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1. Introduction

Microfluidic-based photocatalytic microreactor for
environmental application: a review of fabrication
substrates and techniques, and operating
parameters

Susmita Das and Vimal Chandra Srivastava*

Photochemical technology with microfluidics is emerging as a new platform in environmental science.
Microfluidic technology has various advantages, like better mixing and a shorter diffusion distance for
the reactants and products; and uniform distribution of light on the photocatalyst. Depending on the
material type and related applications, several fabrication techniques have been adopted by various
researchers. Microreactors have been prepared by various techniques, such as lithography, etching,
mechanical microcutting technology, etc. Lithography can be classified into photolithography, soft litho-
graphy and X-ray lithography techniques whereas the etching process is divided into wet etching (chemi-
cal etching) and dry etching (plasma etching) techniques. Several substrates, like polymers, such as
polydimethyl-siloxane (PDMS), polymethyle-methacrylate (PMMA), hydrogel, etc.; metals, such as stain-
less steel, titanium foil, etc.; glass, such as silica capillary, glass slide, etc.; and ceramics have been used
for microchannel fabrication. During degradation in a microreactor, the degradation efficiency is affected
by few important parameters such as flow rate, initial concentration of the target compound, microreac-
tor dimensions, light intensity, photocatalyst structure and catalyst support. The present paper discusses
and critically reviews fabrication techniques and substrates used for microchannel fabrication and critical
operating parameters for organics, especially dye degradation in the microreactor. The kinetics of degra-
dation has also been discussed.

tor." Catalyst immobilization within microchannels helps in
the utilization of the catalysts’ large surface to volume ratio.

Photocatalysis has become a very common technique in
various disciplines such as in chemical synthesis, environ-
mental technology and medicine.! Traditionally, photocatalytic
degradation is carried out in batch mode with a light source
kept at the top of the reactor, and a catalyst is used in the form
of dispersed powder. This configuration provides a non-
uniform distribution of UV light which reduces the reaction
efficiency”® ™ and the costly separation of the catalyst is necess-
ary after the reaction. In any practical situation, immobiliz-
ation of the catalyst is preferred to minimize the experimental
costs.”” Problems associated with the non-uniformity of light
and the immobilization of catalyst could be resolved by using
a microreactor. Microreactors with very small channel dimen-
sions (a few hundred microns) provide uniform exposure of
light to all of the contaminated water present in the microreac-
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In light of the several advantages of a microreactor, contami-
nants get significantly degraded within a few seconds, which
occurs in several hours in bulky reactors.®® A number of
researchers have carried out photochemical reactions
within microchannels without using any catalyst, such as the
photochemical coupling of benzophenone to benzopinacol,"*
singlet oxygen production,’® and the photochemical chlori-
nation of alkylaromates."® Photocatalytic degradation within
microreactors has also been carried out using several
immobilized catalysts such as TiO,, ZnO and Pt/ZnO'**® for
the degradation of different dyes like methylene blue and
methyl orange. Typically, microchannels are prepared using
different substrates such as polydimethyl-siloxane (PDMS), poly-
methyl-methacrylate (PMMA), silicon, glass and alumina,
depending on its application."” " Biocompatible materials,
silicon and glass have also been used as substrates for micro-
channel fabrication by photolithography and chemical etching
processes.”’ > Several issues are involved with these materials,
such as the requisition of specialized tools, the long preparation
time and higher manufacturing cost. PDMS is one such alter-
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native substrate, which is biocompatible, flexible and has shown
excellent optical performance which resolves several issues.**>®
In the literature, several reviews have been published in the
field of photochemical degradation of dyes in laboratory scale
batch reactors,”*>* however, reviews on work done in photoche-
mical microreactors are scarce. This paper intends to aid
researchers involved in the photochemical treatment of dyes
within microreactors by compiling data on the microchannel
fabrication method, factors influencing dye degradation within
microchannels, reaction mechanisms, and summarizing and
discussing data on materials used for microchannel fabrication,
the catalysts used, and dyes photodegraded during the process.

2. Mechanism of photocatalytic
reaction

Photocatalytic reactions occur under UV or visible light
irradiation with the help of a metal oxide catalyst, like TiO,,
ZnO, Fe,0;, SnO,, SiO,/Ti0,, etc.***> Photocatalytic degra-
dation occurs by producing a hydroxyl radical, which is a very
powerful oxidant with an oxidation potential of 2.8 V (NHE), as
per the following reactions:

Metal oxide catalyst + hv — ecg™ + hyp™ (1)

e +0, — "0y (2)

'0,” + HO, + HT — H,0, + 0, (3)

h* +H,0 — "OH + H' (4)

h* + OH — 'OH (5)

‘OH + organic compounds — intermediates — products (6)
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The valence band (VB) electrons of the catalyst are pro-
moted to the conduction band (CB) to generate electron-hole
pairs by absorbing a photon with an energy equal to or greater
than the band gap energy under irradiation via eqn (1).>°7®
The generated negative electrons at the conduction band form
hydrogen peroxide by reducing dissolved oxygen to superoxide
radical anions via eqn (2) and (3).>° Positive holes at the
valence band produce hydroxyl radicals from adsorbed water
or hydroxide ions by oxidization via eqn (4) and (5).*° At or
near the surface of the catalyst, the produced hydroxyl radicals
degrade the organic compounds to its final products following
the production of intermediates, as per eqn (6).

Photocatalysts have been modified by different mecha-
nisms, such as non-metal doping,"’ metal or metal ion in-
corporation*” and carbon nanotube coupling®’ to enhance
their photocatalytic response. Recombination of electron-hole
pairs is the major limitation in photocatalysts which reduces
the overall efficiency. This problem could be solved by adding
an electron acceptor which helps in scavenging excited
electrons.**

Various types of non-metals, such as nitrogen, fluorine,
carbon, phosphorous and sulfur, have been used as a dopant
on photocatalysts to enhance the photocatalytic activity under
UV irridiation.*>™*® Non-metallic anionic dopants improve the
stability and activity of the doped photocatalyst better than
metal dopants.”” These dopants form a new impurity level
near the valence band while maintaining the large band gap,
thus improving the degradation efficiency. Therefore, a
number of investigators have used anion-doped photocatalysts
for visible-light activated photocatalysis in recent years.*®>°~3
It may be noted that the crystalline and porous nature, and the
crystal size of the photocatalysts decreased with an increase in
doping.>>*
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3. Fabrication of microfluidic devices
3.1 Materials

Microchannels have been fabricated using various types of
materials, such as polydimethyl siloxane (PDMS),”® polymethyl
methacrylate (PMMA),>® polystyrene (PS),”” polyethylene
terephthalate (PET),*® quartz,>® silicon,’® photostructured
glass ceramic® and stainless steel,*” etc. depending upon the
application.

3.2 Methods

Depending on the material type and related applications,
several fabrication techniques have been adopted by several
researchers. In the next section, we discuss some important
and most widely used microchannel fabrication techniques.

Microchannels have been fabricated using several tech-
niques. Lithography is one of the most often used
technique.®>"®” Lithography can be classified into photolitho-
graphy, soft lithography and X-ray lithography. The photolitho-
graphy technique steps such as
cleaning, barrier layer formation, soft baking, mask alignment,
exposure and development, and hard-baking.®® Initially, a wafer
is chemically cleaned by hydrogen peroxide and a barrier layer of
silicon dioxide is formed on the wafer surface. A thin uniform
layer of positive or negative photoresist is developed on the
silicon dioxide formed wafer surface by spin coating under UV
exposure. A negative photoresist is formed with the help of a
mask. Soft baking is used to remove the uppermost layer of
the substrate in the areas that are not protected by the photo-
resist. After soft baking, a pattern is transferred to the photo-
resist by shining light through the mask, and is finalized by
hard-baking steps. Researchers like Choi et al.®® and Arayan-
arakool et al.®® have prepared microchannels using photo-
lithography technique. The soft lithography technique uses a
pattern elastomer as a mask, stamp, or mold to generate micro-
patterns and microstructures instead of using a rigid photo-
mask. This technique includes replica molding, micro-contact
printing, micromolding in capillaries and micro-transfer
molding.”® This technique consists of a positive silicon master
or stamp where polymeric elastomers are casted and cured.
After curing, the elastomeric polymer is peeled off the stamp
and by using this silicon stamp, hundreds of polymeric micro-
fluidic devices are replicated. The soft lithography technique
has several advantages, such as the short turnaround time and
low cost, and it is applicable to almost all polymers and the
bonding of polymers to each other, or to glass or plastic sub-
strate using a conformal contact.®® A disadvantage of this tech-
nique is the swelling which occurs because of nonpolar
solvents (toluene, hexane) and the deformation of the soft
elastomeric stamp.”® The X-ray lithography technique uses
X-rays to transfer a pattern on a light sensitive photoresist on a
silicon substrate. The limitation of this process is the higher
cost of manufacturing which restricts its wide usage.”*”*

A non-lithographic technology, called 3-D printing techno-
logy, has also been used for microchannel fabrication, which
is low in cost and environment friendly.”® In this process, com-

involves several wafer
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puter-aided design (CAD) software is used to design a 3-dimen-
sional pattern on the surface of a smooth paper using a solid
ink printer or laser jet printer. Organic solvents are used as
ink for printing purposes. In general, after the formation of
the 3-D pattern, the polymer is replicated by a curing process
to form negative relief channels. Finally, a negative polymeric
mold is attached to a flat substrate to form a microfluidic
device. Importantly, the inlet and outlet connector of the
microchannel is fabricated directly by the mold, which
reduces the cost of drilling and eliminates the possibilities of
crack formation in the cured polymer.

Martinez et al.”® introduced for the first time microfluidic
paper-based analytical device (WPAD) technology, in which
hydrophobic materials, such as wax and polymer, are pat-
terned on hydrophilic paper. Martinez and co-workers”®®*
further reported a number of advantages, such as the non-
requirement of active pumping, and the reproducibility and
sensitivity of the technology for various applications with
respect to biological samples.*> A number of new patterning
techniques such as laser,*>®” wax,””7881:8%-9 inject printing,”*
plasma etching,”>*® cutting,”® mechanical plotting,*® and
Sharpie ink permanent markers® have further been develo-
ped. Paper microfluidics have been successfully applied in a
number of biological and biochemical applications.’®°

The etching process is another commonly used technique
for microchannel fabrication, where a pattern is formed by
physically or chemically removing material or layers from the
substrate. In general, the etching process is divided into two
classes: wet etching (chemical etching) and dry etching
(plasma etching) techniques. In the wet etching process, a pat-
terned mask is deposited on the wafer using a lithography
technique to protect the required surface, and the unprotected
area is removed by liquid chemical or etchant.’* The dry
etching process uses high energy kinetic energy beams (physi-
cal etching) or liquid etchants (chemical etching) or both
together to remove the substrate.'®® Microchannel fabrication
by a dry etching process is more efficient than the wet etching
process. 01192

Furthermore, mechanical microcutting technology is
another process which can fabricate microchannels from a
wide range of materials e.g. aluminum, steel, brass, plastics and
polymers. Micromilling and microturning processes are the
most used processes within mechanical cutting technology.
High machining speed, a good surface finish, and a high level
of machining accuracy can be achieved using ultra-precision
machine tools.'” The disadvantages include long procession
time, crack generation and the erosion of cutting tools.

Microchannels have also been fabricated by introducing
spacers or string within a substrate. Hakamada et al.'®* fabri-
cated microchannels on metal bodies (copper) using a spacer
method. The inner diameters of microchannels have been
varied using different spacer sizes. Verma et al.'% fabricated
polymeric microchannels by PDMS (poly dimethylsiloxane) by
introducing a nylon thread within it. By using this method,
various orientations like knots, helices, super-helices, and other
varieties of channel cross-sections have been fabricated.

This journal is © The Royal Society of Chemistry and Owner Societies 2016



Photochemical & Photobiological Sciences

4. Microfluidics in photocatalytic
applications

Several substrates, like polymers, such as PDMS, PMMA and
hydrogel, etc.; metals, such as stainless steel, titanium foil,
etc.; glass, such as silica capillary, glass slide, etc.; and
ceramics have been used for microchannel fabrication. In the
following section, a few important photocatalytic microchannels
made of different substrates have been discussed briefly.

4.1 Polymeric microreactor

4.1.1. PDMS. Meng et al.'® fabricated a microfluidic based
photocatalytic microreactor made of a biocompatible PDMS
substrate for the degradation of methylene blue (MB) dye solu-
tion, as shown in Fig. 1. A PDMS microchannel of 100 mm
depth, 500 mm width was fabricated with the help of a SU-8
template using soft lithography technique, and sealed with
glass substrate to form a closed microchannel. A nanofibrous
TiO, photocatalyst, synthesized by an electrospinning and cal-
cination technique, was kept within the microchannel before
sealing. The photocatalytic efficiency of the nanofibrous
TiO, microreactor was higher than that of bulk and TiO, film
microreactors. This was because highly porous structure of
the nanofibrous TiO, provided a large surface area, whereas
the TiO, film reactor only provided a limited contact area.
Lamberti et al.'® proposed a PDMS microchannel by casting
and replication technology for the photocatalytic degradation
of MB. Using a conventional dip coating and subsequent
drying method, a TiO, nanoparticle film was formed on a
glass substrate. A prepolymeric PDMS mixture was poured on
the film coated glass substrate which was removed after curing
the PDMS to form a TiO,/PDMS membrane. Another PDMS
template with an inlet and outlet system was attached to a
PDMS membrane to form a microfluidic device. Very high
photocatalytic degradation efficiency (100%) of MB was
achieved within 6 min using the TiO, NPs incorporated on the
PDMS surface microfluidic device. Han et al'®” prepared a
microfluidic device using soft lithography technique for the
photodegradation of organic dye methylene blue. A ZnO seed
layer was used to prepare ZnO nanowires (NWs) on a glass sub-

Perspective

strate using hydrothermal process. A standard photolithogra-
phy technique was used to prepare a SU-8 3050 photoresist
patterned mask which was replicated on PDMS by a casting
method. Finally, PDMS and a glass substrate with thermally
grown ZnO NWs were bonded together by plasma oxidation to
prepare a microreactor. The ZnO NWs integrated microfluidic
device showed 96% dye degradation, whereas only ~34% of
MB was degraded by the conventional method with dispersed
ZnO NWs under the same UV irradiation. Rasponi et al.**® pre-
pared a PDMS micro photocatalytic cell using soft lithography
technique. A rectangular cross-sectioned channel of dimen-
sions 4.5 mm wide x 25 mm long x 0.1 mm high was plasma
bonded with a pretreated quartz slice. The quartz wafer was
treated with a TiO, thin film followed by a 200 nm indium tin
oxide thin film using reactive radio-frequency sputtering. The
bias potential was maintained by exposing a platinum (Pt)
electrode to the liquid flowing into the channel. Photocatalytic
degradation of the dye was carried out at different flow rates
and under bias voltages ranging from no bias to 5 V bias. At
5 V bias voltage, ~95% color removal was achieved, whereas
for no bias voltage condition, about 20% color removal was
achieved in 150 s. Results also showed that irrespective of the
bias voltage, MB degrades exponentially with residence time.

4.1.2. PMMA. Eskandarloo and Badiei'”® fabricated rec-
tangular microchannels of dimensions 400 pm width, 50 pm
depth, and 80 cm length, inscribed by a simple and in-
expensive CO, laser technique on a PMMA plate. The micro-
channel turns 12 times within a 30 mm length. A TiO, catalyst
was deposited within the bottom and two side walls of the
microchannel by a heat attachment method. The -catalyst
immobilized PMMA plate was covered with quartz glass, fol-
lowed by sandwiching between a cover and housing plates to
form a microreactor. Textile dyes like methyl orange, acid
violet 19, malachite green, acid orange 7 and basic red 46 were
used as pollutants. This investigation showed that higher
photocatalytic degradation is achieved at lower flow rates,
lower inlet concentrations, higher light intensities, and longer
microchannel lengths.

4.1.3. Hydrogel. Koo and Velev''® prepared a biomimetic
photocatalytic reactor for MB degradation inspired by the
structure and material composition of natural leaves. The

Microchannel

i
{nofiber

Glass Slide

Syringe Pump

Fig. 1 Schematic of microreactor experimental setup used by Meng et a
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liquefied agarose with suspended TiO, nanoparticles was repli-
cated using a patterned SU-8 mold to obtain branched channel
network in the hydrogel. Finally, the replicated hydrogel was
enclosed in a PDMS spacer, followed by sandwiching between
two glass substrates. An inlet and outlet system was main-
tained by inserting pieces of Tygon tubing.

4.1.4. Epoxy resin. Charles et al.'"' fabricated rectangular
microchannel reactors in an epoxy resin using a home-made
stereo-lithography apparatus using a UV Nd-YAG laser for the
photocatalytic degradation of an aqueous solution of salicylic
acid. In this process, liquid resin was converted to a solid
polymer by laser radiation and the consequent curing of suc-
cessive layers of resin formed a three-dimensional microreac-
tor. The microreactor inner surface (only the two side walls
and the bottom of the channel) was coated with TiO, photo-
catalyst by several experimental steps. Finally, the TiO, coated
microreactor was sealed with a glass top plate using an epoxy
glue. An aqueous solution of salicylic acid was passed through
the microchannel with a syringe. Experiments were carried out
at different flow rates, initial concentrations, microchannel
sizes, and incident UV light intensities. The results showed
that the catalytic degradation was higher at lower flow rates,
lower initial concentrations and higher incident light intensi-
ties. A monomolecular Langmuir-Hinshelwood kinetics
method was used to determine the kinetics of photocata-
lytic reaction. Corbel et al''? fabricated an epoxy resin
microchannel with a rectangular cross-section of about 1 mm?
and a length of 70 mm with different aspect ratios defined as
width/depth using a stereolithography technique. Salicylic acid
(SA) was used as a pollutant model in order to evaluate the
influence of the radial concentration profile of the microchan-
nel on the photocatalytic degradation efficiency. The inner
bottom wall of the microchannel was coated with a TiO, cata-
lyst and the photodegradation of SA was tested in different geo-
metric configurations. The better photocatalytic activity was
achieved for the microchannel with the shallowest depth and
the highest surface specific area. The degradation experiments
were carried out with different dye concentrations and
different flow rates. The investigation showed that 65% of
pollutant degradation was found at optimum conditions with
the pollutant concentration equal to 0.07 mol m™ and a flow
rate of 2 mL h™".

4.1.5. Inorganic polymer (allylhydridopolycarbosilane).
Yoon et al.™™ reported an optically transparent glass-like in-
organic polymeric (allylhydridopolycarbosilane) microreactor pre-
pared using a UV imprinting lithography technique. 4-Chloro-
phenol was used as a pollutant for photocatalytic degradation
with a TiO, photocatalyst. Experiments were carried out with
conventional glass and an inorganic polymeric reactor with TiO,
coated microbeads by a sol-gel method. The analysis showed the
better performance of the inorganic polymer microreactor as
compared to the commercial glass microreactor.

4.2 Glass microreactor

4.2.1. Glass. Lei et al."** demonstrated a rectangular micro-
fluidic photocatalytic reactor of dimensions 5 cm x 1.8 cm X
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100 pm, which was constructed by two porous TiO,-coated
glasses as the top cover and bottom substrate for the treatment
of MB dye using solar energy. By using a standard UV lithogra-
phy technique, a template of Norland Optical Adhesive
(NOAS81) was replicated from a PDMS mold, which was further
used as a spacer and sealant in between the two porous TiO,-
coated glass slides. The porous TiO, films were prepared on
the glass surface using a sol-gel method. The effects of reactor
parameters such as film preparation methods, thickness of
TiO, films, and flow rates were studied. Experiments showed
that the microreactor with TiO, exhibited faster dye degra-
dation than the bulk container. Lindstrom et al."*®> described
microfluidic devices made of soda-lime glass blank wafers
which were used for MB degradation under UV radiation.
Microchannels were prepared on 15 mm soda-lime glass blank
wafers which were pre-coated with low reflective chromium
and photoresist using a direct write laser lithography and wet
etching method. The channels of the devices were coated with
a layer of TiO, nanoparticles. 99.9% MB degradation was
observed at a flow rate of 3 ml min™' under UV exposure.
Ramos et al.''® photocatalytically degraded methylene blue dye
within a commercially available borosilicate glass microreactor
with a semi-elliptic microchannel of dimensions 100 pm X
40 pm x 50 cm under UV-LED-irradiation. The TiO, catalyst
was immobilized within microchannels using a sol-gel
method. Experiments were performed with and without TiO,
catalyst, and the results showed that decolorization was higher
in the presence of the photocatalytic layer.

4.2.2. Silica capillary. Tsuchiya et al® studied the photo-
catalytic degradation of several typical dyes in a microreactor
by monitoring their fluorescence spectra. A transparent fused
silica capillary was coated to a thickness of 0.3 microns with
TiO, solution, and dyed to get a 0.3 micron thickness. Experi-
ments were carried out with aqueous solutions of different
dyes, such as sunset yellow, new coccine, methyl red, rhoda-
mine 6G, methylene blue and erythrosine. Time-dependent
responses which were observed by experiments have been
reproduced by simulations based on models of the reaction
kinetics. The photocatalytic reaction kinetics was analyzed by
pseudo-first-order or Langmuir-Hinshelwood  models.
He et al.'" fabricated a novel, highly durable, TiO, nanoparticle-
coated, ZnO nanorod array coated silica glass capillary-based
photocatalytic microreactor (Fig. 2). Silica glass capillaries with
a polyimide outer coating were used as the microchannels.
TiO, nanoparticle-coated ZnO nanorod arrays were grown on
the inner wall of the capillary by pumping a TiO, solution into
capillaries containing preformed ZnO nanorod arrays. Photo-
catalytic degradation of methylene blue was performed within
the capillary microreactors (CMs). At a particular residence
time, CMs with ZnO/TiO, nanorod arrays showed enhanced
photocatalytic performance compared to the CMs containing
pristine ZnO nanorods. At RT = 20 s, CMs containing ZnO/
TiO,-3 (TiO, was coated 3 times) showed 100% degradation.
After repeated use for 100 h, the microreactor showed more
than 90% efficiency. Coupled semiconductor nanocomposites
increased the surface area of the capillary microreactor and
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Fig. 2 Schematic of experimental set up of a capillary microreactor used by He et al.**”

accelerated photogenerated electron transport due to their
structural properties. Li et al.'*® used a microreactor of silica
capillaries of length 5 cm, and 530 and 200 pm inner dia-
meters with a glass inner wall. The inner surface of the
channel was modified by SiO,/TiO, colloid solution. Irrespec-
tive of the channel inner diameter, the SiO,/TiO, coated micro-
reactor showed higher conversion than the TiO, coating alone
or without coating under the same UV irradiation. The results
showed that the dye degradation rate increased by more than
150 times for the SiO,/TiO, modified micro-space compared to
that of a batch system. Nakamura et al.''® prepared a 5 cm
long silica-glass capillary microreactor with an inner diameter
of 530 cm with a glass inner wall and polyimide coated
outside for the degradation of methylene blue. Experiments
were performed with a TiO, or SiO,/TiO, modified microreac-
tor, a non-treated microreactor and a batch reactor under UV
irradiation. The batch reactor degraded dye at a very low reac-
tion rate of about 0.09% s~ within 60 min, whereas the micro-
reactor (530 pm capillary) of SiO,/TiO,-coated reduced the dye
at a fairly rapid rate of 5.7% s~' for complete degradation
within 40-50 s. Irrespective of the type of microreactor, a
smaller diameter microchannel showed better performance in
dye degradation. In the above studies, syringe pumps were
used to pump the contaminant solution within a single capil-
lary microchannel. Other researchers, like Shen et al.,"> Zhang
et al.,*® and Oda et al.**° demonstrated similar kinds of micro-
reactor for the photocatalytic degradation of methyl orange,
phenol and rhodamine 6G, respectively.

There are few examples of capillary microchannels where
the pollutant solution goes inside the capillary by the capillary
force itself without using a syringe pump. For example,
Katayama et al'® fabricated an automatic photocatalytic
reactor using a bundle of five unidimensional capillaries
together (Fig. 3). The capillary dimensions were 1.1 mm
internal diameter, 1.3 mm outer diameter and 6 cm in length,
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Fig. 3 Schematic of the experimental set up of a capillary microreactor

used by Katayama et al.**

and the inside was coated with tungsten oxide. The capillary
bundle was kept in an optical cell occupied with dye solution,
and the reactant solution goes inside the capillary due to the
capillary force under quasi-sunlight exposure. The dye degra-
dation was up to ~91% after a few hours of exposure.
Maximum dye degradation was observed within an optimal
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diameter 0.9-1.2 mm, which shows that a smaller diameter
gives a better result than a larger diameter.

4.2.3. Silica capsule. Yamada et al'®' encapsulated the
TiO, nanoparticles within hollow mesoporous silica capsules
to fabricate a microreactor. The monodispersed mesoporous
silica spheres were synthesized by using amino-modified poly-
styrene beads as a template. The microreactor evaluated the
photocatalytic activity of methyl orange and methylene blue.
The photocatalytic activity of the TiO,-encapsulated microreac-
tor displayed higher degradation efficiency towards methyl
orange, especially at the initial stage of the reaction.

4.2.4. Quartz. Matsushita et al'®* fabricated a quartz
microreactor with a straight microchannel of 500 pm width,
10-500 pm depth, and 50 mm length using a micromilling
process for the photodegradation of organic pollutants such as
chlorophenol, bisphenol A, and dimethylformamide (DMF)
under UV-LED irradiation. The sol-gel process was used to
coat the bottom and side walls of the microchannel with a
photocatalytic TiO, layer. The results showed higher dye degra-
dation within a few seconds.

4.3 Metallic microreactor

4.3.1. Titanium. Krivec et al'?® fabricated a TiO,-based
microreactor on a titanium foil using a high-precision compu-
ter numerical control (CNC) milling machine. A serpentine
microchannel with cross-sectional dimensions of approxi-
mately 500 pm x 500 pm and a length of 390 mm was
engraved. Afterwards, by anodic oxidation and a hydrothermal
method, the titanium surface of the microchannel inner walls
was coated with a mixture of TiO, nanotubes and nano-
particles. TiO,-coated titanium foil was sealed with UV-trans-
parent plexiglass by epoxy glue and four 0.8 mW UV LEDs
combined with a power controller on a small printed-circuit
board were fixed over the substrate. Two holes of 2 mm were
made on the plexiglass surface for the inlet and outlet system.
Caffeine was taken as a model degradation molecule which
was pumped within the microchannel by a high-precision
syringe pump. The results showed very high photocatalytic
efficiency and after 6 months of use and 3600 working cycles,
the microreactor still exhibited 60% of its initial efficiency.

4.3.2. Stainless steel. Eskandarloo et al'** designed an
array of microchannels with dimensions of about 400 pm
width, 50 pm depth, and 54 cm length on a flat stainless steel
plate using a CO, laser technique. Within a 2 cm length, the
microchannel turned 30 times. The sol-gel method was used to
synthesize TiO, nanoparticles on the inner wall of the micro-
channels by pumping titanium n-butoxide/ethanol and water
into the microchannels. A silver nitrate solution was pumped
into the TiO, catalyst bed microchannels in the presence of
UV-LED irradiation to prepare the Ag/TiO, microreactor. Ter-
ephthalic acid was used as a model organic pollutant to deter-
mine the photocatalytic efficiency of the Ag/TiO, microreactor
under UV-LED irradiation. The Ag (0.8 wt%)/TiO, catalyst bed
microreactor showed higher photocatalytic efficiency than
pure TiO,, Ag/TiO, catalyst bed and TiO,-P25 catalyst. At
optimum conditions (10.22 pl min™" flow rate, 12.94 mg L™*
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inlet concentration, 6.2 initial solution pH, and 7.53 Wm™>
min UV-LEDs light intensity), a maximum removal efficiency
of 98.8% was observed.

4.3.3. Aluminum oxide. Aran et al.'*> demonstrated a new
membrane microreactor concept for multiphase photocatalytic
reactions which included five steps, such as porous o-Al,0;
substrate fabrication, microfabrication, photocatalyst immobil-
ization, surface modification and module assembly, to develop
a porous photocatalytic membrane microreactor (P2M2). The
results of photocatalytic degradations of MB and phenol
showed enhanced degradation efficiency.

4.4 Ceramic microreactor

4.4.1. Porous alumina ceramic disks. A TiO,-coated porous
ceramic microchannel reactor was designed by Teekateerawej
et al.">>™ for the photocatalytic degradation of MB dye solu-
tion. As a base material for photocatalytic microchannel fabri-
cation, porous alumina ceramic disks of diameter 5.0 mm,
and thickness 0.2 mm, containing 1250 channels of 50 um dia-
meter in a 3.0 mm circle, were used. A pyrolysis method was
used to prepare a TiO, layer inside the ceramic channel
surface using TA/PVP solution and commercial grade titania
sol (Mitsubishi Gas Chemical). Irrespective of flow rate, the
titania sol based microreactor showed higher photocatalytic
activity than that prepared from TA/PVP solution. Analysis
showed that the channel surface profile is an important para-
meter, because the roughness of the TiO, surface creates a
stagnation region which retards the mass transfer from the
channel wall to the laminar region of the channel flow.

4.4.2. Low temperature co-firing ceramic. Gorges et al.'>®
manufactured a TiO, catalyst coated photocatalytic microreac-
tor using a high-precision CNC milling machine. 19 micro-
channels with a cross-section of ~300 pm x 200 pm were
milled. The microstructure with an immobilized TiO, catalyst
was sealed with a glass top using epoxy glue and mounted in
stainless steel housing. 4-Chlorophenol was used as a model
substrate for degradation. A maximum of 40% degradation
was observed at a flow rate of 3 ul m™". The reactions’ intrinsic
kinetic parameters were calculated and mass-transfer limit-
ations for reaction operating conditions could be excluded by
calculating appropriate Damkohler numbers.

A summary of all the above-discussed microchannel fabri-
cation techniques, materials used, catalysts used, and source
of light is provided in Table 1.

5. Factors effecting the
photocatalytic degradation within
microchannel

In a microreactor, the dye degradation efficiency is effected by
a few important parameters, such as the flow rate, initial con-

centration of the target compound (C,), microreactor dimen-
sions, and light intensity, which are all discussed below.
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Table 1 Summary of utilization of microchannel for photocatalytic degradation
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Fabrication technique Materials Dye degraded Catalyst used Source of light References
Soft lithography PDMS Methylene blue TiO, uv Meng et al."’
Casting and replicate PDMS Methylene blue TiO, uv Lamberti et al.’*®
technology
Soft lithography PDMS Methylene blue ZnO uv Han et al.'"”
Soft lithography PDMS Methylene blue TiO, uv Rasponi et al.'*®
CO, laser technique PMMA Textile dyes such as acid TiO, UV-LED Eskandarloo and Badiei'®’
orange 7, acid violet 19,
methyl orange, and
malachite green
Molding technology PDMS, gel Methylene blue TiO, uv Koo and Velev'"®
Microcapillary Silica Coccine, sunset yellow, TiO, uv Tsuchiya et al.?
methyl red, rhodamine 6G,
erythrosine and methylene blue
Commercial Glass Methyl orange TiO, uv Shen et al.'®
Commercial Glass Phenol Pt/ZnO Zhang et al.*®
Commercial — Rhodamine 6G TiO, uv Oda et al.**°
Stereolithography Epoxy resin Salicylic acid TiO, uv Charles et al.'!
Stereolithography Epoxy resin Salicylic acid TiO, (UV-A) light Corbel et al.'*?
Commercial Glass Methylene blue TiO,/ZnO uv He et al.'"”
UV lithography Glasses Methylene blue TiO, uv Lei et al.'**
Self-assembly technique Silica glass Methylene blue Si0,/TiO, uv Liet al™®
Direct write laser Soda-lime glass Methylene blue TiO, UV-LED Lindstrom et al.'"®
lithography blank wafers
UV imprinting lithography  Glass 4-Chlrophenol TiO, Yoon et al.'*?
Synthetic method Silica Methyl orange and TiO, Yamada et al.'>!
methylene blue
Commercial Glass Methylene blue TiO, UV-LED Ramos et al.''®
Micromilling Quartz Chlorophenols, bisphenol A, TiO, UV-LED Matsushita et al.'*>
and dimethylformamide
— Silica-glass Methylene blue TiO,, SiO,/TiO, UV-lamp Nakamura et al.'"®
capillary
High-precision computer Metal-titanium Caffeine TiO, UV-LED Krivec et al.'*?
numerical control (CNC) foil irradiation
milling machine
CO, laser technique Flat stainless Terephthalic acid TiO, UV-LED Eskandarloo et al."**
steel plate irradiation
New membrane Porous a-Al,O;  Methylene blue and TiO, uv Aran et al.'*®
microreactor concept phenol
Commercial Ceramic Methylene blue TiO, uv Teekateerawej et al.'*>'*”
High-precision CNC milling Ceramic 4-Chlorophenol TiO, UV-A Gorges et al.'*®
machine

5.1 Flow rate

It has been demonstrated that the flow rate of the dye solution
is an important parameter for dye degradation within micro-
channels. Fig. 4(a) shows a plot of degradation efficiency
versus flow rate using experimental data extracted from various
previous studies. In some studies where the flow rate was not
mentioned, it was calculated from the data reported (residence
time) in the corresponding papers. From Fig. 4(a), it is
observed that the dye degradation efficiency decreases sharply
with an increase in flow rate. For example, Meng et al'®
showed that with a decrease in flow rate from 100 pl min™" to
25 ul min~" (a corresponding residence time increase from 12.43
S to 53.00 s), MB degradation increased sharply and completely
degraded occurred in less than 1 min. Aran et al.'*® studied
the MB degradation for different liquid flow rates: 10, 30 and
50 pl min~" (residence times: 3.3, 0.7 and 0.3 min, respectively)
and observed the same trend, with the MB degradation
efficiencies being 90%, 55% and 35%, respectively. Eskandarloo
and Badiei'® also studied the influence of the flow rate on the

This journal is © The Royal Society of Chemistry and Owner Societies 2016

performance of a photocatalytic micro-photoreactor. Analysis
showed that the degradation efficiency of 4-NP increased
from 76% to 100% with a decrease in the flow rate from 150 to
10 pl min™" (corresponding residence times of 6.4 and 96 s),
respectively. Eskandarloo et al'** and Corbel et al'® also
observed a similar trend of degradation efficiency with flow rate.
Other researchers, like Choi et al,*° Lei et al'* and Gao
et al. ™' have shown similar trends of degradation with a very
wide range of flow rates from 0 to 10 ml min™". The pheno-
menon of increasing degradation efficiencies with a decrease in
flow rate is due to the increase in residence time of the reactant
solution inside the microchannels.

5.2 Initial dye concentration (C,)

In general, for a batch reactor, research shows that with
increasing C,, the degradation rate increases to an extent, and
a further increase in C, leads to a decrease in degradation
rate.”*>"*> However, in microchannels, it has been generally
observed that the dye degradation efficiency decreases with an
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increase in C,. The degradation efficiency as a function of initial
dye concentration is shown in Fig. 4(b), where data are extracted
from previously reported studies.'*®1%2%123 A possible expla-
nation for this phenomena of degradation rate depends on the
probability of "OH radical formation at the catalyst surface and
‘OH radicals reacting with dye molecules. A higher C, requires
more reactive radical species for the reaction. Within micro-
channels, a fixed amount of reactive radical species form under
fixed experimental conditions such as flow rate, microchannel
length, and light intensity. Furthermore, with an increase in C,,
organic substances and intermediates molecules get adsorbed
on the immobilized catalyst surface which reduces the degra-
dation efficiency due to the decrease in the production of reac-
tive radical species like ‘OH and O, "."**7%¢

5.3 Initial pH of solution

The initial pH of the solution shows a significant effect on dye
degradation. Eskandarloo et al.'>* showed that by increasing
the initial solution pH from 4 to 6, the removal rate increased
from 65.23% to about to 85.8%. Upon further increase in
pH, the degradation decreased to 40.02%. Similarly, Gao
et al.*" also showed that with an increase of the initial pH of
the dye solution from 2 to 9, the decolorization efficiency
increased from 64% to 87%, and with a further increase in
initial pH from 9 to 12, a decrease in decolorization efficiency
from 87% to 82% was shown. At lower pH values, the reactive
positive holes are major oxidation species whereas at neutral
or high pH levels, hydroxyl radicals act as the predominant
species. The formation of hydroxyl radicals, by oxidizing
hydroxide ions available on the TiO, surface, is easier in alka-
line conditions than in acidic conditions, which initially
enhances the degradation efficiency. After a certain pH value,
there is a Coulombic repulsion between the negatively charged
surface of the photocatalyst and the hydroxide anions. Also, at
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a higher pH, the concentration of hydroxyl radicals is greater
than the ozone concentration, which causes the reaction
between the same radicals to predominate over the reaction
among radicals and dye molecules, thus reducing the dye
degradation,™*” !

5.4 Microreactor dimension

The length of the microreactor has a significant effect on the
degradation efficiency of dyes. Charles et al.""* showed that the
degradation efficiency could be increased along with the
length of the microchannel for a small range of lengths from
20 to 70 mm. Eskandarloo and Badiei'®® also reported a
similar kind of phenomena of degradation efficiency for a
wide range of microchannel lengths. This study showed that
the degradation efficiency was increased from 19 to 70% by
increasing the length from 10 to 70 cm. With increasing micro-
channel length, the residence time of the dye within the micro-
reactor increases. Therefore, the contact time between the dye
molecule and immobilized catalyst increases, which enhances
the photocatalytic reaction.'** The inner diameter of the
microchannel also has a significant effect on the performance
of dye degradation. Nakamura et al''® demonstrated that a
smaller diameter microchannel shows better performance in
the degradation of methylene blue dye. With a decreasing
channel diameter, a greater number of dye molecules react
with the catalyst, which enhances the initial reaction rate.

5.5 Light intensity

The light intensity has an important effect on the photo-
catalytic degradation rate. Fig. 5(a) shows the degradation
profile with respect to light intensity, where data are extracted
from previously reported studies.'*>''"'** The degradation of
organic compounds gets enhanced with an increase in inci-
dent UV light intensity. During the photocatalytic reaction,
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photons produced by light irradiation transfer the electron
from the valence band of the catalyst to the conduction band,
which further decomposes the organic compound as per eqn
(1)-(6). Therefore, the degradation rate depends on photon
production, ie., in other words, on light irradiation. At lower
light intensity, electron-hole formations are predominant and
electron-hole recombination is negligible, which decreases the
formation rate of hydroxyl radicals. Under more intense radi-
ation, more hydroxyl radicals are generated, increasing the
removal rate.'*>"4°

5.6 Catalyst structure

Fine-tuning of the physical morphology, such as adjusting the
size or structure of semiconductors helps in achieving
enhanced photocatalytic properties. It is known that higher
crystallinity reduces the numbers of defects on the catalyst
surface or in the bulk, which reduces the possibility of recom-
bination of electrons and holes. A higher calcination tempera-
ture improves the crystallinity, however, it decreases the
porosity. Thus, experimental conditions should be carefully
optimized to get the highest activity.'*” Charge recombination
rates can be decreased and the photocatalytic activity can be
improved by decreasing the particle size to the nanoscale, at
which the bulk diffusion length of the charge carriers gets
shortened.'”” According to structural characteristics, photo-
catalytic materials are classified as zero-/two-dimensional, one
dimensional and multi-dimensional materials.’*® Solid mem-
branes, films and powders are zero-dimensional photocatalytic
materials, which can be fabricated using facile methods.
These materials have a quantum confinement effect if syn-
thesized and used at the nanoscale, and they strongly influ-
ence the position of conduction and valence bands.'**'3!
A small size shifts the conduction band to a more negative value
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due to size-quantization effects. Ultrathin nanoplates help the
charge carriers to move rapidly from the interior to the
surface, thus improving the separation of the photogenerated
electron and hole, and hence, improving the photocatalytic
activity. However, small particles tend to aggregate due to their
larger surface energy. Surfactants are used to stabilize the
small particles. Also, small particles are difficult to recycle
after the photocatalytic process. Photocatalytic films overcome
this drawback.'” Nanorods, nanoparticles, nanowires (NWs),
etc. fall under the category of one dimensional photocatalytic
materials. These materials may be hollow and porous and thus
supplement the surface area and allow easy organic material
diffusion. In addition, these have high electron transport
efficiency.'>®°® Hierarchical assemblies that combine the
two- or three-dimensional structures are called multi-dimen-
sional materials. These materials have further augmented
surface area and show structure-induced characteristics, such
as multiple reflections of incident light, inner trapping of pol-
lutants, etc.'"*® Hierarchical structured photocatalysts also
enhance light absorption, enhance electron transport along
the nanoplates and facilitate electrolyte diffusion due to their
open structure."*”

5.7 Catalyst support

The catalytic activity of photocatalysts can be enhanced by the
proper selection of supports with a high surface area. Hetero-
geneous photocatalyst supports enhance the photocatalytic
activity due to the synergistic interaction between the photo-
catalyst and the support. Supports enhance the charge separ-
ation and thus provide better electric conductivity. High
porous area supports adsorb the organic molecule to be
degraded and easily desorb the degradation products.’”
Degradation of the adsorbed organic molecules becomes more

Photochem. Photobiol. Sci., 2016, 15, 714-730 | 723



Perspective

Table 2 Kinetic parameter values from the literature

Reaction rate constant, Adsorption coefficient,

References ks (mmol 17 h™h) K, (I mmol™)
Krivec et al.'** 1.82 17
Choi et al.*° 0.75 22
Charles et al.'"* 1.7x107° (mmol I"* 71 24
Gorges et al.'*® 0.26 28
Theurich et al.'®* 0.2 24

likely because of its increased and easy interactions with the
hydroxyl radical which is available on the catalyst support
itself.'*”**® Dispersion of the photocatalyst on a support helps
in its proper dispersion and prevents its agglomeration and
sintering."*"'®® Supports immobilize the photocatalysts and
thus increase its reusability.'®""¢*

6. Kinetic study of photocatalytic
degradation within microreactors

Some studies been reported on the kinetics of photocatalytic
degradation within microchannels by Krivec et al,"”® Choi
et al.,”° Gorges et al."®® and Charles et al.'' In general, a
microfludic reactor has been considered to be a perfect plug-
flow reactor and the photocatalytic degradation is often
described by the Langmuir-Hinshelwood kinetics model. The
degradation reaction rate has been represented by the follow-
ing equation:

_ ksKC;
T 14KC;’

i 7)
where R; and k; denote the reaction rate of compound degra-
dation and the reaction rate constant, respectively. C; and K
signify the initial pollutant concentration and the adsorption
coefficient of pollutant substrate on the photocatalyst surface,
respectively. The linearization of eqn (7) results in a linear
relationship with an intercept of k,* and a slope of (kK) ™"

1 1 11

Bk RKG )

The reaction rate constant and adsorption coefficient are
calculated using eqn (7) and (8) as shown in Fig. 5(b) and
Table 2. The reaction rate constant is strongly dependent upon
experimental conditions; therefore, it is not possible to
compare the kg values determined by different researchers.
However, variation in the values of adsorption coefficient is
margina1.111’128’163

7. Summary and future perspectives

The fabrication and usage of microreactors for photochemical
applications is still in the research stage and has not been
commercialized yet as an industrial process. This is because of
the high cost of fabrication and immobilization of costlier
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catalysts. There are many challenges which need to be
addressed with respect to the presence of catalysts inside a
microreactor, like the method of fixation of catalyst inside the
microreactor, retaining the catalyst and its activity for longer
duration, removing the spent catalyst and avoiding plugging of
the microreactor. In addition to the above, there are greater
challenges with respect to the removal of various mass-transfer
resistances. Moreover, studies on comparisons of capital and
operating costs of the microreactor with respect to convention-
al reactors are very scarce. Microreactors or microchannel fab-
rication of different materials with precise dimensions are still
a big challenge. Microchannels are easier to make on metallic
substrates as compared to polymeric substrates, however, the
reactive and opaque nature of metallic substrates make them
non-preferred substrates for making microreactors for photo-
chemical applications. Polymeric substances have problems
with respect to their brittle nature, which causes fractures
inside the microreactors. Other materials are costlier and have
problems with absorption of heat. Conventional fabrication
techniques such as lithography and etching are time consum-
ing and have shortcomings with respect to the manufacture of
precise and wide-dimensional microreactors. In the embossing
and imprinting techniques, wearing of the stamp, which incor-
porates features of the microreactors, results in improper
dimensions. Laser fabrication technique is more efficient, less
time-consuming and seems to be a more prospective tech-
nique, although damages due to its inherent thermal nature
still need to be addressed. Microreactors can do the same to
microchemical reactor engineering what transistors did to
microelectronics. To do this, their throughput has to be
increased. This can be done by two approaches: one in which
the parallelization of microreactors has to be done; and in the
other, increasing the microreactor dimensions and flow rates.
The second approach has likely chances of losing the advan-
tages of better mass and heat transfer rates in microreactors.
For use of the first method, microreactors have to be inte-
grated with sensors, controllers and actuators through lab-on-
chip techniques and/or through integrated hybrid schemes. In
addition, accurate and complex control systems have to be
developed so that all units have identical operating conditions.
The packaging of several microreactors into a bigger unit is
also a significant challenge.

This article gives an overview of photocatalytic microreac-
tors with an application in environmental science, in particu-
lar, the degradation of different toxic dyes within
microchannels. Various microreactor fabrication techniques,
depending on the application, have been demonstrated. This
paper also gives an idea about the effect of parameters such as
flow rate, initial dye concentration, initial pH of solution,
microreactor dimensions and light intensity on dye degra-
dation efficiency within microreactors, including Kkinetic
studies. Taking advantage of the enhanced heat and mass
transfer within microchannels, the photocatalytic dye degra-
dation performance will be higher in a microreactor than a
batch reactor; however, a lot of challenges lie ahead before its
commercial and industrial usage.
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