poor mass transport reduces the photocatalytic reaction rate. To alleviate the limitation of mass transport, in
this work, we proposed a novel optofluidic microreactor with TiO2-coated fiberglasses immersed in the microreaction chamber.
Such a design enables enhanced mass transport by shortening the transport length and inducing the perturbation to liquid flow
so as to improve the performance. We demonstrated the feasibility of the optofluidic microreactor with the TiO2-coated
fiberglass by the photocatalytic water treatment of methylene blue under UV irradiation. Results showed that the proposed
optofluidic microreactor yielded much higher degradation efficiency than did the conventional optofluidic microreactor as a
result of enhanced mass transport. The microreactor with the TiO2-coated fiberglass showed a 2−3-fold improvement in the
reaction rate constant as opposed to conventional ones. The maximal increment of the degradation efficiency can reach more
than 40%.
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1. INTRODUCTION

Optofluidics is an emergent technology that combines
microfluidics and modern optics in the same platform to
leverage specific advantages of these two disciplines, such as
fine flow control, large surface-area-to-volume ratio, and short
light path.1−3 These intrinsic features of optofluidics allow it to
be used in a broad range of applications including chemical
synthesis,4 environmental protection,5 energy production,6

drug delivery,7 online analysis,8 and other aspects.9 In recent
years, because optofluidic microreactors can not only enable an
intense and uniform light distribution by improving the photon
transport but also realize an adequate interaction between fluid
and light through enhancing the mass transport, the application
of optofluidics to photoreaction and chemical reaction systems
received wide attention. As mass and photon transport
significantly affect the rate of photoreaction and chemical
reaction, this new technology of an optofluidic microreactor is
well suited for such systems to increase the reaction rates.10

Photocatalytic wastewater treatment of pollutants from
textile industries is a typical photoreaction system. In a
conventional reactor, such water treatment systems are typically

implemented by large closed reactors with the catalyst
suspended in the solution.11 In this strategy, photocatalysts
need to be recovered at the downstream by centrifuges, filters,
and washing and then are reused, which greatly increases the
capital and operational costs. To solve this problem, another
strategy was proposed by direct coating of the catalyst onto the
reactor inner surfaces or built-in structures.12−15 In such
reactors, however, not only is the photon transport poor but
also the rate of mass transport is low as a result of large mass-
transport resistance, both of which decrease the photocatalytic
reaction rate. Luckily, it has been found that the above-limiting
factors in the present reactors can be overcome by the
optofluidic microreactor because of the above-mentioned
advantages, which has been demonstrated by several
reports.16−18 For example, Erickson et al. designed an
optofluidic microreactor to study the photocatalytic water
splitting and demonstrated that such a platform had the
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potential to enhance the reaction rate.19 Lei et al. proved that
the reaction rate constant of the optofluidic microreactor was
100 times greater than that of the bulk reactor.20 Moreover,
optofluidic microreactors are able to realize the photocatalytic
reaction within a few seconds rather than the typically several
hours in large-scale reactors.21−23

Although promising, current designs of the optofluidic
microreactor still face a major problem; i.e., the mass-transport
capacity is unsatisfied because the flow type in optofluidic
microreactors is typically laminar and mass transport mainly
relies on diffusion, which hinders further improvement in the
photocatalytic reaction rate. Under such circumstances, the
development of a new optofluidic microreactor with a high
mass transport rate is of importance in reality. In the present
study, a novel optofluidic microreactor with TiO2-coated
fiberglass (termed the fiberglass microreactor) was proposed
to enhance mass transport in the microreactor. The feasibility
of this design was demonstrated by the photocatalytic
degradation of methylene blue under UV irradiance.

2. NEW DESIGN OF THE OPTOFLUIDIC
MICROREACTOR

As discussed above, the enhancement of mass transport is
essential to improve the performance of current optofluidic
microreactors. To this end, a new design of the optofluidic
microreactor was proposed in this work, as sketched in Figure
1. Unlike the conventional layout in which the catalysts were

coated on the microchamber inner surface, in this new design,
the catalysts were coated onto the surface of the fiberglass and
then the catalyst-coated fiberglasses were loaded into the
optofluidic microreactor. As shown, this optofluidic micro-
reactor was composed of a reaction microchamber containing
catalyst-coated fiberglass and two micropores as the inlet and
outlet. At both the inlet and outlet, tree-branch-shaped
microchannels were adopted to ensure a uniform filling over
the entire reaction microchamber. During the working process,
reactants transport to the surface of the photocatalyst-coated
fiberglass, on which the photocatalytic reactions occur.
Such a design provides two unique merits. The first one is

the short transport length. The catalyst-coated fiberglass was
suspended in the microreactor. Reactants only need to
transport to the catalyst surface of the suspended fiberglass
instead of the microchamber surfaces, shortening the transport
length and thereby enhancing mass transport. The second one
is the induction of perturbation to the liquid flow. The catalyst-

coated fiberglass was suspended in the microreaction chamber
with a random structure. Perturbation to the liquid flow can be
created, further enhancing mass transport. Consequently, the
mass transport capacity in this new optofluidic microreactor can
be dramatically improved, thereby accelerating the photo-
catalytic reaction rate.

3. EXPERIMENTAL SECTION
3.1. Fabrication of TiO2-Coated Fiberglass. The nanocatalyst of

TiO2 (Degussa P25, the mean size of primary particles is 25 nm) was
used for the degradation of methylene blue (MB) in this work. The
TiO2-coated fiberglass was prepared by a sol−gel method,24 which
included two stages: preparing the TiO2 colloid and coating TiO2 on
the fiberglass. In the first stage, 12 g of TiO2 nanoparticles was
dispersed in the mixture of 120 mL of deionized (DI) water and 0.4
mL of acetylacetone (Sigma-Aldrich) with magnetic stirring. Then 0.2
mL of Triton X-100 was added to facilitate the spreading of the
colloid. After that, 2.4 g of poly(ethylene glycol) was added to the
solution. The solution was then mixed for 12 h. In the second stage, a
bundle of fiberglass was stretched in a glass dish. Ethanol was added to
disperse the fiberglass, and then the fiberglass was dried under 80 °C
for 5 min. Next, the prepared TiO2 colloid was diluted by ethanol and
then added into the glass dish. The fiberglass was soaked in the colloid
for 50 min to allow the nanocatalysts to be adsorbed onto the surface
of the fiberglass. At last, the fiberglasses were collected and dried in air
at 80 °C for 1 h, which was followed by calcination in air for 2 h at 500
°C to form the catalyst-coated fiberglass.

3.2. Optofluidic Microreactor Fabrication. Poly-
(dimethylsiloxane) (PDMS) is a typical material to fabricate
optofluidic microreactors because of its wide merits such as optical
transparence, chemical inertness, and easy and rapid fabrication. In this
experiment, the optofluidic microreactor was made by PDMS and a
glass slide. The fiberglass coated with TiO2 was sealed between the
PDMS chip and a glass cover. The PDMS layer with a built-in
microchamber was fabricated by the replica molding method in two
steps.25 In the first step, a master mold was prepared from the
designed patterns by following the photolithography process. A
negative photoresist (SU-8, MicroChem) was first spun onto a silicon
wafer and prebaked. Next, the wafer with the photoresist was exposed
to UV light through a printed mask with the designed patterns. After
the soft-bake, the unexposed photoresist was removed with a
developer solvent to form the master mold, which was then postbaked
for 20 min. The resulting SU-8 height was 250 μm, corresponding to
the depth of the microchamber. In the second step, the PDMS chip
was formed on the developed master mold. A polymer base (Sylgard
184 A, Dow Corning) and curing agent (Sylgard 184 B, Dow
Corning) were mixed at a ratio of 10:1 and degassed. Then, the
mixture was cast onto the patterned wafer and baked at 95 °C for 120
min. After that, PDMS was released from the patterned wafer and cut
into a chip. Finally, the developed PDMS chip was plasma-treated in
air and bound to a glass slide loaded with the prepared catalyst-coated
fiberglass to form an optofluidic microreactor with a 50 μL reaction
microchamber (2.0 cm length, 1.0 cm width, and 250 μm height) and
tree-branch-shaped microchannels connected to the inlet and outlet
micropores. A detailed fabrication procedure and the image of the
fabricated optofluidic microreactor are given in parts a and b of Figure
2, respectively.

In this study, to evaluate the performance of the developed
optofluidic microreactor with catalyst-coated fiberglass, a conventional
planar microreactor was also fabricated as a reference. In this reference
microreactor, TiO2 nanocatalysts were directly coated onto the inside
surface of the glass slide cover instead of the fiberglass to form a planar
film (termed the film microreactor). The fabrication procedure
included the preparation of a TiO2 colloid, dilution of the prepared
colloid by ethanol, spraying of the diluted colloid onto the glass slide
followed by drying at 80 °C, and finally calcining in air for 2 h at 500
°C. The active surface area on the glass slide was 2.0 cm2 (1.0 cm × 2.0
cm), and the total catalyst loading was about 130 μg. Correspondingly,
220 catalyst-coated fiberglasses with a length of 2.0 cm were added

Figure 1. Schematic of the optofluidic microreactor with the catalyst-
coated fiberglass.
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into the fiberglass microreactor, which resulted in the same total
catalyst loading and active surface area as the film microreactor.
3.3. Experiment Setup. To demonstrate the feasibility of the

developed optofluidic microreactor, MB, which is a common residual
in wastewater from the textile industry, was used as a contaminant for
water treatment. In this study, MB was dissolved into DI water and the
pH value was maintained at 7.0. During the experiment, two syringe
needles were connected to the inlet and outlet micropores. The
prepared MB solution was introduced into the optofluidic micro-
reactor by a syringe pump (LSP04-1A, Longer) through the needle.
The optofluidic microreactor was illuminated by a 150 W mercury
lamp with a wavelength range of 310−400 nm to ensure photocatalytic
reactions. In addition, to avoid the temperature effect caused by
illumination, the optofluidic microreactor was kept in a cooling bath to
control the operating temperature. The UV illumination intensity was
measured by a UV radiometer (UV-A, Photoelectric Instrument
Factory of Beijing Normal University, China). The MB concentrations
were characterized by the absorption spectra using a UV−visible
spectrophotometer (TU-1901, Persee) at a wavelength of 664 nm,
which corresponds to the absorbance peak of MB. Both microreactors
were operated for 1 h to reach the absorption balance before normal
experiments. Each experiment was repeated four times. Student’s t-
tests (P < 0.05) were performed for all experimental results, and error
bars represent standard deviations from the average value.

4. RESULTS AND DISCUSSION
4.1. Morphology of TiO2-Coated Fiberglass. The

catalyst loading of a TiO2-coated fiberglass was 0.68 μg·mm−2

with respect to the fiberglass outer surface, its morphology was
characterized using scanning electron microscopy (SEM), and

the results are shown in Figure 3 (left). It can be seen that TiO2
nanoparticles were uniformly coated on the surface of the

fiberglass. Figure 3 (right) shows the SEM image of the
fiberglass without TiO2. The diameters of the fiberglass with
and without TiO2 were 14.2 and 13.6 μm, respectively,
concluding that the thickness of the catalyst layer was about
0.3 μm.

4.2. Comparability of the Durability. The durability is a
key parameter to represent the performance of the micro-
reactor. Hence, both fiberglass and film microreactors were
operated over a long period to assess this feature. In the testing,
a MB solution with a concentration of 2 × 10−5 M was
introduced into microreactors at a flow rate of 33.3 μL·min−1

and irradiated under a UV irradiance of 2 mW·cm−2. For the
film microreactor, light was irradiated from the top to the TiO2
film through the fluidic layer. The degradation efficiencies of
both microreactors were measured after operations of 90, 180,
270, 360, 450, and 540 min, respectively. Because these two
microreactors had the same catalyst loading, active surface area,
and microchamber dimensions, the difference between these
two microreactors mainly relies on the mass transport capacity,
resulting from their respective intrinsic structures.
Variation of the degradation efficiency with the operation

time is compared in Figure 4. As shown, the degradation
efficiency of both microreactors declined slowly as the
operation time increased. For the fiberglass microreactor, the

Figure 2. (a) Fabrication procedure of a PDMS/glass-based
optofluidic microreactor with the catalyst-coated fiberglass. (b)
Image of a fabricated optofluidic microreactor with the catalyst-coated
fiberglass.

Figure 3. SEM images of the fiberglass with TiO2 catalyst (left) and
without TiO2 catalyst (right).

Figure 4. Degradation of MB as a function of the operation time. MB
concentration: 2 × 10−5 M. Flow rate: 33.3 μL·min−1. Residence time:
90 s. Fiberglass quantity: 220.
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degradation efficiency decreased from 97.3 ± 0.7% to 89.0 ±
0.5%, while a reduction from 64.0 ± 3.7% to 48.1 ± 2.3% for
the film microreactor was observed. The decrease in the
degradation efficiency of these two microreactors can be
attributed to the intermediates produced by photocatalytic
reactions. During the MB degradation process, the inter-
mediates produced by photocatalytic reactions adsorbed on the
catalytic surfaces, lowering the active surface area. The lowered
active surface area slowed the photocatalytic reaction rate and
thus decreased the efficiency. As time progressed, coverage by
the intermediates slowly upgraded so that the degradation
efficiency gradually decreased. Once production and removal of
the intermediates reached a balance, the degradation efficiency
became relatively stable. More importantly, it can be seen from
Figure 4 that the degradation efficiency of the fiberglass
microreactor could reach 90%, which was much higher than
that of the film microreactor. Because the catalyst loading and
active surface area were the same in these two microreactors,
enhancement of the degradation efficiency for the fiberglass
microreactor can be solely attributed to the reasons mentioned
in the preceding section. The addition of the catalyst-coated
fiberglass into the microreactor not only shortens the diffusion
length but also induces perturbation to the liquid flow,
enhancing mass transport. Enhanced mass transport increased
the MB concentration at the active surface, which facilitates the
photocatalytic reaction and thereby improves the degradation
efficiency. Besides, enhanced mass transport also benefits
product removal. As a result, more active sites can be exposed
to MB for the photocatalytic reactions, further improving the
microreactor performance. In addition, it was found that the
fiberglass microreactor still showed a high degradation
efficiency after 9 h of operation, indicating that the new
optofluidic microreactor has good durability. The above facts
fully demonstrate the feasibility of the developed optofluidic
microreactor with the catalyst-coated fiberglass.
4.3. Effect of the Flow Rate. Variation in the flow rate can

cause changes in the microreactor performance. For this reason,
the effect of the flow rate was investigated. In this experiment,
the feeding MB concentration was 2 × 10−5 M and the UV
irradiance intensity was kept at 2 mW·cm−2 . The flow rate
ranged from 33.3 to 200 μL·min−1, which can be represented
by the residence time. According to the relationship between
the flow rate and residence time of the MB solution

=residence time chamber volume/flow rate (1)

where the chamber volume was 50 μL as given, corresponding
residence times of 90, 60, 45, 30, and 15 s were determined,
respectively. A large residence time corresponds to a low flow
rate.
Figure 5a shows variation in the degradation efficiencies of

both microreactors. Clearly, upgrading the residence time led to
an increase in the degradation efficiency of both optofluidic
microreactors. It is easy to understand that larger residence
time means longer staying time in the microreactor, which
makes MB more effectively contact the catalyst. On the other
hand, larger residence time lowered the load to the system,
which also contributes to high degradation efficiency. More
interestingly, the degradation efficiency of the fiberglass
microreactor remained at a high level, which was almost
twice as much as that of the film microreactor. It just took 15 s
for the fiberglass microreactor to degrade 45% MB but 75 s for
the film microreactor. No doubt, this is due to the internal
structure of the immersed catalyst-coated fiberglass that greatly

reduced the mass transport resistance of reactant transport and
product removal in the fiberglass microreactor. In particular,
operating the optofluidic microreactors at large residence time
caused the mass transport capability to be intrinsically weak
because of the low flow rate. Under such circumstances,
therefore, the enhancement of mass transport by using the
catalyst-coated fiberglass in the new design of the optofluidic
microreactor became more obvious. Subsequently, the differ-
ence in the degradation efficiency between these two
microreactors increased with the residence time, and the
improvement in the degradation efficiency became most
significant at a residence time of 90 s.
The reaction rate constant is an important parameter

describing the photocatalytic reaction rate. In general, the
reaction rate constant mainly depends on two factors: the
intrinsic reaction rate and the mass transport rate of MB from
the liquid to the catalyst surface.26 In the experiment, because
the reactants, catalyst type and loading, active surface area, and
other conditions were the same, variation of k is mainly
associated with the mass transport capacity. For this reason, to
gain deep insight into the enhancement of mass transport by
the fiberglass microreactor, the reaction rate constant k was also
discussed, which can be determined from the degradation
efficiency of each microreactor as follows:26

= − −k x tln(1 )/ (2)

where x is the degradation efficiency and t stands for the
residence time. Figure 5b shows the reaction rate constants of

Figure 5. (a) Effect of the residence time on the degradation
efficiency. (b) Variation of the reaction rate constant with the
residence time. MB concentration: 2 × 10−5 M. Fiberglass quantity:
220.
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the fiberglass and film microreactors against the residence time.
It is shown that k of the fiberglass microreactor was much
higher than that of the film microreactor. This is mainly
attributed to the enhanced rates of reactant transfer and
product removal. In addition, it was also found that the reaction
rate constants of both microreactors decreased with an increase
of the residence time. It decreased from 2.36 ± 0.05 and 0.89 ±
0.12 to 1.52 ± 0.26 and 0.47 ± 0.05 min−1 for the fiberglass and
film microreactors, respectively. This is because the small
residence time corresponding to the high flow rate helps to
improve mass transport, which accelerates the reaction rate. In
summary, analysis of the reaction rate constant further
demonstrates that the new design of the optofluidic micro-
reactor can dramatically enhance mass transport.
4.4. Effect of the MB Concentration. The effect of the

MB concentration is shown in Figure 6a. In this testing, the MB

concentration ranged from 0.3 × 10−5 to 3 × 10−5 M. The flow
rate of the MB solution was kept at 66.6 μL·min−1, and the
intensity of UV irradiance was 2 mW·cm−2. In addition, a
microreactor with the same reactor dimensions but without
TiO2 was also fabricated to visit the effect of UV irradiation
itself on the degradation of MB. It can be found from Figure 6a
that, as the MB concentration increased, the degradation
efficiency of the fiberglass microreactor declined from 90.5 ±
4.1% to 72.0 ± 2.6% and the degradation efficiency of the film
microreactor dropped from 64.3 ± 1.7% to 29.1 ± 4.4%.

However, for the microreactor without catalyst, the degradation
efficiency was always low (<10%), implying that, in cases with
catalysts, the contribution from the MB degradation only by
UV irradiation can be ignored in this study. For the fiberglass
and film microreactors, reduction of the degradation efficiency
can be attributed to three aspects. First, increasing the MB
concentration increases the load to the optofluidic micro-
reactor. On the other hand, the capabilities of the microreactors
are limited so that high MB concentration yielded low
degradation efficiency. Second, despite the fact that the higher
MB concentration is beneficial for the photocatalytic reaction,
more intermediates are simultaneously generated, which adsorb
on the active surfaces of the catalysts. As such, a significant
amount of active surface area was covered at high-MB-
concentration operation, hindering the reaction between
photogenerated holes or hydroxyl radicals and reactants and
thereby lowering the degradation efficiency. Third, with an
increase of the MB concentration, photon transfer is limited by
the optical attenuation in the MB solution, which also lowers
the photocatalytic reaction rate and thus the degradation
efficiency. Because of these three reasons, the degradation
efficiency decreased with increasing MB concentration.
Although both the fiberglass and film microreactors exhibited

the same descending trend with an increase in the MB
concentration, the performance of the fiberglass microreactor
was much better than that of the film microreactor as a result of
enhanced mass transport. Besides, higher MB concentration
exhibited larger improvement of the degradation efficiency
because high-MB-concentration operation resulted in more
intermediates to be produced. Poison to photocatalysts
becomes severe. On the other hand, the optical attenuation
in the reactants at high MB concentration exerts more critical
influence. In this case, enhanced mass transport can not only
decrease the coverage by intermediates to accelerate the
photocatalytic reactions but also weaken the optical attenu-
ation. Hence, the improvement in the degradation efficiency
becomes more significant. This fact indicates that, in addition to
the superior performance, the fiberglass microreactor has more
operation range in real applications.

4.5. Effect of the Fiberglass Quantity. The quantity of
the catalyst-coated fiberglass is another important factor
because it determines the catalyst loading, active surface area,
and resulting internal structure in the microchamber that
ultimately determines the performance of the fiberglass
microreactor. To study the effect of the fiberglass quantity,
several fiberglass microreactors with various fiberglass quantities
ranging from 55 to 330 were fabricated and tested. The
resulting total catalyst loadings were about 33, 66, 130, and 200
μg, respectively, which corresponded to active surface areas of
about 0.5, 1.0, 2.0, and 3.0 cm2, respectively. The other
conditions were a MB solution of 2 × 10−5 M, a flow rate of
66.6 μL·min−1, and a UV irradiance density of 2 mW·cm−2. The
experimental results are presented in Figure 6b, which shows
that the degradation efficiency improved with an increase of the
catalyst-coated fiberglass quantity. This is because increasing
the catalyst-coated fiberglass quantity increased the total
catalyst loading and the corresponding reaction area. As a
result, the degradation efficiency was improved. On the other
hand, an increase of the fiberglass quantity makes the inner
structure more complex and can induce stronger perturbation
to the liquid flow, which also facilitates mass transport and thus
the photocatalytic reactions. In addition, it was also found that
the degradation efficiency sharply ascended from 37.7 ± 4.1%

Figure 6. (a) Effect of the MB concentration on the degradation
efficiency. Flow rate: 66.6 μL·min−1. Residence time: 45 s. Fiberglass
quantity: 220. (b) Effect of the fiberglass quantity on the degradation
efficiency. MB concentration: 2 × 10−5 M. Flow rate: 66.6 μL·min−1.
Residence time: 45 s.
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to 60.8 ± 2.7% when the fiberglass quantity increased from 55
to 110. It is indicated that doubling the fiberglass quantity in
this range can dramatically increase the active surface area and
enhance mass transport. Therefore, the degradation efficiency
was greatly improved. From Figure 6b, it can also be seen that,
as the quantity of the catalyst-coated fiberglass was further
increased from 110 to 330, the degradation efficiency increased
just from 60.8 ± 2.7% to 76 ± 1.2%, indicating that
enhancement by enlarging the active surface area becomes
weak and the enhanced mass transport of MB may approach
the limitation. Consequently, the optofluidic microreactor with
high fiberglass quantity showed small improvement in the
performance. However, it should be recognized that, for the
film microreactor, increasing the catalyst loading may not show
significant improvement in the performance because the active
surface area may not be greatly enlarged because of the planar
design. Therefore, the optofluidic microreactor with catalyst-
coated fiberglass provides a feasible approach that not only
enlarges the reaction area but also enhances mass transport.

5. CONCLUSION

In this study, a novel optofluidic microreactor with photo-
catalyst coated on the fiberglass was developed. The feasibility
of this new design was demonstrated by the photocatalytic
water treatment toward MB under UV irradiation. Exper-
imental results revealed that, compared with the conventional
planar film-designed optofluidic microreactor, the optofluidic
microreactor with the catalyst-coated fiberglass can dramatically
improve the microreactor performance as a result of enhanced
mass transport by shortening the diffusion transport length and
inducing perturbation to the liquid flow. The effects of different
parameters including the flow rate, MB concentration, and
fiberglass quantity were also visited to evaluate the performance
of the proposed optofluidic microreactor. Our results showed
that low flow rate and MB concentration and large fiberglass
quantity could yield high degradation efficiency. Besides, with
the proposed optofluidic microreactor, the reaction rate
constant could be increased 2−3 times because of the high
mass-transport rate. In addition to the enhancement of mass
transport, this design of the catalyst-coated fiberglass could
significantly enlarge the reaction area in the optofluidic
microreactor for given catalyst loading. These unique features
also allow this new design to be potentially applied to other
photoreaction systems such as water splitting, photoreduction
of CO2, air purification, and so on.
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