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We present prototyping of meso- and microfluidic photocatalytic devices, functionalized through incorporation of TiO2

nanoparticles in polydimethylsiloxane (PDMS), and comparison of their efficiencies for the degradation of rhodamine B
(10−5 mol/L). The prototyping of the photocatalytic devices involves simple and low-cost procedures, which includes
microchannels fabrication on PDMS, deposition and impregnation of TiO2 on PDMS, and, finally, plugging on the
individual parts. For the microfluidic device with 13 μL internal volume, photocatalytic TiO2–PDMS composite was
sealed by another PDMS component activated by O2 plasma (PDMS–TiO2–PDMS). For the mesofluidic device, a
homemade polyetheretherketone (PEEK) flow cell with 800 μL internal volume was screwed on a steel support with a
glass slide and the photocatalytic composite. The photocatalytic activities of the devices were evaluated using two different
pumping flow systems: a peristaltic pump and a syringe pump, both at 0.05 mL/min under the action of 365 nm ultraviolet
(UV) light. The characterization of TiO2–PDMS composite was performed by confocal Raman microscopy, scanning
electron microscopy (SEM), and energy dispersive spectroscopy (EDS). The photocatalytic microreactor was the most
efficient, showing high organic dye photodegradation (88.4% at 12.5 mW/cm2).
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1. Introduction

Batch reactors in heterogeneous photocatalysis have been
widely used; however, the need to improve these systems has
awakened interest in micro- and mesoreactors continuous-flow
technology [1–3]. The continuous-flow regime has several
advantages in comparison to traditional batch reactors: more
efficient control of reaction parameters, efficient mixing of
reagents, lower cost in the optimization of the reaction condi-
tions, and the possible utilization of online tools for reaction
monitoring [4–6].
Microreactor technology (MRT) is focused on engineered

manipulation of fluids in channels with micrometric dimen-
sions, in which the laminar flow is prevalent [3]. This technol-
ogy is characterized by presenting an array of channels with
different geometries or volume with high capacity to control
operational reaction parameters (P, V, T, concentration) and
higher efficiency in heat exchange and reagents mixing [7, 8].
These systems have the potential to screen many continuous
processing reaction conditions and to establish ideal conditions
in small volume and reduced time [4, 9, 10].
The difference between a micro- and mesoreactor is the

volumetric capacity generated from the dimensions of the chan-
nels [11]. Microreactors have channels with hydraulic diameter
(DH) between 1 μm and 100 μm, while mesoreactors have DH
channels between 100 μm and 1 mm [8]. Several micro- and
mesofluidic systems were developed and characterized [12–15],
such as medical diagnostic devices with integrated biosensors
[16], circulating tumor cell capture systems [17], gradient con-
centration generators [18], photocatalytic water purification
[19], and organic and inorganic synthetic flow reactors [9].
Despite good results, the main disadvantage of small-scale

reactors is the relatively high cost combined with the low output
of a single reactor and the unfeasibility of production on a
commercial scale [20]. Nevertheless, a continuous-flow reactor
can be numbered-up without further testing for a large-scale
production; another alternative is scaling-up the volume of the
flow reactor system with a mesoreactor device for industrial
application [21].
The meso- and microfluidic systems can be manufactured

from various materials [22], including glass, polydimethylsilox-
ane (PDMS), steel, and silicon [23–26]. PDMS is the most
suitable for rapid prototyping of such systems being inexpen-
sive and exhibiting a combination of important properties such
as flexibility, biocompatibility, ultraviolet–visible (UV–vis)
transparency, heat resistance, and chemical inertness [27–31].
The incompatibility of the PDMS with some organic solvents
such as ethanol, toluene, and dichloromethane due to swelling
of the polymer, restricts the use of these manufactured devices
[32]. While PDMS devices cannot operate on high pressures
and temperatures, on the other hand, a meso flow cell with
resistant material and stable connectors can support higher flow
rate and stronger chemical and temperature conditions.
The implementation in flow reactor of heterogeneous photo-

catalyst has been extensively studied due to its high power of
degradation by oxidizing a large number of organic and inor-
ganic compounds [33]. The main advantages of immobilization
of the catalyst compared to a homogeneous system are: (1) easy
isolation of the catalyst from reaction medium minimizing
environmental impact, (2) the possibility of using the fixed
catalysts in continuous-flow reactors, and (3) the recycling of
the catalyst minimizing the cost of the reaction process [34].
The use of TiO2 immobilized on different surfaces has increased
in several research areas and in industrial applications, such as:
self-cleaning surface [35], fabric treatment [36], water-repellent* Author for correspondence: omarpandoli@puc-rio.br
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surface [37], water treatment [38], and catalysis [39]. The main
benefits of this composite material are chemical stability, bio-
compatibility, commercial availability, low cost, and the active
optical capacity.
Figure 1 and Eqs. 1–5 show the photocatalytic mechanism on

TiO2 surface, where TiO2
* is the excited state of titania, OHads

− is
absorbed hydroxide ions, eCB

− is the photoexcited electron in the
conduction band (CB), while hVB

+ is the electronic hole gener-
ated in the valence band (VB), OH• and O2

− are highly oxidative
active species, which can significantly contribute to the photo-
catalytic decomposition of dye [41].

TiO2 þ h UVð Þ → TiO�
2 hþVB þ e−CB
� � ð1Þ

e−CB þ O2ads → O−
2 ð2Þ

H2Oads þ hþVB → Hþ
ads þ OH• ð3Þ

hþVB þ OH−
ads → OH• ð4Þ

dye þ OH• þ O−
2 → products ð5Þ

There are several techniques for prototyping photocatalytic
meso- and microfluidic devices [22, 25] and various methods to
integrate TiO2 into flow reactors systems, such as chemical
vapor deposition on pyrex [41], drop casting on PDMS [40],
electrospun nanofibrous TiO2 on glass [42], calcination [43] on
glass, coating on fiber glass [44], and adhesive substrate [45].
These techniques should be rapid, simple, avoiding the use of a
clean room with expensive photolithography techniques, and
should have a low cost from the design stage to the final test.
The use of TiO2 as heterogeneous catalysis is highly effective
for the selective oxidation of organic molecules and organic
pollutants soluble in water, avoiding the recovery requirements
for the photocatalyst present in the reaction mixture, such as in
the case of a batch reactor [46–49]. Another important feature
of this approach, using PDMS as the support, is to eliminate a
critical step of calcinations of the TiO2 into glass, reducing a
high energy cost of prototyping and coarsening of nanocrystals.
Recently, Lamberti [50] incorporated TiO2 nanoparticles
directly on the surface of PDMS to build a photocatalytic device
constituted completely by PDMS. Differently to Pandoli et al.
[40], who built a photocatalytic device PDMS–TiO2–glass, this
author used a PDMS–TiO2–PDMS reactor to study the photo-
degradation of a methylene blue solution (6 × 10−5 mol/L) with
a high intensity UV light powered at 60 mW/cm2.

In this work, we propose a rapid and low-cost construction of
meso- and microfluidic devices with embedded TiO2 photo-
catalyst on PDMS for the photodegradation of rhodamine B,
more stable than methylene blue as shown on our previous

work [40]. In order to evaluate and compare the photocatalytic
efficiency in both devices, we used as the test model the photo-
degradation of rhodamine B dye solution (10−5 mol/L), apply-
ing different UV LED light power, 25 and 12.5 mW/cm2.
Changing the UV light power, photolysis and photocatalysis
contributions to the dye degradation can be distinguished. We
demonstrate as a microreactor devise shows a higher efficiency
of the photocatalyst embedded into a PDMS compared to the
photocatalytic mesoreactor.

2. Results and Discussion

2.1. Characterization of PDMS–TiO2. The impregnation of
the photocatalyst into PDMS is an important step at prototyping
process of photocatalytic meso- and microreactors. The photo-
catalyst layer needs a good adhesion on the PDMS support to
avoid abrasion during the flow injection of the dye solution.
The scanning electron microscopy (SEM) image shows a cross
section of the PDMS–TiO2 composite with a protrusion of
≈124 μm corresponding to the depth of the cavity where the
TiO2 suspension (1% w/v) was deposited and covered with
PDMS (Figure 2). Energy dispersive spectroscopy (EDS) spec-
trum, inset in Figure 2, confirmed the immobilization of TiO2

on the protrusion surface of the PDMS as indicated by the
presence of Ti together with Si, while only Si was detected on
the inner part of the PDMS. The presence of Ni revealed on
EDS spectra is due to the use of stainless steel knife to cut the
PDMS–TiO2 composite.
The optical image of the confocal Raman microscope shows a

heterogeneous mixture of TiO2 and PDMS components (Figure 3).
Colored 2D and 3D images were generated by integrating area
over the intensity peak of two defined Raman spectral bands, from
133 to 143/cm for TiO2, and from 695 to 710/cm for PDMS,
showing the spatial distribution of both components. Raman 2D
mapping (25 × 25 μm) overlapped above the optical image shows
two areas colored in blue and green, corresponding to two com-
ponents of the composite, TiO2 and PDMS, respectively.

In Figure 4, on the top left side, the blue Raman spectrum
showed an intense band at 140/cm, and other minor bands,
being assigned to anatase [51]. On the bottom right side, the
green Raman spectrum shows a symmetric stretching of Si–O–
Si band at 490/cm and symmetric and asymmetric stretching of
Si–C at 702/cm and 720/cm of pure PDMS. Raman 3D map-
ping allowed a visualization of a volume of 20 × 20 × 10 μm,
where the blue color represents TiO2 in the anatase form and the
green area is due to PDMS-rich region (Figure 4). The 3D
imaging processing shows the interface between the two com-
ponents in 10 μm depth, confirming the lack of a total coverage
of the photocatalytic surface.
2.2. Study of Photocatalytic Activity. Photocatalytic activi-

ty's results are presented in Figure 5, where photodegradation
activity of the microreactor (after each cycle) and mesoreactor
(after 16 h) is compared using two power UV LED light sources
(25 mW/cm2 and 12.5 mW/cm2) and two different injection
systems. All the values, except the data with UV LED powered
at 25 mW/cm2, are reported in Tables 1 and 2. The photo-
degradation process was monitored observing the absorbance
change at 556 nm wavelength of the rhodamine B solution, and
the percentage degradation (D%) was determined through the
following equation:

D% ¼ A0−Ax½ �
A0ð Þ � 100 ð6Þ

where A0 is the absorbance of the mother solution and Ax is the
absorbance after photodegradation after some period of time.
With a syringe pump system, the absorption band of rhodamineFigure 1. Photocatalytic process on TiO2 surface
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B was registered after every flow injection cycle (Figure 6A). In
case of peristaltic pump loop system, the monitoring was done
after 9 and 16 h (Figure 6B).
According to the histogram in Figure 5, the mesoreactor and

the syringe pump system with a UV LED powered at
25 mW/cm2 showed a discoloration of rhodamine B solution
of 88.4%, while the control reached a 63.5%.
The percentage difference between the two was of ≈25%

corresponding to photocatalytic degradation. A peristaltic pump
with the same UV light powered at 25 mW/cm2 showed a
discoloration of rhodamine B solution of 80.5%; however, the
control reached 44.8% with a percentage difference of 35.7%
due to photocatalysis. The high photodegradation activity of the
light itself was reduced decreasing the intensity of the UV LED
power from 25 to 12.5 mW/cm2. In this case, the action of the
photolysis process was, as expected, less evident compared with
the photocatalysis phenomena.
As reported in Table 1, the reduction of UV LED power to

12.5 mW/cm2 caused the decrease of photolysis up to 18.4%
with a syringe pump mesoreactor system (control), while the
photocatalytic mesoreactor system reached 51.5% of photodegra-
dation, confirming a significant difference between photocataly-
sis and photolysis. This means that photocatalyst layer needs only

a minimum amount of UV–vis light to be activated and generate
the radicals •OHads and O2

−, consequently degrade the rhodamine
B solution. Higher UV LED light intensity can increase the
photolysis phenomena covering the efficiency of TiO2. For this
reason, the photocatalytic microreactor system was used only
with a UV LED powered at 12.5 mW/cm2. With double power
intensity UV light, the photolysis phenomena covered the photo-
catalytic process. In this case, the photocatalytic microreactor
with a syringe pump system at 12.5 mW/cm2 showed 88.4% of
degradation of rhodamine B solution, while the control reached
20.6% with a percentage difference of 67.8%. The microreactor
system showed a performance of ≈37% higher than a
mesoreactor.
In peristaltic pump system (Table 2), after 16 h with 0.05 mL/min

flow rate and UV LED light source of 12.5 mW/cm2, it was found
that the efficiency of the photocatalytic microreactor is two-fold
higher with respect to the mesoreactor. While photocatalytic meso-
reactor device showed 43.6% of discoloration, compared to 19.2%
of the control, the photocatalytic microreactor presented 86.1% of
discoloration, compared with the control 25.6%.
The better performance can be justified by the higher photo-

catalytic surface to internal volume of reactor ratio. It is impor-
tant to highlight that only a small volume allows better
exploration of UV light providing the formation of radicals
species OH•

ads and O2
− responsible for the degradation of organic

compounds [6, 43, 44] and consequently increase the photo-
catalytic efficiency of the microfluidic device in respect with the
mesoreactor. Fixing the flow rate at 50 μL/min, the micro and
meso flow cell present two different resident times (RTime=
volume cell/flow rate): 0.2 min and 16 min, respectively.
Although the microreactor (13 μL internal volume) has a lower
resident time (0.2 min), the efficiency is higher compared to the
mesoreactor (800 μL internal volume) with higher resident time
(16 min). This is understandable in the light of the higher
intimate contact between the organic dye and the photocatalytic
surface in the microreactor, while the resident time was not
capable to impose its effect on the final results. Moreover, the
difference between micro- and meso fluidic devices is not just
the internal volume and hydraulic diameter, since velocity
changes, as well. The calculation of the Reynolds number of
0.126 and 0.087, for micro- and mesoreactor, respectively, pre-
sented in detail in the supporting information, showed that low
flow rate 50 μL/min, used for the photodegradation test, does
not change the regime of laminar flow inside both flow cells.
Another important factor to consider is the maintenance of

the catalytic activity of TiO2–PDMS composite during repeated

Figure 3. Optical microscopy image overlapped by colored Raman 2D
spectra generated by integrating the intensities of Raman spectral bands from
133 to 143/cm for TiO2 (blue) and from 695 to 710/cm for PDMS (green)

Figure 2. A SEM image and EDS spectra of a cross section of the PDMS–TiO2 composite. In the top inset, EDS spectrum of an area outlined in green
shows only the presence of Si without Ti; in the bottom inset, EDS spectrum of an area outlined in blue shows both the presence of Si and Ti
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uses. In Figure S5, it is showed that the photocatalytic compo-
site demonstrated a reduction of about 10% for microreactor
and 4% for mesoreactor after the repetition of the test for 4
times in both reactors.

It is relevant to notice that the mesoreactor was also tested at
higher flow rates, such as 0.1 and 0.2 mL/min, and that abrasion
of the photocatalyst was not observed. This factor further rein-
forces the importance of proper integration of P25 in PDMS to
extend the photocatalytic durability, without generation of inor-
ganic waste.
The semicontinuous-flow system with syringe pump was

useful to determine the photodegradation of rhodamine B at
each step without mixing the products generated along the
photocatalytic process. All values of photodegradation tests of
rhodamine B in meso and microfluidic devices with syringe
pump after 5 cycles at 0.05 mL/min (UV LED light source of
12.5 mW/cm2, Table 1) were used to plot Ct/C0 versus time
dependence (Figure 7), wherein C0 is the initial concentration of
rhodamine and Ct is the concentration solution after every flow
injection cycle. The photodegradation values with a meso- and
microreactor system without photocatalyst (control) were plot-
ted as references to highlight the photolysis phenomena during
the UV light exposition. It is noticed that the decrease of rhod-
amine B concentration during the photocatalytic degradation
process in the microreactor system is more pronounced than
in the mesoreactor system.
The photodegradation in micro- and mesoreactor without the

TiO2 is low, which confirms photocatalytic efficiency of TiO2

(anatase) and its good adhesion to PDMS. It is also possible to

Figure 5. Photodegradation of rhodamine B solution in meso- and
microreactor systems, using different pumps and UV LED powers. All
solutions were injected at 0.05 mL/min flow rate

Table 1. Photodegradation tests of rhodamine B solution 10−5 mol/L in meso- and microfluidic devices with syringe pump after 5 cycles at 0.05 mL/min (UV
LED light source of 12.5 mW/cm2)

Syringe pump
(5 cycles)

Photodegradation (D%) of rhodamine B

Control Meso I Meso II Meso III Control Micro I Micro II Micro III

Cycle 1 7.1 14.3 22.4 17.5 8.8 41.9 46.0 39.2
Cycle 2 10.7 25.4 29.2 28.2 12.6 54.9 61.9 58.7
Cycle 3 12.8 36.2 39.2 35.0 16.2 73.8 74.1 72.2
Cycle 4 14.3 44.8 46.0 41.6 18.0 84.7 82.2 81.3
Cycle 5 18.5 51.4 52.2 50.8 20.6 91.3 87.2 86.8
Average (%) 51.5 88.4

The experiments were performed in triplicate with a fresh PDMS–TiO2 photocatalytic composite named meso and micro I, II and III. For the control tests, the
average values of the triplicate are indicated.

Figure 4. 3D mapping (20 × 20 × 10 μm) with confocal Raman microscopy generated by integrating the intensity of defined Raman spectral bands
from 133 to 143/cm of TiO2 (blue) and from 695 to 710/cm for PDMS (green)
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determine the reaction rate constant (k) from the percentage of
degradation in micro- and mesoreactor and to compare the
performance of the two devices:

k ¼ − ln Cx=C0ð Þ
t

ð7Þ

where k represents the reaction rate constant, Cx/C0 is the
degradation of rhodamine B, and t is the effective reaction time
[44]. For both photocatalytic reactors, the linearized Eq. (7) is
plotted and the rate constant is calculated (Figure 8). For the
microreactor, the reaction rate constant was 0.0021/min, while
for mesoreactor, k value was 0.0007/min.

All the results previously published have considered only the
photodegradation of methylene blue probably because MB is
more stable with respect to the rhodamine under UV light and
TiO2 photocatalyst. In our experience, a methylene blue solu-
tion 2.7 × 10−5 mol/L was totally degraded in 2 h, while a 10−4

mol/L methylene blue solution, in only 3 h. To the best of our
knowledge, this is the first study comparing the efficiency of
photodegradation of rhodamine B with micro and meso flow
reactor. In Table 3, the most significant data reported in the
literature have been summarized to compare different experi-
ments of photodegradation of methylene blue in continuous
flow and the photodegradation of rhodamine in batch reactor,
all of them in presence of TiO2 under UV irradiation. To the best
of our knowledge, this is the first study of photodegradation of
rhodamine B with micro and meso flow reactor.

Figure 6. Rhodamine B UV–vis absorbance spectra during: A) 5 flow injection cycles with microreactor syringe pump system; B) continuous flow
with microreactor peristaltic pump system

Table 2. Photodegradation test of rhodamine B solution 10−5 mol/L, both in meso- and microfluidic devices, with peristaltic pump after 16 h at 0.05 mL/min
(UV LED light source of 12.5 mW/cm2)

Peristaltic pump Photodegradation (D%) of rhodamine B

Control Meso I Meso II Meso III Control Micro I Micro II Micro III

16 h 19.2 43.2 40.9 46.7 25.6 87.9 84.7 85.7
Average (%) 43.6 86.1

The experiments were performed in triplicate with a fresh PDMS–TiO2 photocatalytic composite named meso and micro I, II, and III. For the control tests the
average values of the triplicate are indicated.

Figure 7. Variation in the rhodamine B concentration in meso- and
microreactor syringe pump system after 5 cycles at 0.05 mL/min, with
and without a photocatalyst, under UV light irradiation at 12.5 mW/cm2.
The values are an average of triplicate experiments. The bars represent
standard deviations

Figure 8. ln(Ct/C0) versus the irradiation time, illustrating the reaction
rate constant (k) for meso- and microreactors
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3. Conclusions

The integration of a photocatalyst in PDMS for the construction
of meso- and microfluidic devices was performed through a low
cost and environmentally sustainable method. SEM, EDS, and
confocal Raman spectroscopy confirmed the impregnation of
TiO2 in PDMS. The TiO2 film showed good adhesion to the
surface of the PDMS, though some areas were not completely
coated. While it is still necessary to improve the deposition techni-
que, the current technique enabled the development of meso- and
microfluidic devices with high photocatalytic activity. Microreac-
tor is more efficient than mesoreactor, showing higher photode-
gradation activity at lower powered UV light. These results
highlighted two important factors: the influence of the experimen-
tal setup, such as the photocatalytic surface to internal volume of
reactor ratio, and the intensity of the irradiation light. The 0.013-
mL internal volume of microreactor, compared to the 0.8 mL of
the mesoreactor, is ≈62 times smaller, thus, enabling a higher
photocatalytic efficiency of the microreactor with lower intensity
of UV light. Although the flow injection systems have not revealed
significant differences, the semicontinuous flow was useful to
determine the reaction rate constant (k) of each flow cell, showing
the higher performance of microreactor with respect to mesoreac-
tor. Under UV light irradiation of 12.5 mW/cm2 and with a
continuous flow of 0.05 mL/min for 16 h with a peristaltic pump,
for meso- and microreactor, a considerable photodegradation of
rhodamine B, 43.6% and 86.1%, respectively, was shown. A
semicontinuous-flow injection into photocatalytic microreactor by
syringe pump system, under UV light irradiation at 12.5 mW/cm2,
showed 88.4% of degradation of rhodamine B, resulting in a
performance of 37% higher than for a mesoreactor system. The
easy and fast prototyping process together with the small quantity
of material used for the photodegradation tests can provide relevant
advantages with respect to batch tests. For a scientific viewpoint, a
microreactor is very useful for testing small and expensive home-
made photocatalyst or other kind of catalyst [54]. For small indus-
trial scale applications, the mesoreactor could overcome some
disadvantages of the PDMS microreactor. It can be useful for
studying of photodegradation processes with high flow rate with
the presence of organic solvents. Further studies will be focused on
selective oxidative reactions inside micro- and mesofluidic photo-
catalytic devices through monitoring the products online.

4. Experimental Section

4.1. Materials and Equipment. All the chemical reagents
were used without further purification: P25 titania nanoparticles
(TiO2) from Degussa AG, rhodamine B dye from Sigma-Aldrich,
Milli-Q water (18.2 MΩ/cm) fromMillipore, absolute ethanol from

VETEC, and polymerizing agent Sylgard™ 184 silicone Elasto-
mer KIT for PDMS polymer from Dow Corning Corporation. For
the assembling of a flow system injection of rhodamine solution in
meso- and microfluidic devices, the following components were
used: a syringe pump from Future Chemistry Inc., a peristaltic
pump from Syrris Inc., polypropylene pipes for intravenous infu-
sion of 1 mm of diameter, steel needles, Up-church connectors
with luer adapter, and a 10-mL plastic lock-luer syringe.
A photocatalytic system consisting of a LED of 365 nm

(THORLABS) powered by 100 mW/cm2 (25 mW/cm2 at 3.1 cm
distance) and a convergent lens to allow the focus of the light beam
only in the circular area of the photocatalytic composite materials
(diameter of 1.3 cm) was used.
Confocal Raman microscope from Horiba Scientific/Jobin

Yvon and field emission scanning electron microscope (FEG-
SEM) from JEOL were used to characterize the impregnation of
the P25 into PDMS. A spectrometer UV–vis Perkin Elmer
Lambda Model 956 was used to evaluate the degradation of
rhodamine B solution (10−5 mol/L) during the photolysis and
photocatalysis experiments.
For microreactor prototyping, to cut a tape (3M Scotch

Magic®) glued on microscope glass slide, a laser printer CO2

(V.30 Laser Desktop, Universal Laser System Inc) was used. Air
Cleaner O2 Plasma from Plasma Harrick was used to hydroxylate
the PDMS surfaces and seal the PDMS microreactor.
For mesoreactor prototyping, a Corning Glass Microscope

Slide (dimensions 25 × 70 × 1 mm) with no UVabsorption and
reflection between 250 and 350 nm and a homemade flow cell
in polyetheretherketone (PEEK) with a steel holed support as
illustrated in AutoCAD and Solid Work designs in Figures S1
and S2, were used.
4.2. Prototyping of Meso- and Microreactor with Photo-

catalytic TiO2–PDMS Composite. The common process for the
production of photocatalytic TiO2–PDMS composites is shown in
Figure 9 (α–δ). A glass microscope slide was treated with a
diamond cutter to create a hole with circular area of 13 mm
diameter and 125 μm depth. The glass slide with the empty
circular area (Ø = 13 mm, h = 125 μm) was used to be filled with
TiO2 powder and was previously fixed in a square box of dimen-
sions 8.7 cm × 8.7 cm × 2.8 cm. A suspension of TiO2 (P25)
1% w/v in ethanol followed by stirring in ultrasound bath for
10 min was used to deposit P25 to the circular hole of the glass
slide. The deposition was conducted in two steps: for each one,
50 μL of the suspension was drop casted, and then, the solvent was
evaporated into the oven at 60 °C for 10 min (Figure 9α).

PDMS monomer and a polymerizing agent (Sylgard 184
Silicone Elastomer Kit™) were manually mixed (10:1 ratio)
and degassed for 20 min under reduced pressure. The mixture
was poured onto the surface glass slide containing a powder

Table 3. Some of the photocatalytic flow reactor and batch reactor reported in the literature, with respective initial concentration of methylene blue (C0), light
source, relative percentage degradation (D%), and kinetic constant of the photocatalytic reaction

Photocatalyst Contact area C0
(mol/L)

Volume Flow rate
(μL/min)

UV irradiance
intensity
(mW/cm2)

D% k
(/min)

Ref.

Photodegradation of methylene blue in flow
TiO2 nanotube anodized on glass 4.5/cm2 1.8 × 10−4 5 mL 25–100 100 82–92 0.22 52

TiO2 coated on fiber glass 3.0/cm2 3.1 × 10−5 24 μL 25–100 50 55–95 4–5 44

ZnO nanowire hydrothermally
grown on glass

9/cm2 3.0 × 10−5 3 mL 150–900 100 48–94 1.6–2.2 53

TiO2 nanofibrous electrospun on glass – – – 25–100 – 60 4.1–5.2 42

P25 embebbed on PDMS 2/cm2 6.0 × 10−5 1 μL – 60 100 0.94 50

P25 drop casted on PDMS 1.3/cm2 1.0 × 10−5 4 mL 33–66 6 W 55-65 – 40

Photodegradation of rhodamine in batch
P25 1 g/L Batch 125 mL 2.1 × 10−5 2 mL Batch 5 UV-LED

12 mW/cm2
96% – 48

TiO2-coated on wall reactor Batch 11 i.d. ×25 cm 4.2 × 10−5 500 mL Batch 125 W 95% – 47

P25 1 g/L Batch 5.7 i.d. ×16 cm 3.1 × 10−5 – Batch 125 W 98% 0.0146 46
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layer of P25 deposited on it. It was then taken to an oven at 60 °C
for 1 h until the complete curing of the elastomer polymer
(Figure 9β–γ). Thereafter, TiO2–PDMS composite was cut with
a scalpel land and peeled out for the further characterization. The
photocatalytic composite layer with a circular protrusion of
≈124 μm height was used to build-up both meso- and microreactor
devices (Figure 9δ).
Basically, the mesoreactor, shown in Figures 9 and S1 with

all the details with AutoCAD design, is built on homemade
steel holed support aligning and screwing in sequence: a clean
glass microscope slide, a PEEK flow cell with two rubber rings
to avoid leak of solution, and the photocatalyst TiO2–PDMS
composite. The PEEK flow cell, with 13-mm hole diameter,
6 mm depth, and 0.8 mL volume capacity, let the UV light pass
through the hole directly to the photocatalytic layer located at
the bottom of the flow cell reactor system. In the same system, it
is possible to replace a TiO2–PDMS composite with another
clean glass microscope slide and use it as a “control” system to
study the photolysis phenomena associated only at the light
degradation of the organic dye.
The microreactor PDMS–TiO2–PDMS shown in Figures 9

and S3 was made sealing two PDMS layers by means of O2

plasma treatment: a PDMS stamp (Figure 9H) with inlet/outlet
microchannels and a circular hole of 200 μm depth and the
photocatalytic TiO2–PDMS composite with a circular

protrusion of 124 μm height (Figure 9δ). In this configuration,
the internal volume is ≈0.013 mL and the depth's chamber is
76 μm. Previously, the TiO2–PDMS composite was carefully
cleaned with ethanol using a swab. The PDMS stamp was
cleaned with 5% neutral detergent, rinsed with ultrapure water,
and, finally, dried at 60 °C for 1 h after 10 min of ultrasound
ethanol bath. Subsequently, the two PDMS models were treated
with O2 plasma for 3 min to promote hydroxylation of the
surfaces. The PDMS surfaces, activated by means of the for-
mation of Si–OH groups, were superimposed and sealed. The
microreactor PDMS–TiO2–PDMS was subsequently placed in
an oven at 60 °C for 30 min to complete the process of
condensation between Si–OH groups. The prototyping of the
microreactor PDMS/PDMS system, named “control,” follows
the same procedure without the drop casting deposition of TiO2.
This microfluidic devise is used as a “control” system to study
the photolysis phenomena associated only with the degradation
of the organic dye by the action of light. In Figure S4, depicted
are the flow reactor systems, meso- or microfluidic devices,
both connected to peristaltic and syringe pump system under
UV LED light irradiation.

4.3. Characterization of PDMS–TiO2 Composite. Raman
spectra of PDMS–TiO2 composite were obtained using a con-
focal Raman microscope (Horiba Scientific/Jobin Yvon), and all
data were processed and analyzed by LabSpectra 6 software

Figure 9. Illustration scheme for rapid prototyping process of microreactors PDMS–TiO2–PDMS and mesoreactor glass–PEEK–TiO2–PDMS:
(A) cleaning of glass microscope slide; (B) casting of 4 layers of tape on the glass with a total of 200 μm height; (C) cutting of the tape with laser CO2;
(D) removing of the tape to obtain the positive master mold of glass plus tapes; (E) pouring of the degassed mixture of PDMS and polymerizing agent
(10:1) on the master mold; (F) curing of the polymer at 60 °C for 1 h; (G) peeling out of negative stamp of PDMS with microchannels and circular area
of 200 μm depth; (H) cleaning of PDMS stamp with microchannels; (α) deposition of TiO2 (1% w/v) on the glass slide with the empty hole area of
125 μm depth; (β) pouring of degassed mixture of PDMS and polymerizing agent (10:1) on the mold with powder layer of TiO2; (γ) curing of the
polymer at 60 °C for 1 h; (δ) peel out of TiO2–PDMS composite. Finally, the photocatalytic TiO2–PDMS composite can be screwed against a steel
holed support system with a PEEK flow cell and a clean glass slide for the creation of the mesoreactor glass–PEEK–TiO2–PDMS, or can be sealed
with a PDMS stamp (H) under O2 plasma for the creation of microreactor PDMS–TiO2–PDMS
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Spectroscopy Suite. The sample was excited with an Ar–Kr
laser source (wavelengths of 785 nm), objective lens of 100,
grating of 1200 g/mm, and filter of 25%. The laser power on the
sample was 22.5 mW. 2D and 3D Raman mapping were
recorded using a motorized table that gets a Raman spectra each
5 μm step along 20 × 20 μm and 10 μm depth. Each spectrum
was acquired with two accumulations for 2 s each. Chemical
colored images were generated using defined spectral regions in
the acquired spectrum.
A field emission scanning electron microscope (FEG-SEM)

(JEOL, JSM-6701 F) was operated in the secondary electron
mode at 1 kV with a work distance of 6.0 mm using the LEI
detector. The formation of the thin TiO2 layer on PDMS was
verified by energy dispersive X-ray spectroscopy (EDS) operating
at 15 kVwith a work distance of 15 mm. For SEMmorphological
characterization, a cross section of PDMS–TiO2 composite was
cut with bistoury and placed on the sample holder with the
traversal cross section perpendicular to the electron beam.
The photocatalytic activity of TiO2–PDMS composite into

meso- and microfluidic devices was investigated by injecting an
aqueous solution of rhodamine B (10−5 mol/L) under 365 nm
UV light irradiation powered at 25 and 12.5 mW/cm2 at
0.05 mL/min flow rate: in continuous flow with peristaltic
pump for 16 h or with 5 cycles flow injection by syringe pump
(3.3 h each). The absorbance spectra of rhodamine B solution
were measured with PerkinElmer Lambda 956 spectrophotom-
eter in the light wavelengths range between 400 and 800 nm.
The residual concentration of rhodamine B was monitored
observing the decrease of the optical absorbance peak intensity
at 553 nm.
4.4. Photocatalytic Activity Test. The experimental setup is

depicted in Figures 10 and S4 in the supporting information. All
the results are shown in Tables 1 and 2, and all the experiments,
both with micro- and mesofluidic reactors, were performed in
triplicate with a fresh PDMS–TiO2 photocatalytic composite
named meso and micro I, II, and III. The photocatalytic tests
were carried out with two-flow injection systems: a syringe
pump system for a semicontinuous injection and a peristaltic
pump system for a continuous injection of the organic dye
solution (Figure 10A and B).
The photodegradation reaction with a syringe pump was

performed recycling 5 times 10 mL rhodamine B solution for
a total of 16 h, and the UV–vis analysis was followed after each
cycle. On the other hand, with a peristaltic pump system, 10 mL
rhodamine B solution was continuously cycling during 16 h
(loop system), and the UV–vis analysis was performed only at
the end of the experiment. The semicontinuous-flow system
was useful to understand the photodegradation of rhodamine
B at each step without mixing the products generated along the
photocatalytic process. On the other hand, it was useful to
understand if the continuous-flow process can have better per-
formance compared with the semicontinuous-flow system. Tub-
ing, connectors, luer-lock plastic syringe of 10 mL, and LED
system with 365 nm UV light with two irradiation powers of

25 mW/cm2 and 12.5 mW/cm2, 10 mL of rhodamine B solution
(10−5 mol/L), flow rate at 0.05 mL/min, and exposition time
were kept constant to compare the performance of the meso-
and microfluidic photocatalytic systems.
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