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Abstract

Optofluidics is a new technology that enables simultaneous delivery of light and fluids
with microscopic precision. This study aims to explore the opportunities of applying the
optofluidics technology to the photocatalytic systems for water purification.

In this study, three types of optofluidic reactors for photocatalysis water
purification are designed, fabricated and characterized to overcome the fundamental
limitations of current bulk reactors. The first design is a planar reactor that attempts to
overcome the mass transfer limit and the photon transfer limit in the bulk reactors. It has
exhibited promising features such as small sample volume, short reaction time and easy
flow control. The degradation percentage reaches 94% at the effective residence time of
36 s and the degradation rate gets up to 8%/s at the effective residence time of 6 s. Its
success has encouraged the proposal of the second design, which uses BiVO, as the
visible photocatalyst and mounts a blue-light LED panel as the integrated light source.
The mounted LED provides uniform irradiation of light and enables to utilize the heat
of light source to assist the photodegradation. The degradation efficiency was increased
by 4 times and the heat contribution to degradation was about 4~6%. The third design is
a novel photoelectrocatalytic microreactor, which aims to eliminate a fundamental limit

of photocatalysis — the recombination of photo-excited electrons and holes by applying
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an external electric field. In the experiment, positive and negative bias potentials are
applied across the reaction chamber to suppress the e/h* recombination and to select
either the hole-driven or electron-driven oxidation pathway. Another important feature
Is that the degradation percentage increases linearly with the residence time. It is 5.2%
s for the negative bias state and 4.7% s™ for the positive bias state.

In summary, the optofluidic microreactors have been developed to help overcome
different problems in the bulk reactors such as photon transfer limitation, mass transfer
limitation, oxygen deficiency, and lack of reaction pathway control. These reactors may
find niche applications in rapid screening and standardized tests of photocatalysts and

may also be scaled up for large-throughput industrial applications of water process.
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the test configurations.

Synergetic effect of the photocatalysis and electrocatalysis under the

positive and negative bias potentials.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In recent years, water resources around the world have been seriously polluted along

with the rapid economic development. Water pollution is mainly caused by human

activity, including industrial pollution, agricultural pollution and living pollution.

Increasingly exacerbated problems caused by water pollution have been a significant

security threat to human survival and become a major obstacle to human health,

economic and social sustainable development. According to the survey from World

authority, 80% of diseases spread due to unsafe drinking water each year in developing

countries, resulting in the death of at least 20 million people worldwide. Therefore,

water pollution is called "the world's number one killer", which also seriously affects

industrial production, equipment corrosion and product quality. What is more, it affects

people’'s lives, ecology and human health [1].

For a long time, it is believed that the tap water is safe and healthy. However, due

to a variety of pollution, it cannot be regarded as healthy any more. A survey shows that

tap water in the world contains as many as 2,221 kinds of chemical pollutants, some of

which are recognized as carcinogens or tumor promoters. The composition of urban
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wastewater is very complex, in addition to heavy metals, it still contains pesticides,
fertilizers, detergents and other harmful residues, even after it is boiled, these residues
are still flooding and even increasing the concentration of harmful substances. Boiling
the water decreases the amount of dissolved oxygen which is beneficial to human health,
but increases the content of carcinogens like nitrite and chloroform. Therefore, the
safety index of drinking water is also not high [2].

Over the last decades, the water quality in some countries especially the
developing countries continues to decline and the water environment persistently suffers
from deterioration. As a result, water shortages and accidents caused by pollution
continue to occur, which directly influences the development of industry and agriculture.
All in all, water pollution leads to serious threat to the sustainable development of
society and the survival of humanity [3].

Therefore, in view of the increasing demand of clean water and the deteriorating
water supply in modern society, we must develop advanced and cost-effective water
treatment technology to reclaim and reuse wastewater to increase the available water
resources while suppressing the deterioration of water pollution. Reusing and recycling
Wastewater is definitely a promising way to constitute the largest source of clean water.

As a cycle of economic behavior, it has also been adopted by most of countries,
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including the recycling of industrial wastewater and urban sewage. In the meantime, a
large number of urban sewage is mostly flowed back to agricultural irrigation, industrial
water, municipal use, groundwater recharge and so on. But the recovery is still
impossible to accord with the health standards for drinking water.

Recycling wastewater is usually accompanied by health-threat coliforms,
suspended solids and dissoluble organic compounds. It is often troublesome and
expensive to dispose these contaminants. Water treatment technologies currently in
industrial uses, such as adsorption and condensation focus on transferring them into
other stages of contaminants, but still cannot be completely eliminated or destroyed [4].
Other conventional water treatment methods, such as precipitation, filtration, chemical
and membrane technology, involve high operating costs and may flow into the
ecosystem to cause secondary pollutants. Due to the increasing environmental
awareness and regulations, these redundant and toxic pollutants have already raised
serious concerns over the world. Without doubt, chlorination can effectively kill germs,
but it can also produce more halogenated compounds which are the greatest pathogens
of gastrointestinal cancer. Moreover, many dissolved toxic chemicals (such as dyes,
pesticides, detergents) in the wastewater cannot be treated efficiently by the prevailing

physical, chemical and biological water treatment methods [5], [6]. As a result, the
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already-treated wastewater still contains some residual of contaminants and is usually
discharged into rivers and seas for natural decomposition, causing a huge waste of water
resources and also posing threat to environment.

In 1972, Fujishima found that irradiated titanium dioxide (TiO,) particles could
activate sustained redox reaction of water to produce hydrogen and oxygen, which
inspired many researchers’ interest in heterogeneous photocatalysis. Since then,
photocatalytic oxidation technology has been widely appreciated and rapidly developed.
As an excellent photocatalyst, with the merits of stable chemical characteristics,
non-toxicity and low cost, titanium dioxide has attracted many scientists to explore its
industrial applications [7], [8].

Since 1976, Carey etc [9] have successively reported some research work such as
detoxifying PCBs to complete dechlorination by using turbid aqueous TiO, under near
UV irradiation, photolysis process of diphenol, I', Br, Cl", Fe?*, Ce** and CN™ by TiO,
under the irradiation of a polymorphs pole xenon lamp and bactericidal action of TiO,
under UV irradiation. Therewith, a large amount of in-depth research works indicated
that the use of photocatalytic technology is not only capable of decomposing a variety
of refractory organic pollutants, but also has good sterilization and suppression of viral

activity and no harmful intermediates.
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During last decades, photocatalysis has been merged into many application fields
due to its ability of photoexcited oxidative, reductive and hydrophilic properties. The
block schematic diagram in Fig. 1.1 presents the applications of TiO, by using its
photocatalytic properties. For example, its decomposing capacity is currently popular
with the industrial photocatalytic reactors serving for wastewater and air treatment. Its
hydrophilic properties show strong application prospects in self cleaning of external
coated tile or tent and anti-fogging of coated mirror and glass. Also, it shows good
potential for regeneration and recycling of the energy, such as some of biochemical

cofactors and methanol and so on [10].

NO,, SO,, CO,
Formaldehyde
and etc.

Anti-fogging, self Organic chloride,
clean, soot, Oil soil starch, dye and etc.
rain stain, — -

and etc. (_ Water purification;/_,v

/SII f Y o o ) — T
. 5_‘_"2“?_,."\ ’ (_Air purification
Photocatalysis
o - _ Water splitting
(_Deodorization _ - TiO, LaTer spiine

Tobacco odor,
Garbage odor,
Aldedyde,

Ammonia and etc

(Organic systhesri.rs;

\_Sterilization_) )

NADH cofactor,
ethanol,Formald
ehyde and etc.

Anti-bacteria, Fungus,
Algal, mold, duckweed,
pest infestation and etc.

Figure 1.1 The applications of TiO, by using its photocatalytic properties.
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Due to their excellent behavior, more and more photocatalytic products spring up
to the market and our human’s life. According to the report of BCC research (a leading
market research company) in 2010, it showed that the global market of photocatalyst
products in 2009 accounted for $ 848 million, and the compound increasing rate in 2014
was expected to reach 14.3% to nearly 1.7 billion in total revenue. Based on the
statistics data, photocatalyst products for the construction sector in recent years always
accounted for the largest market share. It is estimated that the revenue of $ 740.3
million in 2009 accounted for 87.4% in the total revenue, the amount of this sector is
expected to grow by 14.5% to reach 1.5 billion in 2014. The market segment of
consumer products in 2009 was 85 million and was expected to grow by 13.2% to reach

$ 158 million in 2014 [11].

SUMMARY FIGURE
GLOBAL MARKET FOR PHOTOCATALYST PRODUCTS 2007-2014
($ MILLIONS)

1600
1400 =
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1000
800 - :
600 \
400 |
200 i [ 3
o ) 2008 ) — 7
B Construction
M Consumer products
M Others

Figure 1.2 The summary of photocatalysis products from 2007 to 2014 (data source:

BCC research 2010) [11].
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All these data well show the marketing potential of photocatalyst products. This

market diagram shows the distribution of overall industry but does not highlight the

details about the nanoscale photocatalysts. Actually, during recent years the

nanotechnology of photocatalysts has developed more rapidly than expected. Such trend

will not change in the near future.

Gradually, the photocatalytic technologies stands out as a promising remedial

solution for water purification since it can decompose/mineralize a wide range of

organic pollutants into innocuous products (e.g., CO,, H,O) under the irradiation of UV

or sunlight [12]-[15]. In recent years, a variety of photocatalytic reactors have been

reported for water treatment [12], [16]-[20]. But the efficiency is still limited due to

many technical challenges such as mass transfer limitation, photon transfer limitation,

recombination of photo-excited electrons and holes, and low selectivity of

photocatalysts to visible light.

Microfluidics, especially its subarea — optofluidics, may provide a quick solution to

these problems. Optofluidics is an emerging field that aims to synergize

optics/photonics and microfluidics to leverage the specific advantages of both

disciplines [21], [22]. It has inspired the creation of many new devices for biological

sensing and chemical analysis [23], [24], imaging [25]-[27], optical manipulation of
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particles [28], energy conversion [2], [29], and photonic systems [30], [31]. Recently,

some studies start to explore the optofluidic devices to capture and control the solar

energy based on a fluidic process [32]-[40]. Among the foci of studies is the

photocatalytic water purification [41], [42]. In fact, photocatalytic water purification is

naturally an optofluidic system since it shares the same features of optofluidics: light,

fluid and their interaction. In this thesis, “optofluidics” and “microfluidics” are used

exchangeably as a microfluidic photocatalytic reactor is naturally an optofluidic reactor

and the details will be introduced in chapter 3.

At the first glance, microfluidics and water purification seem in contradiction since

the former is designed to deal with small volume of solutions while the latter requires

large throughput. This mismatch can be bridged over by scaling up the microreactors.

Or alternatively, using the microreactors for the application scenarios that do not need

high throughput but require repetitive tests, for example, quick test of the photocatalysts,

optimization of the operational conditions and rapid screening of various photocatalysts.

Compared with the conventional bulk reactors that involve large reaction plates and

complicated fluidic tubing, the use of microfluidics introduces immediate benefits such

as small consumptions of photocatalyst materials and water samples, precision control

of flow states and short test time. Moreover, the microfluidics has more profound
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influence on the photocatalytic reactions in the various aspects such as mass transport,

photon delivery, reaction site cleaning, new functionalities, and many others.

1.2 Objectives and organizations of thesis

Photocatalytic water purification utilizes light to degrade the contaminants in water and
may enjoy many merits of the microfluidics technology such as fine flow control, large
surface-area-to-volume ratio and self-refreshing of reaction surface. Although a number
of optofluidic reactors have been reported for photocatalysis, there are still many
limitations and problems which should be faced and solved for promoting its industrial
development. It is the objective of this thesis to design and study the novel microfluidic
planar reactors for photocatalytic water treatment.

In chapter 1, an overview of the applications of photocatalysis is presented and its
developing potential is analyzed and forecasted. The objectives and organizations of the
thesis are also discribed in this chapter.

Chapter 2 illustrates the mechanism and kinetics of photocatalysis and presents a
literature review on the current reactors used for photocatalysis water treatement.
Through the survey, the physical mechanisms that underpin the synergy of

microfluidics and photocatalysis will be identified. The introduction of microfluidics
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help overcome different problems in the bulk reactors such as photon transfer limitation,
mass transfer limitation, oxygen deficiency, and lack of reaction pathway control.

Chapter 3 presents the first design, a novel planar microfluidic reactor used for
decomposing methylene blue, which can overcome the limitations of mass transfer and
photon transfer in the previous photocatalytic reactors (especially for bulk reactors) and
can improve the photoreaction efficiency by more than 100 times. The microreactor has
a footprint of 7 x 2.5 x 0.2 cm® and a planar rectangluar recaction chamber (5 cm x 1.8
cm x 100 pm). TiO, nanoporous film is immobilized in the reaction as the photocatalyst.
The fabrication will also be illustrated in details in this chapter. Then, the performance
evaluation test is conducted by using methylene blue solutions as the degradation
models. Through the experimental results, it can be demonstrated that optofluidic
reactors inherit the merits of microfluidics such as large surface/volume ratio, easy flow
control and rapid fabrication and offer a promising prospect for large-volume
photocatalytic water treatment.

Chapter 4 presents the second design — an integrated microfluidic planar reactor for
visible-light photocatalysis with the merits of fine flow control, short reaction time,
small sample volume and long photocatalyst durability. One additional feature is that it

enables to use both the light and the heat energy of the light source simultaneously. The
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reactor consists of a BiVO,-coated glass as the substrate, a blank glass slide as the cover
and a UV-curable adhesive layer as the spacer and sealant. It has a planar reaction
chamber (10 x 10 x 0.1 mm®). A blue-light LED panel (footprint 10 mm x 10 mm) is
mounted on the microreactor to provide uniform irradiation over the whole reactor
chamber, ensuring optimal utilization of the photons and easy adjustments of the light
intensity and the reaction temperature. This microreactor may provide a versatile
platform for studying the photocatalysis under combined conditions such as different
temperatures, different light intensities and different flow rates.

Based on the previous microreactors, chapter 5 reports the third and more
advanced design — a photoelectrocatalytic reactor. It utilizes the photoelectrocatalytic
effect to eliminate another fundamental limit of photocatalysis — the recombination of
photo-excited electrons and holes, which can also be demonstrated to control the
reaction pathway. All the setup, materials and light source are same with the
microreactor presented in chapter 4. But for the glass slide top and bottom covers are
replaced by ITO glass for generating a uniform electrical field across the reaction
chamber. Both the positive and negative bias potentials are applied and investigated by
decomposing methylene blue to evaluate the performance of photoelectrocatalytic

microreactor. The negative bias exhibits always higher performance. The optimal

WANG Ning 11



@ CHAPTER 1

THE HONG KONG POLYTECHNIC UNIVERSITY
condition is found under -1.8 V and the degradation rate is independent of the residence
time, and the limit of oxygen deficiency also might be solved accompanying with
electrolysis. Synergetic effect of photocatalysis and electrocatalysis is also proved in
this kind of microreactor.
In chapter 6, a general conclusion is drawn to describe the limitations of
photocatalytic water treatment solved by the planar microreactors. And the future work

Is proposed in this chapter.

WANG Ning 12



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

CHAPTER 2

BACKGROUND OF PHOTOCATALYTIC REACTORS

2.1 Mechanisms and kinetics of photocatalysis

2.1.1 Pricinple of photocatalysis

Photocatalysis is the combination of photochemical and photocatalyst, thus light and

photocatalyst are the necessary conditions to promote the photocatalytic oxidation and

reduction reactions. Photocatalysis can be divided into two types, depending on the

catalysts absorpting photons: sensitized photocatalysis and direct photocatalysis.

Sensitized photocatalysis utilizes sensitizer to absorb photons so as to transfer activated

electron to the semiconductor catalyst. Direct photocatalysis directly utilizes

semiconductor photocatalyst molecules to absorb photons, and for further oxidation and

reduction processes. Currently n-type semiconductor oxides are mostly chosen as

photocatalysts, which really depend on their own optical characteristics. The energy

band structure of the semiconductor particles are generally composed by the valence

band with low energy and the conduction band with high energy, between which are the

forbidden band. Some popular photocatalysts have been extensively studied such as

TiO,, ZnO, W03, CdS, SnO,, Fe,03, In,03 and so on. TiO; is the most popular
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photocatalyst for industrial application because it is not only non-toxic and extremely
stable but also very effective in the water phase, gas phase, and is even a non-aqueous
solvent. Although there are various photocatalysts with different catalytic activities, the
photocatalytic principles of the compound semiconductors are similarly consistent,
especially for two popular semiconductor oxides ZnO and TiO,, which are both n-type
oxide semiconductor with roughly the same band gap. This section will mainly discuss
the basic principles of direct photocatalysis [43]-[45].

Photon
Photocatalyst

OH"

e—driven
reaction

VB @// h*—driven
reaction

Figure 2.1 Basic principle of photocatalysis. The semiconductor photocatalytic

*OH—0}

nanoparticle absorbs a photon and excites an electron/hole pair. The electron and hole
then migrate to the surface and initiate the reduction and/or oxidation to decompose the

water contaminants.
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Photocatalysis can be regarded as a series of oxidation and reduction reactions
induced by photo-excited electrons and holes [13], [46], [47]. The basic principle of
photocatalysis is shown in Fig. 2.1.

Generally, the incoming photon with the energy hv > Eq is absorbed by
semiconductor photocatalysts (SC, e.g., TiO,, ZnO) to excite an electron to the
conduction band, leaving a hole in the valence band. And the activation equation can
be expressed by [43], [48]

SC + hv - SC(ez, + hy) (2.1)
Here E, is the bandgap of the semiconductor photocatalyst, e.g., Eo = 3.2 eV for
anatase TiO, corresponding to the wavelength A = 387 nm.

The excited holes can migrate to the surface of SC and then oxidize the adsorbed
reactants via the reactions as expressed below,

hyp + OHggs = OHggg (2.2)
OH,,, + reactant — oxidized products (2.3)

This represents the hole-driven oxidation pathway.
Similarly, the excited electrons can migrate to the surface of SC too and thus can
initiate a reduction reaction (e.g., Hg?* + 2e~ — Hg°). Alternatively, the electrons can

be captured by dissolved O, molecules and can also contribute to the oxidation through
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different pathways,

ecp + 02,005 = Oy (2.4)

0y + H* > HO, (2.5)

HO, + HO, - H,0, + 0, (2.6)

H,0, + e, » OH + OH™ 2.7)

reactent + O, (or OH’) — degradation products (2.8)

These form the electron-driven oxidation pathway. It is noted that the production

of hydrogen peroxide (Eq. (2.6)) provides much more hydroxyl radicals (Eq. (2.7)),

which have super oxidizability in the aqueous phase. Although both electrons and

holes can lead to oxidation, some research studies have found that the electron-driven

oxidation is apparently more efficient in degrading some organic contaminants (e.g.,

methylene blue dye).

2.1.2 Influence factors for photocatalysis reactions

The efficiency of photocatalytic reactors can be affected by many factors, such as nature

of photocatalysts, light source, species of additive oxidants or reductants, properties of

waste water, environment temperature, fluidic dynamics and thermodynamics, residence

time in the reactor and so on, which should be taken into comprehensive consideration

for the overall design and the operation of photocatalytic reactors.
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a) Photocatalysts

Many materials have been employed as the photocatalysts for both research and

industrial applications worldwidely, including titanium dioxide, zinc oxide, tin oxide,

zirconium dioxide, cadmium sulfide and many other oxide and sulfide semiconductors,

among which TiO, is most popular because of its strong oxidizing ability, chemical

stability and non-toxicity. Early on, CdS and ZnO have been used more often as the

photocatalysts. However, due to the unstable chemical nature, they are gradually

dissolved under the irradiation and the eluted metal ions carry certain biotoxicity.

Therefore, currently they are rarely used as civilian photocatalytic materials in

developed countries except for limited utilization in some industrial catalysis fields. At

this stage, research and industrial fields are mostly in enthusiasm on Degussa P25 TiO»,

which has also been wildly used as the reference model for other kinds of photocatalysts

[49], [50].

First, as the most important factors of the efficiency of photocatalysts, their surface

area, roughness and particle size directly determine the adsorption amount of the

reaction substrate. Under the same lattice defects and other factors, the larger the

surface area is, the more the adsorption amount is, leading to the faster reaction rate and

higher photocatalytic activity. Second, photocatalytic activity of photocatalysts can also
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be affected by the absorption of photons, separation of charge carriers and transfer
efficiency of surface charges. The stronger the absorption is, the more the separating
photo-excited electrons and holes pairs are, resulting in a greater probability for
oxidation and reduction reactions. Third, crystal structure of photocatalyst can also
affect their catalytic performance. For TiO,, only the anatase phase and the rutile phase
show photocatalytic properties, wherein the anatase has superior catalyticity. For
bismuth vanadate (BiVO,), the monoclinic phase is significantly superior to the other
polymorphs. Fourth, hydroxy on the surface also affects the activity of catalyst via
adjusting the light absorption and the electron-hole recombination. For example, the
number of TiOH and of Ti** on the surface of TiO, plays an important role in the
photocatalytic process. Finally, the loading configuration for the photocatalyst such as
suspension and immobilization also strongly influence the reaction efficiency. This will

be discussed in detail in next section.
b) Light sources

UV light, visible light and solar light are currently used for photocatalysis. Different
photocatalysts must be matched with the proper light sources because the charged
electron and hole pairs can only be excited by photons with the energy larger than the

band gap (eg. Eg = 3.2 eV for TiO,, A< 387nm) . Currently, TiO, is often
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accompanied with the UV light source including UVA, UVB and UVC (most often
365nm). For ecological and economical reasons, more and more research efforts have
been made to develop the photocatalysts that absorb the visible light and solar light,
such as BiVO, and doping TiO,. However, the effect does seem as good as expected
and has not been accepted by industrial applications [51]-[54].

It is more complicated for the relationship between irradiation density and
photocatalytic reaction efficiency. At low light intensity and correspondingly low
carrier concentrations (<1x107° mol/m?s), the rate of oxidation of a particular compound
is linearly proportional to light intensity, while at higher light intensity (>2+10™ mol/m*
s) the rate is dominated by the second-order charge carrier recombination and has a
square-root dependence on the light intensity. As one of the evaluation index of
photocatalytic reaction, the photon utilization efficiency is dependent on the light
density and the photocatalyst material. When the reaction rate is still proportional to the
light intensity, it indicates the unsaturated state of photon absorption, which also stands
for the optimal photon utilization efficiency.

Obviously, a photoreaction system with a good transparency is a prerequisite for
the smooth photocatalytic degradation reactions. In most of the research work, the

photocatalytic degradation models used to simulate the industrial wastewater often
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possess the characteristics of low concentration, no impurities and good light

transmission. However, the actual industrial wastewater often shows high concentration,

more impurities, high turbidity and poor light transmission, which cause the difficulties

to photocatalytic degradation reactions. Therefore, the photocatalytic degradation in real

wastewater treatment system must be pre-treated to filter out the suspended solids in

water to obtain a good light transmission. In addition, the light source must be suitably

fixed to the reaction system for the best performance. The internal embedded light

sources are often fixed at centre of the slurry reaction system. But for the immobilized

reaction system such as fixed—bed thin film reactor, the light sources are often fixed

outside and right above the reaction chamber to gain the best utilization of photons.
c) pH

Acidity or alkalinity is an important factor for the photocatalytic reactions by

influencing the semiconductor photocatalyst including its surface charge, the band edge

potential and the size of aggregates [55], [56]. In the process of photocatalytic

degradation, organics with different structures can be most effectively decomposed

under an optimal pH value. Many research studies have found that the maximum

photodegradation rate often occurs near the zero point charge of photocatalyst, which

depends on the pH value of the reaction environment, e. g., pH= 6.25 for P25 TiO,. The
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surface of the TiO, should be positively charged when the pH is less than 6 and
negatively charged when larger than 6.

Generally, the reducing capacity of the conduction band electrons increases with
the pH value. According to the Nernst’s law, the energies of the band edges can be
shifted by adjusting the pH value of reaction system, often 0.059 V per pH unit under
ambient temperature. This indicates that higher pH value would make valence band

holes of photocatalyst less active and conduction band electrons more potent.
d) Initial concentration of pollutants

Higher concentration of pollutants would result in reduction of active sites on the
surface of photocatalyst [13]. Saturated adsorption of organic molecules on the surface
of the photocatalyst is harmful to the reaction system. From the reaction kinetics of the
Langmuir- Hinshelwood model, the photocatalyst reaction can be reduced to the zeroth
order when the initial concentration of pollutants is larger than 5 * 10° M. However, the
reaction shows the first order obviously when the initial concentration is controlled less

than 10° M.
e) Temperature

Usually the photocatalytic water treatment is conducted at the ambient temperature
without artificial heating because the reaction is mostly by photon activation. But the

actual temperature of industrial wastewater is often higher than the room temperature
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and the light source can also cause the variation of reaction temperature in a
photodegradation system. Therefore, the temperature effect should be taken into account.
In fact, some research studies have investigated and proved the effect of temperature on
photocatalytic reactions. When the temperature of reaction is varied a little higher than
the room temperature, the adsorption nature of photocatalyst surface would be improved
and the thermodynamics of chemical reaction may be a beneficial. The
photodegradation rate is usually increased over the reaction temperature range of 20 —
80 °C, and goes down at larger than 80 “C due to the reduction of exothermic
adsorption of reagents. Moreover, the increase of temperature often reduces the
solubility of dissolved oxygen, which is adverse to a photo-oxidative reaction,

especially for a closed reaction system [13], [57].
f)  Additional oxidants and reductants

Oxidants are effective electron capture agents which can promote the photocatalytic
oxidation. Many effective oxidants have been reported such as: O,, H,0,, S,05%, 104,
Fe,O3 and so on. In the system of catalytic oxidation, O, and H,O, are absolutely ideal
electron trapping agents because the reaction product is H,O without any intermediate
pollutants. Many research studies reported the dissolved oxygen as an important factor

for photocatalytic reactions. It acts as a highly efficient electron acceptor to prevent the

WANG Ning 22



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

recombination of charge carriers. For commercial uses, air is more economical, simpler

and safer than the pure oxygen [58], [59].

Completely on the contrary, the presence of O, is adverse to the photocatalytic

reduction because the reduction of metal ions is often activated and promoted by the

organic electron donors. Therefore, the O, should be eliminated by other protecting gas

such as N, or Ar for a photocatalytic reduction system.
g) Salineor lon

Impact of water soluble salts on the photocatalytic degradation of organics is often

complicated, dependent on the species of salts [60], [61]. The adsorption and the

reactions may compete in the process of photodegradation. Some have reported that CI’

can affect the photodegradation of some organic dyes.

2.1.3 Recombination of electrons and holes

Enhancement of the catalytic activity of the photocatalyst is generally attributed to the

increase of specific surface area and the reduction of the recombination centres for the

photogenerated electrons and holes. These have been mentioned in thousands of

publications but the direct evidence for recombination has rarely been presented

[62-65] .

Typically, the process of recombination of photogenerated carriers consists of the
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radiative recombination and the non-radiative recombination. The former is
characterized by the release of photons, which can be obtained by recording the
fluorescence spectra. However, the non-radiative recombination is characterized by its
release of heat due to the relaxation processes of electrons and holes. Normally, the
non-radiative recombination is much faster than the radiative recombination, and thus
the whole recombination can be attributed to the radiative recombination. It will be
more helpful for the photochemical application of photocatalyst by studying the
radiative recombination process.

TiO; has a high optical absorption coefficient and the electron-hole pairs induced
emission is mainly located at the surface of TiO,, therefore the densities of electrons
and holes go down rapidly from the surface into the interior. Meantime, its destroyed
surface periodic lattice results in an excess of surface energy, which causes the surface
to adsorb some ions or polar groups from the environment to form the surface state.
Electrons and holes located on the surface can recombine by the surface state (electron
injection and capture). Meanwhile, the fabrication process can easily form oxygen
vacancies inside the lattice of TiO, and may result in the indirect recombination process.
It is important to study the complex recombination processes including both the indirect

and the direct process.
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The kinetics of electron-hole recombination may be affected by their

recombination style. It generates one recombination centre when one electron-hole

pair is excited by the photon energy. The recombining rate should obey the first-order

law. However, if several electron-hole pairs are simultaneously exited on a

photocatalyst particle, the recombination rate should obey the second-order law.

Take TiO, particles as an example, its absorption at 620 nm by the trapped

electrons shows the second-order decay with a baseline component when it is analyzed

by the femtosecond pump-probe diffuse reflection spectroscopy, which can be

expressed as [66]:

— o
Abs = a {1+kre0t + B} (2.11)
where «, e, ki, t, and B, respectively, represent constant, the initial concentration of
trapped electrons, the second-order rate constant, the time after the excitation pulse and

the baseline component, which might be attributed to the electrons trapped in depth but

without participation in the reaction.

2.1.4 Visible-light driven photocatalysis
a) Narrow-bandgap semiconductors

Some semiconductors with narrow bandgap such as CdS ( 2.15 eV) ~ Fe,03 ( 2.12 eV)
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and Cu,O (2.10 eV) have been utilized for photocatalytic water treatment and water
splitting due to their visible-light-responsive properties, simple structure and easy
preparation [67]-[69]. After that, many researchers have attempted to fully activate the
UV-Vis response of these narrow-bandgap semiconductors by modifying them and
combining them with TiO,, which can help investigate the interface effect of both
surface and bulk phase compounds.

However, many narrow-bandgap semiconductors become unstable under the
irradiation of UV-visible light, causing the light corrosion. For example, there are some
reactions under long-time irradiation in the photocatalytic aquous suspension system of
CdS, in which CdS can be transformed to Cd** by the hole of valence band.

Many studies have reported that the monoclinic BiVO, (M-BVO) has a stable
photocatalytic ability under visible light (< 517 nm) because of its small bandgap (< 2.7
eV) and high charge mobility [70]. Mingce Long et al. combined BVO with Co304 to
form a heterojunction for photocatalysis and obtained a significant enhancement of
photocatalytic activity in the phenol degradation as compared to the pure BVO.

b) Doping ions
Due to the popularity of TiO, in the industrial photocatalysis field, many research

efforts have been made to dope the ions into TiO, to enhance its photocatalytic
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performance under both UV and visible light. Doped ions normally get into the lattice
of TiO, by substitution or caulking, which would vary not only the optical response
range of materials but also their crystalline structures, chemical stability and
photocatalytic performance. For example, some cations (V°*, Cr**, Mn**, Fe*") [71]
have been injected to replace Ti** in TiO, lattice, leading to the absorption of visible
light. However, the current research work shows more interests on anion-based injection
[72], including C*, N*, F', P* and S%. Although these ions are unable to absorb visible
light directly, they can be easily adsorbed onto the surface of metal oxides via weak
coordination and can generate new electron donor level above the valence band of metal
oxide from the 2p orbital of S or N, leading to weak visible light absorbance. These
electron-rich atoms can be easily activated and the activated electrons can be smoothly
injected into the conduction band of TiO, under visible light irradiation, which are
ultimately transferred to O, or other electron acceptors. In short, the interaction between
TiO, and these anions could induce visible light absorbance and consequent activation
of the substrates.

c) Dye sensitization

To modify wide bandgap semiconductors, photosensitization is one of the important

methods to render them the capability to absorb visible light. Currently, dye
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sensitization technology has been widely studied. It combines wide bandgap
semiconductor materials with some specific organic dyes, humic acid, polyunsaturated
fatty acids and other compounds, which are capable of absorbing visible light to form
compound photocatalysts with visible light response. As long as the excited state
potential of these substances is more negative than the conduction band of the
semiconductor, it is possible to transport the visible-light excited electrons to the
conduction band of the semiconductor and ultimately transfers them to an electron
acceptor (e.g., Oz) [73], [74]. Meanwhile, the positive charge is left on the dye
molecules to produce Dye" free radicals, which can indirectly drive the transformation
of the substrate to the product via the catalytic cycle of an organocatalyst. During the
process, the excitation wavelength of the wide bandgap semiconductor is expanded to
the visible range of light.

Commonly used photosensitizers include ruthenium pyridine complex, erythrosine
B, fluorescein derivative, thionine (Lloyd purple), eosin, rose red, leaf green acid and so
on. But metal-based photosensitizers such as ruthenium pyridine complex are reported
and studied more extensively due to their high efficiency and good stability.

Although a lot of work related to the photosensitive photocatalyst has been

conducted, it still faces the problem of low photoelectric conversion efficiency, which is
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mainly attributed to that the excited electrons injected into the conduction band of

semiconductor from the excited state of dye can go reverse recombination. In addition,

the method of dye sensitization also shows some other disadvantages: (1) the sensitizer

occupies a large surface of the adsorption sites of the semiconductor material and

affects adversely the photocatalytic performance, especially when it is applied in

organic pollutant treatment, because the competitive adsorption between the organic

pollutants molecules and the sensitizer should be taken into consideration. (2) the

photosensitizer is easily lost from the catalyst surface, resulting in a decrease of

photosensitive capacity. It also generates the secondary contamination when the

contaminants are from the polluted water [73].
d) Plasmonic enhancement

Plasmonic photocatalysis has recently come into focus as a very promising technology

for high-performance photocatalysis [75]-[80]. It involves dispersal of noble metal

nanoparticles (mostly Au and Ag, in the sizes of tens to hundreds of nanometers) into

semiconductor photocatalysts and obtains drastic enhancement of photoreactivity under

the irradiation of UV and a broad range of visible light.

Under visible light irradiation, electrons below the Fermi level (E;) of the

plasmonic nanoparticles (NPs) will be excited to the surface plasmon (SP) states,
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leaving positive charges (h*) below Ey. Since plasmonic NPs are commonly supported
on the surface of metal oxide, the SP state electrons will be injected into the conduction
band (CB) of the metal oxide, and ultimately transferred to electron acceptors such as
0,. Meanwhile, the left h* would be quenched by the organic substrate to complete the
photocatalytic cycle. To comprehensively understand the functionality of a plasmonic
photocatalyst, both the properties of plasmonic NPs and metal oxide support should be
taken into consideration. In addition to stabilizing plasmonic NPs and shuttling electron
transfer, the metal oxides also possess surface acid-base properties, which can facilitate
the formation of product for the overall heterogeneous reaction processes. In addition,
metal oxide supported Au, Ag, and Cu NPs are excellent heterogeneous catalysts for
thermally induced redox conversions, which also benefits the plasmonic photocatalysis.
For example, in the TiO, film embedded with Au nanoparticles, the Au
nanoparticle is able to absorb visible light, independent of the absorption of the UV
light by the TiO, nanoparticle itself. Due to the localized surface plasmon resonance
(LSPR) created in response to the electromagnetic field of the incident light, the Au
nanoparticle drives a collective oscillation of the electrons, which excites more electrons
and holes by energy transfer and/or charge carrier transfer. This is the essential and

distinctive mechanism of plasmonic photocatalysis and enables the creation of active
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electrons and holes in the TiO, nanoparticle even in the absence of any light absorption

2.1.5 Photoelectrocatalysis

Photoelectrocatalysis is a special heterogeneous catalysis, which can accelerate

photoelectrochemical reactions by selecting specific semiconductor serving as

photoelectrode or changing the surface state of the photoelectrode. Here it can be

vulgarly understood that the electron-hole pairs generated by reaction between light

irradiation and the interface of electrolyte / photocatalyst are separated by the internal

and external electrical field and react with the ions in the reagent [81], [82].

It is well known that the holes and electrons can recombine quickly and release

heat. Another simple recombination under irradiation can be expressed as:

2H,0 + 4h* - 0, + 4H* (2.12)

0, + 4H* + 4e™ > 2H,0 (2.13)

Obviously, the separation and recombination of electrons and holes are completed

by the same species but without transferring the energy to the organics and the

decomposition reactions, forming a meaningless short circuit on the surface of

photocatalyst shown in Fig. 2.2

To complete the photocatalytic process, the other half-reaction should be enabled
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by the oxidative species and the organics as shown in equations (2.2) and (2.3), the

principle can be referred to Fig. 2.1.

m . J
CB

—_—

hy 0:/H0 E

Figure 2.2 Schematic diagram of short-circuit cell with TiO, as the photoeletrode [83].

In fact, the probability of forming a short circuit cell on the catalyst surface is

much larger than that of the degradation reactions, leading to a relative low photon

utilization efficiency. To improve the efficiencies of photocatalytic degradation and

photon utilization, some methods should be employed to eliminate the phenomenon of

short circuit cell. Since the electrons and the holes accompany with each other with

equal quantity, the simple recombination would certainly occur. However, if there is an

applied external voltage force them to move toward different directions, the possibility

of recombination would be greatly reduced, which ultimately promises an improvement

of the photocatalytic efficiency, the principle can be seen in Fig. 2.3.
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Figure 2.3 Basic principle of photoelectrocatalysis [83].

In summary, the photoelectrocatalytic method aims to achieve the following
objectives: (1) the electrode can act as a catalyst carrier and thus avoid after-separation
of catalyst, simplifying the reuse and recycling procedures; (2) under the effect of
external electrical field, the reduction of recombination will extend the lifetime of the
holes, which greatly improves the efficiency of the degradation of organics.

2.1.6 Thermal photolysis
Catalytic reaction and photochemical reaction can be simply described by:
ASB (2.14)

hv
A—B (2.15)

AF = —RTln E} = —RTInK, (2.16)
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where A, B, 4F, R, T and K. respectively, represent the reactant and the

reaction product, Gibbs energy change, gas constant, reaction temperature and reaction

rate constant.

For the thermal catalytic reaction (2.14), the catalyst (K) is defined as the media

that can increase the rate of reaction but without changing the reaction equilibrium at a

certain temperature. From the thermodynamic point of view, the driving force of the

reaction is just the thermal energy in the catalytic reaction and may be limited to some

reactions based on thermodynamics. For the photochemical reactions, the light energy

can be used to achieve a chemical reaction directly. The reaction needs to overcome the

potential energy barrier. The photochemical reaction is usually "quantum™ or

"threshold" reaction and the light energy is absorbed by a single quantum. Quantum

energy should exceed the threshold of the reaction barrier. According to two rules in

photochemical reactions: (1) only the photons absorbed by substance can induce the

photochemical variation; (2) quantization activation rule, the absorbed light activating a

molecule at the beginning of the photochemical reaction is referred to as a quantum of

light, and therefore the quantum yield of the sum must be equal to 1 [82].

If the absorbed energy are all used for the reaction, AF in equation (2.16) will

increase with the transfer of oxygen into ozone. Or inversely, if the light energy
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absorbed by the reaction system is transferred into heat energy and is then released, AF
will decrease. Photocatalytic reaction should be the combination of photochemical and
thermal catalytic reaction, which means that the reaction should be kept with both light
and heat at the same time. Hence, according to the reaction equation (2.15), the reaction
of equation (2.17) should include all those reactions that increase AF, as expressed by:
A28 g (2.17)
From this view point, some reactions not allowed under mild conditions can be
carried out in the thermodynamical scope. Obviously, this is contradictory to the

definition of catalysis. But most researchers still prefer using the reaction equation (2.17)

to define the photocatalytic reactions.

2.2 Major designs of current photocatalytic reactors

2.2.1 Principles of designing a photocatalytic reactor

Heterogeneous photocatalysis for pollutant treatment mainly focuses on two distinct

areas. On one hand, many research workers concentrate upon semiconductor

photocatalysts and try to improve their catalytic performance by material modification.

Most researchers preferred to improve the photon utilization efficiency by doping some

elements (C, N, etc.) into TiO,, causing a red shift of light absorption band, to absorb
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and utilize visible light. Interface effects in some synthesied compound photocatalysts

can also cause the separation of electrons and holes. Some semiconductor

photocatalysts that can directly absorb visible light have also been used for visible light

photocatalysis. However, due to the unsatisfactory performance and efficiency, these

photocatalysts are not ideal for large-scale industrial applications [17].

On the other hand, in order to verify the photocatalytic characteristics of these

semiconductor photocatalysts, another critical factor should be taken into consideration.

This is the photocatalytic reactor. The design and setup of the photocatalystic reaction

system determines the overall photoreaction efficiency directly. Some configurations of

photocatalytic reactors in the laboratory bench scale have been demonstrated to work

efficiently for pollutants treatment, which also paves the way to industrial scale

applications. Actually, the process of scaling up the photocatalysis reactors is extremely

complicated and needs to consider not only the production technology but also the

economic cost.

Beyond that, many other aspects should be taken into comprehensive consideration

for designing a photocatalytic reactor, which include the geometry of reaction chamber,

the distribution status of photocatalysts and the setting of light source. For a scaled

reactor, some more should be considered such as the concentration of pollutants, the
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throughput and the irradiation density. Some detailed aspects have been distinctively

highlighted for a photochemical reactor by Cassano et al. when compared with the

conventional chemical reactors [84]. First, the reactor geometry must be designed

according to the irradiation range and the intensity of light source. Second, the

photocatalyst can be suspended or immobilized in the reactor, which should be chosen

to be most beneficial for the reaction system. Finally, the light source directly influences

the performance of photocatalytic reactors by many elements such as efficiency of

output power, utilization of spectrum, geometry, cooling system and other auxiliary

equipment for increasing the light utilization efficiency. For a configuration of

photoreactor for the polluted water treatment, it is especially important to satisfy all

these requirements.

2.2.2 Classification of photocatalytic reactors

A wide range of photocatalytic reactors have been developed and used in both basic

research and pilot scale studies. They can be classified by the specifications in different

aspects [85].

a) Spectral range of irradiation source: The spectrum of irradiation source is a major

effecting factor for photocatalytic reactors. Currently, most photocatalytic reactors can

be irradiated with UV lamps (UVA, UVB and UVC), visible light (monochromatic and
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UV-excluded) and solar light (concentrating and nonconcentrating). In fact, the light

source must match with the absorbing spectrum of photocatalyst. Then the UV light are

often used for the semiconductor photocatalysts that absorb the wavelength less than

400 nm, such as TiO, and ZnO. Because the proportion of UV in the solar light is only

4~5%, this inspires the exploration of visible light photocatalysis. Some research reports

the monochromatic light or UV-excluded light to investigate the different photocatalysis

mechanisms such as plasmonic enhanced photocatalysis. As the cleanest and greenest

natural energy, the solar light becomes undoubtedly the most popular light source for

industrial photocatalysis applications. Concentrating solar light is often used for higher

irradiation intensities over one sun.

b) Position of light source: The photoreactors can also be distinguished by the position

of the light source. Different reactors with different configurations need adjust the most

suitable position for the light source including inserting, external and distributed. Most

reactors of suspended system are often fixed with an immersing light source to improve

the photon utilization efficiency. For many microsized reactors and fixed—bed reactors,

the light sources which are difficult to be fixed in the interior are often located outside

the reaction chamber. There are some other reactors fixed with distributed light sources,

which can transport the light energy to the reaction area by some media such as light
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guides and reflectors.

¢) Loading state of photocatalyst: Photocatalytic reactors are most commonly divided

according to the loading state of the photocatalyst in the reactor which are suspended

(slurry) or immobilized on a support.

In the slurry reactors, the photocatalyst nanoparticles are suspended in the aqueous

phase to gain the maximum surface area. But in the immobilized photoreactors, the

photocatalyst are often loaded on a fixed support in the reaction chamber such as optical

fibers, glass tubes, glass plates and so on. The advantages and disadvantages of these

two kinds of photoreactors will be introduced in details in the next section.

2.3 Photocatalytic reactors for water treatment

Undoubtedly, reactor designs play a crucial role in tackling these limiting factors of

photocatalysis and have attracted numerous efforts in the last thirty years [43], [86],

leading to a number of innovative reactor designs such as optical fiber based

photoreactors, fluidized bed reactors [10, 11], thin film bed sloping plate reactors [3],

and many others that will be introduced with more details in following section. Most are

referred as bulk reactors due to the large dimension of the reactor systems. Generally,

the bulk reactors can be classified into two main types, depending on the formations of
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photocatalysts: (1) slurry reactor, in which the photocatalyst nanoparticles are
suspended in water samples to form a slurry (see Fig. 2.4); and (2) immobilized reactor,
in which the photocatalyst is immobilized on the substrates in the form of film coating
(see Fig. 2.4). The former has large surface area to volume ratio (SA:V) and enjoys fast
mass transfer, but the absorption and scattering by the suspended photocatalyst
nanoparticles cause a non-uniform distribution of light and thus low photon transfer. In
addition, the suspended nanoparticles need to be filtered out after the purification,
increasing the operation difficulty. In contrast, the latter type has good photon transfer

and needs no post-filtration, but the low SA:V causes a slow mass transfer.

Light source
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Slurry reactor Immobilized reactor

Figure 2.4 Typical bulky reactor designs — slurry reactor and immobilized reactor.
2.3.1 Slurry photocatalytic reactors
a) Annular reactor [87] usually consists of two concentric tubes and the inner tube is

usually transparent to an installed light source. If the UV light source is used, usually
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quartz glass containers should be employed to avoid the absorption of the light source.

And the waste water mixed with the suspended photocatalysts is flowed through the

annular reactor from the middle of the two tubes, which can be treated after irradiation.

The advantage of this geometry is to provide symmetrical radiation field for the

photocatalytic reactions. Such reactors have been widely used in laboratory scale

experiments, they have also become attractive in the industrial applications because of

the easy operation and simple structure.

b) Fluidized bed reactor [88] generally utilizes the upward flow generated by a fluid

(gas or liquid) to keep the stationary phase of photocatalyst under a suspended or

"fluidized" state, then the reagent can contact with photocatalyst sufficiently. As shown

in Fig. 2.5, this kind of reactors presents the advantages of low pressure drop, high

throughput and high surface area, thereby increasing the interaction between the catalyst

reactants. The irradiation is often non-uniform for this kind of reactors.

WANG Ning 41



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

1 '

UV iamp

& ® Pressure gauge

13— Outlet

]

=1 =1

Inlet

Figure 2.5 Schematic of fluidized bed reactor [88].

¢) Membrane reactor [89] involves a well-mixed annular and batch slurry system

integrated with hollow-fiber membranes, which possess ultra-filtration capabilities. This

kind of reactors allows the separation of photocatalyst from the waste water as well as

recycling the photocatalyst to the reactor.

d) Swirl flow reactor [90] is constituted by two circular glass plates. Aqueous

suspension of photocatalyst particles is injected into the internal space between the two

pieces of glasses along the tangential direction of outer edge of the reactor and flows out

from the central hole of the top piece. The vortex generated inside the device can

promote the mixing of the photocatalyst suspension. The reaction system provides a

good mud mixing function and the non-uniform irradiation leads to a complex model.
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e) Taylor vortex reactor [91] is composed of two coaxial cylinders, which have a
similar geometry of the annular reactor. The suspension of the photocatalyst can freely
flow into the annular channel. Similarly, the light source is mounted in the inner center
tube, whose rotation can cause instable vortex in the suspension. Due to the limited
irradiating distance of the light source, periodical irradiation on photocatalyst particles
is thereby induced, which can be easily understood that a circular locus centered on the
vortex nearby the light source is irradiated and the semicircle far from the light source is
irradiated less or has no irradiation. Therefore, the photocatalytic reaction may not occur
in this area. The advantage of this reactor is not only larger mass transfer caused by the
vortex but also higher utilization of the photocatalyst as compared to the conventional
slurry reactors. The drawback is the complexity of its moving parts.

f) Falling film slurry reactor [92] also has a central light source. The photocatalyst
suspension is pumped into the upper side of the reactor from a storage container below
and then falls along the wall parallel to the light source, forming a thin film dropping
from top to bottom, and causing a uniform and sufficient light radiation. After that, the
aqueous suspension solution flows back to the storage chamber. This process continues
until the end of the reaction cycle. The advantages of this kind of reactor is that the

photocatalyst is not in direct contact with the light source section to avoid an
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intermediate product covering the surface of light source, which can cause unnecessary
side reactions and blocking of light.

g) Rotating drum reactor [93] consists of three cylindrical containers, the weir-shaped
paddles are distributed along the longitudinal direction of the container and the external
lighting source as shown in Fig. 2.6. Rotation of the cylindrical container is driven by
three electric motors. And three pairs of fixed UV lamps adjacent to each other are
mounted on the reflector mirrors and enclosed in a wooden box to avoid the influence of
ambient light. The UV light can be cooled by the free air flow between the gap of
reactor and light tube. Suspension photocatalyst solution can flow from the inlet and

flow through the three rotating drums and then flow out from the outlet.
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Figure 2.6 Schematic of rotating drum reactor [93].
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2.3.2 Immobilized photocatalytic reactors

a) Falling film immobilized reactor [94] is different from the falling film slurry

reactor as already discussed in the last section. It is coated with an immobilized

photocatalyst film on the internal column wall and the thin descending film of polluted

water can flow between the central wall of reactor and photocatalyst film. Like the

slurry reactor, the light source is inserted into the central field of the reactor to provide a

uniform irradiation on the photocatalyst film. The thin aqueous film can also ensure the

penetrating capability of the light source. The immobilized reactor configuration may

only activate and utilize the surface of photocatalyst films.

b) Optical fiber based reactor [95] is designed by using optical fiber as both the

photocatalyst support and the light carrier. The photocatalysts is loaded and

immobilized on the surface of optical fiber. Then a mass of coated optical fibers are

gathered to form an optical fiber bundle. The light source can be remotely controlled

and the light can be coupled from the end of the optical fiber bundle to transport to the

reaction region. This design can promise the photocatalyst with minimum scattering

loss and uniform irradiation. However, there are some limitations for this design. If

TiO, is used as the photocatalyst for this design, the optical fibers should be

quartz-based.
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¢) Hollow tubes reactor [96] is composed of a large cylindrical container and several

hollow quartz tubes whose external surfaces are coated with photocatalyst. These

hollow tubes are inserted into the cylindrical container and form a tube array. Actually,

this design is similar with the optical fiber based reactors. The light source is also fixed

at the end of the tube array to transport the light into the reactor. For better utilization of

the light source, a lens and an aluminium reflector are employed and fixed at the end of

the tube array. The polluted water flowing through the reactor acts also as the cooling

reagent for the heat exchanger.

d) Thin film fixed-bed sloping plate reactor [97] has a simple configuration. The

most important part in the reactor is the planar substrate coated with photocatalyst thin

film, which is obliquely fixed toward to the light sources such as artificial light source

or natural solar light. The polluted water is pumped to the top of coated plate and then

flow through the thin film with a thin liquid film, which also guarantee a good photon

receiving capacity. The treated polluted water is collected at the bottom of coated plate.

Fig. 2.7 shows a pilot-scale photocatalytic reactor. Four glass plates are coated with

TiO; by the spray method and fixed on a large substrate with a slope of 20 degrees

under the irradiation of solar light. In term of irradiation area, this configuration is no

doubt much larger than the others.
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Figure 2.7 Schematic of thin film fixed-bed sloping plate reactor [97].

e) Rotating disk reactor [98] is composed of a high-speed rotating disk coated with

photocatalyst film and controlled by a coaxial motor. The light source is fixed right

above the disk with high spinning speed. The fluid on the surface can be accelerated by

high centrifugal force to form a thin fluid film with high flow rate, which is expected to

enhance the mass transfers and photon transfer. As shown in Fig. 2.8, it is a multilayer

rotating disk reactor including four aluminium disks coated with TiO, and irradiated

with UV light. The reagent flows into the reactor from the top inlet and forms liquid

film with high rotating velocity and low thickness on each disk. Under the UV

irradiation, the liquid film can be quickly treated due to the hydrodynamic.

WANG Ning 47



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

Liquid in
! _—
|
_K'J | -\l_
p— — — — Disk surface
§ @j L@\ ¥ coated with TiO;
L - I
| e e
=, ey
| G
- .} T I
|\ C—— —
| \
|\ Coie— S
=, R
f_('/y 'JEJV I—\
| d H
. /_/
N A | |
| ¢|
Liquid out

Figure 2.8 Schematic of multi-layer rotating disk reactor [98].

f) Spiral glass tube reactor can be simply understood with a spiral tube coated
photocatalyst on its inner wall warping around a light source. The purpose of this design
is to prepare irradiation area for the reactor and contact area between fluid and
photocatalyst to enhance the mass transfer and photon utilization efficiency as high as
possible.

g) Tube light immobilized reactor [99] is different from the others in the aspect of
coated substrate. The photocatalyst is coated on the external wall of the light tube and
then the coated light tube is inserted into a vessel. Several U-shaped UV light tubes

coated with TiO, are enclosed into a stainless steel container.
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h) Photocatalytic membrane reactor is a kind of device that integrates the merits of

photocatalysis and membrane technology. As presented by Sylwia’s research work

[100], a novel photocatalytic membrane reactor was used to decompose dye by

combining the TiO, photocatalyst with direct contact membrane distillation. It

evaporates volatile organic and lets pass through a porous hydrophobic membrane

coated with TiO,. In the process, the mass transfer through the membrane pores is

driven by the vapor pressure difference between across the membrane and the gas phase

is maintained inside the pores of the membrane.

j) Corrugated plate reactor [101] is similar with the configuration of plate fixed-bed

reactor. However, the difference is that the surface of substrate is not a smooth plane but

a corrugated plate. This enlarges the surface area of the photocatalyst to enhance the

photocatalytic performance of the reactor.

2.4 Major limitations for current photocatalytic reactors

Based on the above survey, photocatalytic water purification is currently facing several

major limitations, such as low mass transfer efficiency, low photon transfer efficiency

and deficiency of dissolved oxygen [13]. The mass transfer efficiency affects how easy

the contaminant particles are moved to the photocatalyst surface (mostly determined by
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the surface area per unit volume, namely, SA:V) and how fast the redox products are

removed (affected by the desorption, diffusion and stirring). The photon transfer refers

to how to deliver the photons to the photocatalyst reaction sites, a uniform irradiation is

often required for better utilization of the photons [13], [102]. For the dissolved oxygen,

the electron-driven oxidation consumes oxygen, and thus the limited concentration of

naturally dissolved oxygen in water (typically 10 mg/l at room temperature and 1

atmosphere) would affect the photodegradation.

Various reactors have been attempted to break these limitations. For example, spin

disc reactors [103] were designed to overcome the mass transfer limitation, optical fiber

based reactors [104]-[106] were used to tackle the photon transfer limitation, and some

reactors injected H,O, or O, to solve the oxygen deficiency [107], [108]. However,

most of them aim at either one aspect or two, but none could get rid of all the

limitations.

2.5 Benefits of microfluidics to photocatalysis

Microfluidics technology employs microstructures to handle small volume of fluids and

exhibits remarkable capabilities in fine flow control, wide tunability and parallel

analysis [109]-[111]. Its great success in bioanalysis and drug discovery has triggered a

WANG Ning 50



@ CHAPTER 2

THE HONG KONG POLYTECHNIC UNIVERSITY

boom of research to apply microfluidics to other areas, one of which is the
photocatalysis.

The microfluidics could bring in many benefits to the photocatalysis. The
prominent ones are described below.
(1) Large surface area: Microfluidic structures have inherently large SA:V due to the
small volume of fluid [40], [102], [108], typically in the range of 10,000 — 300,000
m?/m?, at least two orders of magnitude larger than the bulk reactors (typically < 600
m?/m®) [43], [47], [86], [106]. For this reason, significant enhancement of the reaction
rate has been observed in the microfluidic reactors (called microreactors hereafter) as
compared to the bulk reactors. It is noted that SA:V here refers to the nominal surface
area of the water sample over the water volume. For a microreactor with a rectangular
bottom and a height h, it has SA:V = 1/h. In an real microreactor, SA:V could be much
larger if the photocatalyst film is nanoporous.
(2) Short diffusion length: The microfluidic layer is typically very thin (10 — 100 pum),
making it easy for the organic pollutants to diffuse to the reaction surface.
(3) Uniform residence time: The flow in microfluidic structures is typically laminar.
This is not ideal for diffusion, but it ensures almost the same residence time (i.e., the

time for the water sample to flow through the reactor, equivalent to the photocatalytic
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reaction time) and thus an equal level of degradation for different parts of the

microflows. As the reaction rate (i.e., the percentage of pollutants converted per unit

time) decreases with longer residence time, an even distribution of residence time helps

maximize the throughput (the processed water volume per unit time) at a targeted

degradation percentage (i.e., how much percent being degraded [48]).

(4) Uniform illustration: The microreactors usually have an immobilized photocatalyst

film under the thin layer of fluid, resulting in an almost uniform irradiation over the

whole reaction surface and thus a high photon efficiency. This is because the reaction

rate constant of semiconducting photocatalysts is usually proportional to the square root

of power density [13].

(5) Short reaction time: The combination of above factors drastically improves the

reaction speed and thus shortens the reaction time. In the microreactors, it takes only

several to tens of seconds to obtain significant degradation (e.g., 90% degraded),

whereas the bulk reactors usually needs several hours [112].

(6) Self-refreshing effect: The running fluid naturally refreshes the reaction surface,

which helps move away the reaction productions and increases the stability of the

photocatalysts. In the bulk reactors, typically the activity of photocatalysts degrades

noticeably after 10 runs of photocatalytic reactions [43], [47], [86], [106], whereas in
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the microreactors the photocatalysts can easily last for several hundred runs of

reactions.

(7) Optimization of operation condition: The fine control of fluids enables to

optimize the operation condition of photocatalysis. For instance, by slowing down the

flow rate and/or disturbing the laminar flows, the microreactors could clean most of the

contaminants in one run, without resorting to the recirculation of flows, which is a

common practice in the bulk reactors [43], [47], [86], [106].

(8) More functionalities: The microfluidics has the potential to add more

functionalities to the photocatalysis, such as fast heat transfer, parallel process for rapid

screening of photocatalysts, micro-mixing [40], on-chip monitoring of photocatalytic

reactions, controllable delivery of light using optofluidic waveguides [113]-[120],

selection of reaction pathways, and so on.

2.6 Review of microreactors for photocatalytic water purification

Various microreactors have been explored for photocatalytic reactions such as water

purification, water splitting [42],[121], photosynthesis [122]-[128], bioparticle

deactivation and heavy metal ion mineralization. Here we limit the survey to only the

water purification because it is simplest and most representative. A brief survey of the
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reported microreactors for photocatalytic studies is listed in Table 2-1. Although their
designs vary significantly, they can be simply classified into four configurations as
schemed in Fig. 2.9. The major difference can be seen more clearly from the transverse
cross section (perpendicular to the flow direction) of the reactors. The micro-capillary
reactor coats a layer of photocatalyst on the inner wall of a capillary tube and runs the
water sample inside the tube. The light can be irradiated from the outside. The
single-microchannel reactor makes use a single straight microchannel to carry the water
sample whereas the multi-microchannel reactor exploits an array of the microchannels.
The planar microreactor enlarges the microchannel in the lateral direction into a planar
chamber. The first three configurations are based on microchannels, each of which has
comparable dimensions of width and height (or diameter) in the range of 10 — 100 um,
whereas the last one has a much larger width (typically 1 — 100 mm) than the height.
For photocatalysis, such a difference significantly affects the throughput, the photon

utilization, the fabrication of photocatalysts, and the scalability to macro-scale reactors.
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Table 2-1 Typical microfluidic reactors used for photocatalytic water treatment.

Type of microreactor

Micro-capillary reactor

Single straight microchannel

reactor

Multi-microchannel reactor

Branched microchannel

Serpentine microchannel

Planar microreactor

Catalyst/Light source

TiO,/SiO,/UV light

TiO,/UV LED

TiO,/UV lamp

TiO,/UV LED

TiO»/UV Nd-YAG laser

TiO,/UV led

P25 TiO,/UV light

Pt-TiO,/UV LED

TiO,/UV-A LED

Nanoporous TiO,

Nanofibrous TiO,/UV

TiO,/ Tungsten lamp

TiO,/Solar light

TiO,/BiVO,/Solar light

BiVO,/Blue LED

Model chemicals
Methylene blue [129]
Rhodamine 6G [130]
Methylene orange [131]
Newcoccine, etc. [132]
Salicylic acid [133]

Chelate (Cu-EDTA) [134]
4-chlorophenol [135]

Methylene blue [127], [136]

4-chlorophenol [137]
Methylene blue [108]
Methylene blue [47]
Methylene blue/phenol [138]
Methylene blue [139]
Methylene blue [140]

Methylene blue [141]
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Figure 2.9 Typical designs of microfluidic reactors for photocatalysis water purification.
(a) Transverse cross-section of micro-capillary reactor; (b) single-microchannel reactor;

(c) multi-microchannel reactor; and (d) planar microreactor.

2.6.1 Micro-capillary reactors

An early work was reported by Li et al. [129], who fabricated a microreactor using

capillaries with an inner diameter of 200 um (see Fig. 2.10). The inner wall was coated

with TiO,/SiO, film to degrade methylene blue (MB) solution. Micro-capillary based

reactors have also been used to decompose various other organic dyes [130]-[132]. It is

the simplest design, but the coating on the inner wall is cumbersome. And the external

irradiation is not ideal for the utilization of light because the outer part of the

photocatalyst layer absorbs light but makes little contribution to the photodegradation.
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Figure 2.10 Micro-capillary reactor with the inner wall coated with self-assemble
SiO,/TiO, for methylene blue degradation, the dimensions of capillary: 5 cm (length) x

530 um (outer diameter) and 200 pm (inner diameter) [129].

Figure 2.11 Single straight microchannel reactor with immobilized TiO,-coated silica

beads for degradation of 4-chlrophenol [134].

2.6.2 Single-microchannel reactors

With rapid development of various etching techniques such as photolithography,

micro/nano imprinting and dry/wet etching, some researchers fabricated microchannels

on glass, ceramic and polymer substrates to examine photocatalytic reactions.
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Matsushita et al. designed a single straight microchannel to degrade some organic

models [134] (see Fig. 2.11). The bottom of microchannel was immobilized with a

sol-gel prepared TiO; thin film loaded with Pt particles. Similar reactors using single

straight microchannels can be found in many other studies on the degradation of organic

contaminants [133]-[136].

2.6.3 Multi-microchannel reactors

The microreactors based on micro-capillary and single microchannel have small photon

receiving areas and waste most of the external irradiation light. And the small

cross-sectional area limits the throughput as well. To tackle these problems, multiple

microchannels have been introduced. In 2004, Gorges et al. [137] designed a

microreactor that branched out 19 parallel microchannels. It immobilized a TiO,

nanoporous film and fixed a UV-LED array above the area of the branched

microchannels. The illuminated specific surface of the microreactor surpassed that of

conventional bulk reactors by two orders of magnitude. In 2005, Takei et al. [142]

fabricated a multi-microchannel reactor for photocatalytic redox-combined synthesis of

L-pipecolinic acid using an anatase TiO; thin film (see Fig. 2.12 (a)). Pt nanoparticles

were photodeposited from H,PtClg as the reduction site. It found that the conversion

rate in the microreactor was 70 times larger than that in a cuvette using titania
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nanoparticles with almost the same selectivity and enantiomeric excess. In another form

of the multi-microchannel reactor, a single microchannel is folded up into a serpentine

shape (see Fig. 2.12 (b)) [40], [108], [138]. This increases the photon receiving area and

the residence time. However, the cross section remains the same as that of a single

microchannel and thus limits the throughput.

(a) (b)

oxygen liquid
3 c%/ / inlet inlet
icrochannel _‘Q—_. == I
| ——
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———
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Figure 2.12 (a) branched microchannel reactor for synthesis of L-pipecolinic acid [142];
(b) serpentine microchannel reactor having 11 rows with 32 side lobes per row, coated

with porous TiO, on the inner wall.

2.7 Summary
In summary, photocatalytic water purification utilizes light to degrade the contaminants

in water and may enjoy many merits of the microfluidics technology such as fine flow
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control, large surface-area-to-volume ratio and self-refreshing of reaction surface.
Although a number of microfluidic reactors have been reported for photocatalysis water
treatment, there are still many coexisting limitations such as mass transfer, photon
transfer, oxygen deficiency and so on. Therefore, it is necessary to develop
microreactors with laboratory bench to solve the current problems which can supply

potential support to applications with industrial scale.
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CHAPTER 3
OPTOFLUIDIC PLANAR REACTORS FOR
PHOTOCATALYTIC WATER TREATMENT USING

SOLAR ENERGY

This chapter will present the first design of optofluidic reactor for photocatalysis,
covering the device design, material fabrication and experimental study. This design is
to demonstrate the great advantages of microfluidic planar structure for the
photocatalysis as it helps solve the fundamental problems of current photocatalysis
technology such as mass transfer limit and photon transfer limit. This is also the

pioneering work of the optofluidic photocatalysis.

3.1 Introduction

Recently, optofluidics technology has made a rapid progress in various applications
such as biomedical research, healthcare, pharmaceuticals, environmental protection and
homeland security [143]-[145], which has been extensively applied to water pollution
treatment [13], air purification [146], disinfection [147], self-cleaning and water

splitting [148]. However, industrial applications are now still in the infancy as limited
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by the low photocatalytic efficiency and the difficulty to scale up from laboratory

proof-of-concept to large-volume production.

The photocatalytic efficiency is mainly determined by the illumination efficiency

and the contact between the activated catalyst and the reagents [149]. The former is also

called photon transfer efficiency and is affected by the illustrated surface per unit liquid

volume (related to the illustration area and the surface/volume ratio) and the effective

incident power density (related to the power density, the absorption and the wavelength

of incidence). The latter is sometimes called mass transfer efficiency and reflects how

easy the reagents in the liquid are moved to the catalyst surface (related to the catalysis

surface area per unit volume) and how fast the reacted products are removed (related to

the diffusion, stirring and flow rate).

Microfluidics has a natural synergy with photocatalysis since its inherent large

surface/volume ratio could drastically enhance the photon transfer efficiency and the

mass transfer efficiency. Indeed, several microfluidic photocatalytic reactors have been

demonstrated and showed high reaction efficiency and good controllability as compared

to the conventional plate and slurry reactors [108], [137], [150]-[152]. However, the

previous microfluidic reactors mostly utilized microchannels-based design and suffered

from reduced light absorption area, limited volume of reactants and low throughput.
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Besides, they relied on expensive and time-consuming fabrication processes like direct

laser -writing [152], dry and wet etching [108], [137], [150]-[152] and thermal bonding

[108], [137], [150]-[152] and thus impeded the prospect of industrialization. In addition,

most of the demonstrated work made use of UV lamps as the light source, the

comparatively high cost associated with the consumption of electricity constitutes one

of the major drawbacks for the rapid commercialization of photocatalytic water

treatment [153]. Solar-powered photocatalysis presents to be the most viable route to

energy conservation and low-cost production. Different types of large-scale

solar-powered reactors have been tested in laboratory and field [153]. For instance, the

thin-film fixed-bed reactor (TFFBR) design has demonstrated high efficiency of solar

energy utilization thanks to its planar structure [154]. Nevertheless, miniaturized

version has yet to investigate.

This chapter will demonstrate a planar microfluidic photocatalytic reactor for water

treatment using solar energy, which attempts to combine the merits of the microfluidics

and planar reactors while circumventing their problems. The device is formed by a UV

curable resin NOA81 (Norland Optical Adhesive) and TiO, film coated glasses, making

the whole fabrication process rapid and low cost. To study the feasibility of

solar-powered photocatalytic water treatment, methylene blue will be used as the
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organic model and its photodegradation will be examined under solar irradiation.

Influences of the reactor parameters (e.g., film preparation methods, thickness of TiO;

films and flow rate) and characterization of photocatalytic efficiency will be studied.

3.2 Experimental details

3.2.1 Device design

In order to enlarge the light receiving area and to keep the inherent merit of large

surface/volume ratio of micro-reactors, a planar microfluidic reactor is designed as

illustrated in Fig. 3.1. For simplicity, the planar microfluidic reactor is called

microreactor hereafter. The microreactor has a rectangular reaction chamber, which is

constructed by two porous TiO,-coated glasses as the top cover and bottom substrate

and a 100-pm-thick UV curable adhesive layer (NOA81, Norland) as the spacer and

sealant. The dimensions of the reaction chamber are 5 cm x 1.8 cm x 100 pm =90

and the TiO, films on the glasses have the same surface area with the reaction chamber.

Two syringe needles are used as the inlet and outlet for solution injection and collection.

Between the reaction chamber and inlet/outlet, tree-branch shaped microchannels (50

UM high) are adopted to ensure a uniform filling of the solution over the whole reaction

chamber and thus a maximum contact of the reagents with the TiO; films.
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Figure 3.1 Schematic diagram (a) and cross-sectional view (b) of the photocatalytic
microfluidic reactor. The device is constructed by two TiO,-coated glasses separated by
a thin layer of microstructured UV-cured NOAS8L. Tree-branch shaped microchannels
are used to ensure that the solution uniformly fills the whole reaction chamber and have
maximum contact with the TiO, films. The length and width of the reaction chamber are
L =5 cmand W = 1.8 cm, respectively. The TiO;films have the same surface area as
the reaction chamber. The heights of the microchannels and the reaction chamber are h;

=50 pm and h, = 100 pam, respectively.
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3.2.2 Preparation of TiO; films

Since the quality of the TiO; film is the key issue to photocatalysis, we have developed
the present study to compare the performance of three types of TiO, films under
microfluidic conditions. The photoreaction efficiencies have been evaluated by
considering the influences of porosity, thickness and flow rate.

The porous TiO; films were prepared by sol-gel method [155], which included two
stages: the preparation of the TiO, colloid and the creation of porous TiO, film on the
glass slide. To find out the TiO, films to best match the design of microreactor, three
types of colloidal dispersions were employed for the TiO, film preparation by sol-gel
method using commercially available TiO, particles and precursor. The first colloidal
dispersion (colloid A) was prepared using TiO, powders (Degussa P25, mean particle
size ~ 25 nm, anatase: rutile = 70:30) [155]. Firstly, 12 g TiO, powders (Degussa P25, a
mixture of ca. 30% rutile and 70% anatase, the mean size of primary particles to be
about 25 nm, BET surface area 55 m?/g) was slowly dispersed in 120 ml water, which
contained acetylacetone (0.4 ml, Sigma-Aldrich) to prevent aggregation of the particles
with the assistance of magnetic stirring. After the powder had been well dispersed, a
detergent (0.2 ml Triton X-100, Sigma-Aldrich) was added to facilitate the spreading of

the colloid on the substrate. Finally, 2.4 g polyethylene glycol (PEG, Sigma-Aldrich)
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was added into the solution under continuous stirring over one whole night. Colloid B
was prepared using similar procedures. The main difference is that absolute ethyl
alcohol (Aldrich) was used as dissolvent and the PEG was replaced by ethyl cellulose
(Aldrich) [156]. This method is named as alcohol-based P25 method. Colloid C was
prepared by precursor solutions following a hydrolysis reaction [157]. Tetrabutyl
titanate (TBT, Ti(OC4Hy)s) was added into ethanol containing ethanolamine and then
hydrolyzed to titanium hydroxide by adding deionized water. After ageing for 24 h, a
transparent colloid was formed. This method is named as TBT synthesis method.

After preparation, the colloids were applied onto the desired regions of the glass
slides by a painting method as follows. A glass slide was covered on four edges with
adhesive tapes (about 40 pm thick) to control the thickness of the TiO, film and to
protect the non-coated areas. As a result, a region of 5 cm x 1.8 cm at the center of the
glass was exposed. Then the colloid (10 i) was applied to one edge of the exposed
region of glass and was distributed by sliding a glass rod over the tape-covered edges.
With the tapes as the spacer, a uniform layer of colloid was obtained in the exposed
region. After air drying at 80 °C, the tapes were removed and the glass slide was

calcined for 2 h at 500 °C in air.
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3.2.3  Microfluidic device fabrication

PDMS (polydimethysiloxane) is most popular for microfluidic devices because of its
celebrated physical and chemical properties. However, it is not a good candidate for this
microreactor because its elastic modulus is too low to support a chamber with high
width/height ratio (collapse otherwise) and a thin layer of PDMS can be broken easily.
NOAS81 is chosen since it has high elastic modulus (typically 1 GPa, 3 orders of
magnitude higher than PDMS) and can be easily bonded to the glass by UV exposure
[158]. In addition, NOAS8L has a better resistance to swelling by solvents than PDMS
and allows the replication of submicron features.

Standard UV lithography was used to fabricate the master mold for the
microreactor. First, negative photoresist SU-8 50 was spin coated (2500 rpm, 60 s, 50
jam) onto a silicon wafer substrate and baked. Reaction chamber and inlet/outlet were
then patterned with a mask. The process was repeated and the microchannels were also
patterned with another mask. As a result, the SU-8 master was obtained. After the
evaporation of trimethylchlorosilane (TMCS) on the surface of the SU-8 master, a
prepolymer solution of PDMS in a 10:1 mixture ratio was poured on and cured at 80 °C
for 1 h. Finally, the cured PMDS slab was then peeled off and ready for making the

microreactor.
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Figure 3.2 Process flow of the device fabrication and integration. Microstructured
PDMS slab is replicated from the SU-8 mold in advance. (a) The microstructured slab is
attached to a planar PDMS slab. (b) Liquid NOAS8L is applied to fill the space between
the two PDMS slabs by capillary force. (c) The NOAS8L is partially cured by UV light.
(d) The microstructured PDMS slab is peeled off and the NOAB81 layer is bonded to a
TiO,-coated glass slide. (e) The other glass slide is bonded by UV exposure. (f) Two

syringe needles are connected to the inlet and outlet using adhesive.

The process flow for replicating the structures to the NOAS81 layer and for
eventually forming the microreactor is shown in Fig. 3.2. First, the microstructured
PDMS slab was attached to a planar PDMS slab (see Fig. 3.2a). Then, drops of liquid
NOAB81 was then applied to the edges of the PDMS slab so as to fill the space between

the two PDMS slabs by capillary force (see Fig. 3.2b). Next, UV exposure (10 mW/cm?,
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20 s) was applied to cure the NOAS8L (see Fig. 3.2c). Since oxygen inhibited the
free-radical polymerization of liquid NOA81 [158], the PDMS’s permeability to gas
ensured that an ultra-thin superficial layer of NOA81 liquid remained uncured in close
proximity to each PDMS surface, though the central part of NOA8L1 had already been
hardened. After that, the microstructured PDMS slab was gently peeled and the NOA81
layer was pressed onto a porous TiO; film coated glass slide (bottom glass, see Fig.
3.2d). Subsequent UV exposure (10 mW/cm?, 8 s) cured the remaining liquid NOA81
layer and bonded them firmly. By then there still remained an uncured thin layer of
NOAB8L on the planar PDMS slab side. By the same method, it was bounded to another
porous TiO, film coated glass slide (cover glass, see Fig. 3.2e). Finally, two syringe tips
were connected to the inlet and outlet using adhesive (see Fig. 3.2f). The process was
easy and low cost. It took less than 5 min to run the whole procedures to make a
microreactor from the master mold. A photo of the fabricated device is shown in Fig.
3.3. It has a footprint of 7.6 cm x 2.5 cm and encloses a microreactor chamber with the

dimensions of 5 cm x 1.8 cm x 100 pm (volume 90 ).
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Figure 3.3 Photograph of the fabricated planar microfluidic photocatalytic reactor.

3.24  Experimental setup for methylene blue degradation
To characterize the performance of TiO; films, the immobilized films was fixed in both
bulk reactor and microreactor for measuring the photodegradation capacity under UV
irradiation (1.1 mw/cm? UV-A irradiation by a portable UV lamp (ZF-7B, 365 nm, 16
W)). In this case, only the bottom glass slide was coated with three different TiO2 films.
X-ray diffusion was also employed to characterize their morphology.

After finding out the TiO, films with best performance, both the top and bottom
glass slides were coated with the TiO, films. And the thickness of the TiO, film on the
top glass slide was investigated for the best photon utilization efficiency. In this section,

the photocatalytic reaction was under 100 m\W/cm?solar irradiation by a solar simulator
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equipped with an AM 1.5G filter (Newport 91160, 150w). Methylene blue (MB,
Sigma-Aldrich) solution was introduced into the device by a syringe pump (TS2-60,
Longer). The degraded MB solutions were collected from the outlet and their absorption

spectra were analyzed by a UV-Visible spectrophotometer (UV-2550, Shimadzu).

3.3 Optimization of TiO; film

In this section, three methods for preparing TiO, films were investigated to find the
optimized one for microfluidic photocatalysis.

3.3.1 XRD of different TiO; films

Fig. 3.4 (a) — (c) show the film surfaces using scanning electron microscope (SEM).
Good homogeneity is present in all three films. Films A and B both exhibit submicron
porous structures, but film A has larger pores and thus higher porosity. In contrast, film
C shows a compact structure. The film thicknesses are measured by taking the
cross-sectional SEM pictures. The films A, B, C have the thicknesses in the range of
0.2 -2 pm, 1 - 10 pm and 50 — 500 nm, respectively. The different thicknesses mainly
come from different colloid absorbability to the substrates. The mineral forms of films
A and B are clear as they are from P25. For film C, X-ray diffraction in Fig. 3.4 (d)

shows that it is in anatase phase, which has good photoreactivity [13].

WANG Ning 72



Qab CHAPTER 4

. 1504

=

S

2 100

‘=

s

= 501

10 20 30 40 50 60 70 80 90

X55000 1000m /D 9.0mm 2e(deg‘)

Figure 3.4 Scanning electron micrographs of the surface structures of the fabricated

TiO, films. (a) — (c) for films A, B and C, respectively. (d) shows the X-ray diffraction

spectrum of film C.

3.3.2  Study of photocatalytic performance of TiO; films

First, the effect of TiO, films thickness was studied using bulk containers, each of
which was formed by cutting a 5 x 1.8 cm? square hole at the center of a 7-mm-thick
PDMS slab and by then attaching it onto the TiO, film coated glass slide. 3 ml MB
solution (3 x 10™° M, PH~7) was then added into each container irradiation of under the

UV lamp. The absorption spectra of the degraded MB solutions after different exposure
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times were analyzed and the reaction rate constants were deduced. For films A, B and C,

the reaction rate constants go up with the increase of thickness but tend to saturate at

about 650 nm (film A), 5 pm (film B) and 200 nm (film C).

Bottom substrate

Figure 3.5 Schematic diagram of the photocatalytic microfluidic reactor and the
photocatalytic degradation process of MB (methylene blue) in the reactor. The bottom
glass slide with immobilized TiO, film and the blank top glass slide were separated by
the micro-structured NOAS81 layer. The reaction chamber has dimensions of 5 cm x 1.8

cm x 100 pm (volume 90 ).

Next, the photoreaction efficiency of films A, B and C were compared by

incorporating them into the bulk container and the microreactor. The schematic of

measuring setup was shown Fig. 3.5. Each film has the saturated thickness so as to

compare their best performance. Similar to the above test, 3 ml of MB solution was
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added into the bulk containers and exposed for 20 min, 40 min and 1 h. The same
amount of solution was also introduced into the microreactor and irradiated under the
same UV light. The photodegraded solutions under different evacuation times in the
microreactor were also examined. Fig. 3.6 (a) and (b) show the degradation data of the
microreactor and the bulk container, respectively. It can be observed that in the
microreactor film A has a better performance than film B, particularly when the
effective residence time is below 40 s. In the bulk container, film B has a better
performance than film A and the difference becomes more evident at longer exposure
time. In both reactors, film C has a feeble performance. The characteristics are listed in
Table 3-1. In the microreactor, the reaction rate of film A is 17% higher than that of
film B (1.4% s™ versus 1.2% s™). In the bulk container, film B is about 13% faster. This
can be explained by considering their differences in porosity, intrinsic kinetic reaction
rate and intrinsic/external mass transfer rates [159], [160]. Because of the fast flow and
the high surface-to-volume ratio, in the microreactor the external mass transfer rate
(MTR) is very high and thus the reaction is mainly limited by intrinsic MTR, which
results from the diffusion of organic molecules on and within the porous catalyst thin
film. The reagent molecules on film A can move to the catalyst surface more easily

owing to its better porous surface structure so that it has higher MTR, making it suitable

WANG Ning 75



2

CHAPTER 4

N

THE HONG KONG POLYTECHNIC UNIVERSITY

for the microreactor. However, in the bulk container long effective reaction time

contributes to sufficient adsorption of MB onto TiO; surface. In this case, the reaction is

mainly limited by the intrinsic kinetic reaction rate. The denser structure of film B is

beneficial to the intrinsic KRR, which explains its better performance in the bulk

container. The feeble performance of film C is attributed to its compact structure. Due

to the length limit, further detailed analyses are not given here. A simpler case was

discussed in our previous work. Such performance difference also evinces the necessity

of this comparative study since the microreactor has an enclosed environment and

places different requirements on the film quality and thus the preparation method.
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Figure 3.6 Comparison of the photoreactivity of films A, B and C. (a) Degradation

percentage as a function of effective residence time of the methylene blue solution in

the microreactor; and (b) degradation percentage in the bulk container.
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Table 3-1 Comparison of the characteristics of the porous TiO, films prepared by the

three methods.

Saturation Reaction rate (% s™)
Preparation method Porosity
thickness | Bulk container’ | Micro- reactor®
Water-based P25 method best porous 630 Nnm 0.016 1.4
Alcohol-based P25 method | better porous 5 um 0.018 1.2
TBT synthesis method compact 200 nm 0.007 0.2

*Data for the 60-min exposure time

&Data for the 9-second effective residence time

In summary, the first two methods prepared TiO, P25 colloids using water and
ethanol as the dissolvents, respectively. The third method synthesized the TiO, particles
using tetrabutyl titanate (TBT). Preliminary experimental results shows that though the
alcohol-based P25 method performs better in the bulk container, the water-based P25
method seems to be a better choice for the microfluidic planar reactor. In contrast, the

TBT synthesis method produces little photoreaction due to the compact film.
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3.4 Results and discussion

After confirming the porous TiO; films, the optimized microreactors were employed to

investigate the photodegradation using solar energy. The fabricated film was observed

using scanning electron microscope (SEM). Fig. 3.7(a) shows the close-up of the film

on the bottom glass slide, with an inset showing a much larger region. Fig. 3.7(b) shows

the cross-section of the film. It can be observed that the resultant TiO, has sub-micron

porous structures and good homogeneity. The film thickness is 2 um and can be varied

by changing the colloid concentration.
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Figure 3.7 Scanning electron micrographs showing the porous structure of the
fabricated TiO, film. (a) Top view of the film, the submicron porous structures are
beneficial as they increase the contact area between the reagents and TiO, and thus
improve the photocatalytic efficiency. The inset shows the good homogeneity of the
film. (b) Cross-sectional view of the film, the film is about 2 um thick and shows a good

homogeneity in the depth direction.
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3.4.1 Enhancement of photocatalytic efficiency by microreactor

To quantify the enhancement of photocatalytic efficiency by using the microreactor, a
bulk container having the same porous TiO; film was used as the reference. The bulk
container was formed by cutting a 5 x 1.8 cm? square hole at the center of a 7-mm-thick
PDMS slab and by then attaching it onto a TiO,-film coated glass slide. After the
attachment, the TiO, film lay on the bottom of the bulk container. The bulk container
can hold up to 6.3 ml solution. It is noted that for fair comparison, the microreactor has
only one porous TiO; film on the bottom glass while the top glass is just a plain glass
slide. In this way, the microreactor and the bulk container have the same TiO; surface.
Microreactor without TiO, was also tested to verify the effect of the TiO, presence,

To study the photocatalytic degradation, 3 ml MB solution (3 x 10° M, PH~7) was
added into the bulk container and then irradiated under the solar simulator (100
mW/cm?). The absorption spectra of the photodegraded solutions after 20 min, 40 min
and 1 h of exposure in the container were analyzed. The same amount of solution was
also introduced into the microreactor by a syringe pump and irradiated under the same
solar light. The photodegraded solutions under different evacuation times such as 5 min,
15 min and 30 min in the reactor with and without TiO, were also examined. Here the

evacuation time refers to the overall time needed to flow all the solution from the inlet
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to the outlet. Therefore, the flow rates corresponding to the evacuation times of 5, 15
and 30 min are 600, 200 and 100 pd/min, respectively. One of the main differences is
that in the bulk container the 3-ml solution was constantly exposed to the solar light
over the whole exposure time, whereas in the microreactor the residence time (i.e., the
effective exposure time) of the solution is much shorter than the evacuation time. For
instance, the residence time is only 0.15 min for the evacuation time of 5 min.
From the Beer-Lambert law

absorbance = el (3.1)
where ¢ is the molar absorptivity, | the optical path and ¢ the concentration. The
degradation can be evaluated by monitoring the absorbance change at 664 nm

wavelength of MB solutions before and after degraded [108].
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Figure 3.8 Comparison of the photocatalytic reaction efficiencies. The microreactor

shows much higher reaction efficiency than the container. For further comparison, the

microreactor without TiO, is also tested and its reaction is found negligible.
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Figure 3.8 plots the MB concentration changes over the reaction time for the bulk
container and the microreactor with and without TiO,. Here the reaction time refers to
the exposure time for the bulk container but the evacuation time for the microreactor. It
Is seen that the microreactor with TiO, exhibited faster decrease of MB concentration
than the bulk container. For example, a degradation of 30% of MB (from the initial 3 x
10™ M to the level of 2 x 10™° M) took 5 min in the microreactor but more than 20 min
in the bulk container. However, the photoreaction in the microreactor without TiO; is
negligible, which validates the significant effect of TiO, presence on the reaction
efficiency.

Such improvement can be explained by considering the mass transfer efficiency
[161]. In the bulk container, the mass transfer presents to be the main limitation.
Nevertheless, in the microfluidic reactors, the mass transfer coefficient and the ratio of
the TiO, surface to the reactor volume are very high because of its inherent microscale
and large surface/volume ratio. As a result, the reaction efficiency is only limited by the
intrinsic kinetics. This is one of the key merits of using microfluidics for photocatalytic
reaction.

3.4.2  Effect of TiO, film thickness

In the structure of microreactor, two TiO, films are utilized, one is on the bottom glass
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while the other on the top glass. For simplicity, they are named as bottom film and top

film, respectively. For the bottom film, the effective surface area would increase with

the thickness due to the porous morphology of the TiO, film, particularly when the film

is very thin. As a result, the reaction efficiency is expected to increase with the TiO,

thickness. However, when the film goes to very thick, the pores in the inner part are not

exposed to the solution or the light and thus do not contribute to the photoreactivity. As

a result, there exists a thickness at which the reaction efficiency starts to saturate. This

conclusion would apply equally to the reactors with only one TiO, film (such as the

bulk container and the microfluidic reactor having only one glass coated with TiO,).

Nevertheless, it is very different for the top film. On one hand, the top film absorbs

some light for photocatalysis. On the other hand, it has to transmit some light to the

bottom film for further photocatalysis. Too thin a top film would have low contribution

to the overall photoreactivity, but too thick a top film would block the light and render

the bottom film useless. There exists an optimal thickness for the top film.
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Figure 3.9 (a) Transmission spectra (in UV region) of the TiO, porous films with
different thicknesses under the irradiation of solar simulator. The inset shows the
relationship between the thickness of the obtained TiO, porous film and the
concentration of the TiO, aqueous solution using the sol-gel method. (b) Degradation
percentage as a function of the TiO, film thicknesses using the bulk container. (c)
Degradation percentage as a function of the TiO, film thicknesses on the top glass using

the microreactor. The TiO, film thickness on the bottom glass is kept at 2 pm.
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In experiment study, porous TiO; films with different thicknesses (0.5 pm, 1 pm,
1.3 pm and 2 pm) were prepared using the TiO, P25 aqueous solutions with different
concentrations (2%, 4%, 6% and 10%, respectively) following the procedures as
discussed in section 3.2.2. The obtained film thickness as a function of the TiO,
concentration is plotted in the inset of Fig. 3.9a, showing roughly a linear relationship.
Fig. 3.9a shows the transmission spectra (over the wavelength 250 — 450 nm) of the
films under the solar irradiation. The transmission intensities decrease with the
thicknesses of the films and approach to zero when the thickness of the film goes up to
2 pm. In other words, a 2-um TiO; film would absorb almost all the light.

Reaction efficiencies of the TiO; films with different thicknesses were compared
using the bulk container configuration. The degradation percentages of 3-ml MB
solution (concentration 3x10™° M) after 30-min exposure time were measured to indicate
the reaction efficiencies. Here the degradation percentage refers to the percentage of the
initial MB being degraded during the exposure time. The results are shown in Fig. 3.9b.
The degradation percentage increases rapidly when the thickness goes from 0.5 pm to
1pm, and tends to saturate at larger than 1 pm thickness. This matches well with the
above prediction. For this reason, the final microreactor is chosen to use a 2-um thick

TiO, film on the bottom glass.
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The influence of the top film thickness was determined using four microreactors
that had the same bottom film thickness of 2 um but different top film thicknesses (0.5
pm, 1 pm, 1.3 pm and 2 pm, respectively). The reaction efficiencies were obtained by
measuring the degradation of MB solutions at a flow rate of 600 jA/min. The results are
plotted in Fig. 3.9c. It is found that the thickness of 1 um is the best choice for the top
film. The following experiments will be done with this optimized device.
3.4.3  Effect of flow rate
The influence of the flow rate on the photocatalytic reaction efficiency was also studied.
The flow rate is related to the effective residence time of the MB solution in the reaction
chamber by the relationship (effective residence time) = (chamber volume) / (flow rate).
Here the chamber volume is 90 pl as already given above. The experimental results are
plotted in Fig. 3.10. The degradation percentage increases with the effective residence
time and reaches 94% at 36 s (corresponding to the flow rate 150 pd/min). This is easy
to understand because the longer the residence time is, the more the photoreaction
occurs. However, it is shown in Fig. 3.10 that the reaction rate actually decreases with
longer residence time (equivalently, it increases with the flow rate). For instance, it is as
high as 8%/s at the effective residence time of 6 s (corresponding to the flow rate 900

A/min) and drops to only 2.6%/s at the effective residence time of 36 s.
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Figure 3.10 Degradation percentage and reaction rate with respect to different effective
residence times of the methylene blue solution in the reaction chamber. The degradation
percentage increases with the effective residence time, whereas the reaction rate

decreases.

In this device, the illuminated specific surface/volume of the photocatalyst in
contact with the reactant can be calculated to be r=2(LW)/(LWh,)=20,000m™,
where L, W and h; are the length, width and height of the reaction chamber, respectively
(see Fig. 1a). The value of 20,000 m™ is just the lower limit. The actual value should be
much larger due to the porous morphology of the TiO, film. Such a high surface/volume

ratio would significantly improve the mass transfer efficiency. To reach a quantitative
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estimation, detailed photoreaction kinetics has to be considered. According to the

previous studies [108], [137], the heterogeneous Damkc&hler number Day, which

represents the ratio of the heterogeneous reaction rate at the catalyst surfaces to the

diffusion from the bulk solution toward the catalyst surfaces, can reflect the mass

transfer limitation in the microreactors. The Da;; number of our device is calculated to

be 0.003 using the equations and parameters from Lindstrom et al. [108]. When the Day,

number is less than 0.1, the reaction rate is dominated by the intrinsic kinetics of the

photoreactions, which indicates that there is no mass transfer limitation for the

photocatalytic reaction in this microreactor. The calculation also indicates that the

height of the reaction chamber should not exceed 570 pm to avoid the adverse effect of

the mass transfer limitation.

3.4.4 Effect of dissolved oxygen content

Oxygen availability is crucial to the MB photocatalytic degradation, which can be

seen by the reaction equation:

C,H,N.SCl + 25,50, — w232V, )4 H,S0, +3HNO, +16C0, +6H,0 (3.4)
According to this equation, the full degradation of 3 x 10> M MB solution requires
7.5 x 10" M oxygen, which is approximately 3 times of the content of naturally

dissolved oxygen (9 ppm, or equivalently 2.8 x 10 M), which is 3 times higher than
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the dissolved oxygen at room temperature and atmospheric pressure. At low flow rate,
the consumption of oxygen would cause a deficiency of oxygen and thus a reduction of
the reaction efficiency. In contrast, a high flow rate helps refuel the photoreaction using
the dissolved oxygen in newly arrived solution. The deficiency of oxygen is supposed to
be the main reason for the decrease of reaction efficiency at lower flow rate. To solve
this problem, a recycle design [161] or an addition of small amount of H,O, [162] might

be used.
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Figure 3.11 Influence of the content of dissolved oxygen on the photodegradation

efficiency of microreactors. Microreactor with a single layer of TiO; film (2 um thick)

on the bottom glass side.
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Here, in order to investigate the effect of dissolved oxygen content, we chose to
blow oxygen and nitrogen into original MB solutions to adjust the dissolved oxygen
content. Experiments have been conducted and the results are plotted in Fig. 3.11.

The dissolved oxygen in water at room temperature and atmospheric environment
is about 9 ppm (or equivalently, 2.8 x 10 M). To adjust the oxygen content, oxygen
and nitrogen gases were blown into the original MB solution to prepare the samples
with 0, 5, 9, 14, 19 ppm oxygen. The oxygen content was tested by using a dissolved
oxygen meter (Model: YSI 55, measuring limit: 20 ppm). After that, the newly-prepared
MB solutions were used for measuring the degradation efficiency of microreactors.
Here, | investigated two microreactors, one had a single layer of TiO; film and the other

had two layers of TiO; films.

Fig. 3.11 plotted the experimental results. It can be seen obviously that higher
oxygen content leads to faster degradation, and the relationship between degradation
and residence time is always exponential for different oxygen contents, including those
> 9 ppm. But the commercial dissolved oxygen meters have often the measuring upper
limit of 20 ppm. Therefore, though | have increased the dissolved oxygen to 19 ppm, it

is still in the state of oxygen deficiency.

Fig. 3.12 plots the relationship between the dissolved oxygen and the degradation
efficiency when the flow rate is set at 300 pl/min (residence time ~ 18 s). The
microreactor shows an increase of degradation efficiency when the content of dissolved

oxygen goes higher.
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Figure 3.12 Degradation as a function of the oxygen content for the microreactor.

Therefore, | have experimentally shown that the dissolved oxygen indeed affects
the degradation efficiency of the microreactors, namely, higher oxygen content results
in faster degradation. Nevertheless, the degradation is always exponential with respect

to the residence time when the oxygen is insufficient for the full degradation of MB.

3.45 Lightutilization efficiency
Quantum efficiency can be used to evaluate the efficiency of the photocatalytic reactor.

It is defined as number of molecules N, reacted relative to the number of quanta

N noon @bsorbed by the photocatalyst or reactants
N
O =—ml 35
N (3.5)

photon
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Normally, the quantum efficiency is characterized using a monochromatic light.
However, we will study the average quantum efficiency for the whole activating region
(= 3.2eV, ~ 387.5 nm) of the solar irradiation. Besides, it should be mentioned that the
total energy arrived on the device is not just absorbed by the catalyst and reactants but is
also lost by diffraction, scattering and reflection of the device. So the quantum
efficiency here is not the actual quantum efficiency but the apparent quantum
efficiency.

Calculated from the solar irradiation under AM 1.5 condition [163], the number of
the photons arrives at the TiO, films is 5.887 x 10 photons/s. The maximum reaction
rate of 8%/s corresponds to the decomposition of 1.45 x 10** molecules/s of MB. In this
case, the average quantum efficiency is 0.25%. However, the total mineralization of one
MB molecule needs 102 oxidizing equivalents produced by the photoelectrochemical
reactions [108]. If we take this into account, the effective apparent quantum efficiency
should be as high as 25%.

It should be pointed out that the energy of activating irradiation for the TiO,-based
photocatalysis is only 3.65% of the whole solar irradiation [163]. The total light
utilization efficiency is still very low in this case. Fortunately, several methods are

being studied for visible light photocatalysis like doping in TiO, [164] and plasmonic
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sensitization [165]. Further work will be done to improve the light utilization efficiency
using these modified materials.

3.5 Summary

In this chapter, a planar photocatalysis microfluidic reactor was designed and
characterized with methylene blue photodegradation under solar irradiation for
performance evaluation. A low-cost and simple method was used for the device
fabrication. Experiments proved that much higher reaction efficiency could be achieved
by this microreactor as compared to the bulk container. Different factors such as the
TiO, film thickness and the flow rate were investigated to optimize the microreactor
performance. 8% s™ reaction rate under solar irradiation was achieved at the flow rate of
900 p/min. The apparent average quantum efficiency of device under the whole
activating solar irradiation (> 3.2 eV) was found to be 0.25%. The main limitations of
the device are the oxygen deficiency in the reactants and the low solar spectrum
sensitivity. The subsequent research work will focus on increasing the oxygen
availability in the reaction chamber and improving the visible light sensitivity of the

photocatalyst.
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CHAPTER 4

LED-MOUNTED OPTOFLUIDIC REACTORS FOR

VISIBLE-LIGHT PHOTOCATALYTIC WATER

PURIFICATION ASSISTED WITH THERMOLYSIS

This chapter presents the second design of optofluidic reactor, which has similar

configuration as the first design in chapter 3 but processes three distinctive features.

One is the direct mounting of a blue LED panel onto the reaction chamber. Another is

the use of visible responsive photocatalyst BiVO, instead of UV-responsive TiO,. And

mostly important is the use of the heat of the LED to assist the photocatalytic reaction.

4.1 Introduction

The optofluidic microreactor presented in the precious chapter inherits the merits of

flexible flow control, large surface-area-to-volume ratio and compact size from the

microfluidics, and benefit the photocatalysis [12], [13], [166]-[168] in various aspects

such as fast mass transfer[102], [108], [137], [151], [152], [169]-[177], efficient photon

transfer[159], [176]-[178], and short reaction time [102], [108], [137], [151], [152],
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[159], [169], [177], [178]. However, the use of TiO, limits the utilization of visible light

in the sunlight. In addition, the small area of TiO; film has an obvious mismatch with

the light source. These will be solved using a new optofluidic reactor.

On the other hand, thermodynamics is an important factor for photocatalysis but it

is usually ignored or deliberately eliminated by using cooling system [179]. As reported

in most work, the adsorption process of organic dye molecules onto the photocatalyst is

endothermic, higher reaction temperature can improve the surface adsorbability of

photocatalyst and the oxidation activity of OH radicals, resulting in more effective

decomposition of the water contaminants [180]. What is more, the photocatalytic

degradation is always accompanied by self-thermolysis when the reaction temperature

rises up. Therefore, it is more energy efficient if we can utilize the light and the heat

from the light source at the same time.

In this chapter, we will present an integrated design of planar microreactor by

simultaneously using light energy and its spontaneous heat energy. Compared with our

previous studies [159] and the microchannel-based reactors [102], [108], [137], [151],

[152], [169]-[174], two new features will be incorporated in the new microreactor —

integrated light source and visible photocatalysis. The former is achieved by mounting a

blue light emitting diode (LED) panel on top of the reaction chamber. The LED panel
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matches the reaction chamber in size and provides relatively uniform irradiation over

the photocatalyst reaction surface, ensuring the best utilization of photon energy.

Moreover, the direct contact of the LED panel and the reaction chamber makes it

feasible to use the heat of LED panel to assist the photocatalytic reactions. The latter is

done by using the visible-responsive photocatalyst bismuth vanadate (BiVOy, or in short,

BVO). Visible-light driven photocatalysis has long been pursued in the hope to use

sunlight directly [181], [182] and this work represents probably the first attempt to

develop visible-responsive microreactors.

4.2 Design and Experiment

4.2.1  Setup of microreactor system

The setup of microreactor system is shown in Fig. 4.1 (a), which has a blue-light LED

panel mounted directly on a microreactor. In experiment, a fan and a heat sink would

also be attached to the LED panel for heat dissipation to avoid overheating. Regarding

the microreactor, the fabrication processes were described in the previous chapter [159].

It consists of two glass slides as the cover and the substrate. A 100-um-thick UV

curable adhesive layer (Norland NOA81) acts as the spacer and sealant to form a

rectangular reaction chamber with volume of 10 mm x 10 mm x 100 um = 10 pl. The
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glass substrate is coated with the BVO film whereas the cover uses only a blank glass

slide. The blue-light LED panel has a light-emitting area (10 mm x 10 mm), which

matches the area of reaction chamber. The tree-branch shaped microchannels are used

to flow the solution uniformly through the reaction chamber so as to get maximum

contact with the BVO film. Fig. 4.1 (b) shows the cross-sectional view of the

microreactor. The heights of the tree-branch microchannels and the reaction chamber

are 50 pm and 100 pm, respectively. Fig. 4.1 (c) shows the top view photo of the

microreactor.

4.2.2 Material and Instruments

Bi(NO3); 5H,0 (AR, >99.9%) and NH;VO; (AR, >99.9%) were purchased from

Shanghai Chemical Reagent Co. Polydimethysiloxane (PDMS, DC184) was purchased

from Dow Corning Co.. The optical adhesive (NOA81) was purchased from Norland

Products. Other chemicals including methylene blue (MB) reagent, polyethylene glycol

(PEG 20000), detergent (Triton X-100) were purchased from Sigma-Aldrich Co. MB

solutions with different concentrations were prepared by dissolving in deionized water.

The blue-light LED panel was purchased from Shenzhen Getian Co.
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Figure 4.1 Schematic diagram (a) and cross-sectional view (b) of the photocatalytic

microreactor system. The microreactor consists of one BiVVO,-coated glass slide as the
substrate, a blank glass substrate as the cover and a 100-um-thick UV curable adhesive
layer (NOAB81) as the spacer and sealant. On top of the reaction chamber (dimensions of
10 x 10 x 0.1 mm®) is mounted a blue-light LED panel, which has a light-emitting area
(10 mm x 10 mm) matching the reaction chamber. The tree-branch shaped
microchannels in the NOA8L layer ensure a uniform flow of the solution through the

reaction chamber. (c) photo of the integrated microreactor system.

The standard UV lithography was used to fabricate the PDMS mold and the UV
lamp to cure the NOA 81 adhesive [159]. Characterization of the synthesized BVO

nanoparticles was conducted using a field-emission scanning electron microscope
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(FE-SEM) (Bruker, D8 Advanced), a X-ray diffraction (XRD) (JEOL, JSM-633F) and

UV-Vis spectrophotometer (UV-2550, Shimadzu). To examine the concentration

change between the original and the degraded MB solution, the absorption spectra were

analyzed by the same UV-Vis spectrophotometer.

4.2.3  Fabrication of BiVO,4 nanoparticles and thin film

Nanosized BVO particles were synthesized by a solid-phase precipitation preparation

method assisted with ultrasonic agitation [183]. First, aqueous solutions of

Bi(NO3); 5H,0 and NH,VO3; in 1:1 molar ratio were mixed. The pH value of the final

suspension was adjusted to about 7 by adding NH3 H,O. Then, the mixture was stirred

for 1 h at room temperature. Afterward, the mixture was subject to ultrasonic agitation

(100 W) at room temperature in open air for several hours. Next, the yellow precipitates

were centrifuged, washed by de-ionized water and absolute ethanol, and then dried at

60 °C in air for 10 h. The obtained powders were subsequently calcined at 450 C for

2 h to produce crystalline products.

To enhance the photocatalytic performance of the microreactor, a nano-porous

BVO thin film was fabricated to increase its specific surface area. The grinded powders

(6 g) were slowly dispersed in deionized water (60 ml) containing acetylacetone (0.2 ml)

to prevent reaggregation of the particles. Then, Triton X-100 (0.1 ml) was added to
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spread the colloid on the substrate. Finally, PEG 20000 (0.6 g) was added into the
aqueous solution under ultrasonic agitation for about 2 h. As a result, the catalyst
colloid was formed. Next, a painting method was used to form a BVO thin film on a
clean glass slide and dried at 80 ‘C. Finally, the BVO thin film was annealed under 500
C for 2 hinair.

4.2.4  Efficiency test of the integrated device

Before the degradation experiment, the LED panel was driven by a DC power supplier
and its optical properties were characterized. The light intensity of the LED was
measured by a Reference Solar Cell and Meter (91150V, Newport) and the emission
wavelength was measured by an integrating sphere (Labsphere). The temperature of

microreactor is measured by a thermocouple.
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Figure 4.2 Emission power density of the blue-light LED panel and reaction
temperature as a function of the driving voltage. The insert shows the LED emission

spectrum.

Fig. 4.2 plots the emission power density P of the LED and the reaction
temperature T with respect to the driving voltage V. The black round points represents
the power density P and follow closely a linear relationship P = 65.7(V — 8.8), here P
in the unit of mW/cm? V in volt. And the change of reaction temperatures is also
plotted as shown by the blue line. The inset of Fig. 4.2 shows the emission spectrum of
the LED. A single peak appears at 402 nm with a linewidth of 20 nm. The stability of

the LED panel was also tested and the result showed a decrease of the power density by
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< 2% in about 2 h. The MB solution as the original reagent was introduced into the
microreactor by a syringe pump (TS2-60, Longer). The initial concentration was set to 3

x 10”° mol/l. The photodegraded MB solution was collected from the outlet.

4.3 Experimental results

4.3.1 Material characterization

The phase and composition of the BVO sample were characterized by XRD, as shown
in Fig. 4.3. The diffraction peaks agree well with those of the pure monoclinic BVO
according to the JCPDS No. 14-0688. This shows that the synthesized nanosized BVO
is in pure monoclinic phase and possesses high photoreactivity.

Since the optical absorption of the photocatalyst is one of the determining factors
of photoreactivity [184], UV-Vis diffuse reflectance spectrum (DRS) of the synthesized
nanosized BVO samples was also investigated. The result is shown in the inset of Fig.
4.3. It can be seen that the BVO has strong absorption in visible-light region (< 500 nm)
and in the UV light region. The absorbance at 402 nm is 86% of the peak absorbance at

284 nm. This implies that the blue-light LED panel can be used as light source.
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Figure 4.3 X-ray diffraction (XRD) spectrum of the synthetic nanosized BiVO,. The

inset shows the UV-Vis diffuse reflectance spectrum.

The morphology and microstructure of the BVO samples were investigated by
scanning electron microscopy (SEM). Fig. 4.4 shows the SEM image of the BVO film.
It is composed of porous structure and nanosized particles with an average size of about
80 — 100 nm. The inset in Fig. 4.4 shows the cross section of the BVO film. The
thickness is about 1.5 pm, which is chosen for high photoreactivity. Through
experimental studies, we have found that the photoreactivity increases with the BVO
film thickness and tends to saturate when the thickness of the BVO film goes beyond

600 nm. This is reasonable since the photocatalytic reaction only occurred on the
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surface of the nanosized photocatalyst. The thickness of 1.5 um ensures the BVO film

works in its highest photoreactivity.

SEI 50KV X35,000 100nm WD 8.1mm

Figure 4.4 Scanning electron micrograph (SEM) of the BiVO, thin film, which is
composed of porous structures formed by the nanosized BiVO,. The inset shows the

cross section of the BiVOy film. The thickness is about 1.5 pm.

4.3.2  Effect of flow rate
In the microreactor system, the flow rate is one of the major factors that affect the
photocatalytic reaction efficiency. The flow rate is related to the effective residence

time of the MB solution in the reaction chamber by the relationship (Effective residence
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time ) = (Chamber volume)/(Flow rate).

To investigate the effect of the flow rate, the solutions were pumped at 37.5, 50, 75,
150 pi/min, respectively. The corresponding effective residence time (i.e., the reaction
time) is 16, 12, 8 and 4 s, respectively. The blue-light LED is driven at a constant 11V
(corresponding to a power density of 140 mW/cm?). For control experiment, a similar
hollow microreactor without the nanoporous BVO film was also tested under the same
conditions of flow rates and light intensity. Without the BVO film, the decomposition
comes mostly from the thermolysis of MB.

In data analysis, Napierian logarithm of the degradation as a function of the
effective residence time was investigated to characterize the performance of the
microreactors [181]. The experimental results are plotted in Fig. 4.5. The data points
and the error bars represent the averaged values and the standard deviations of three
measurements, respectively. A linear fit of the tested data for the control experiment
gives a slope of 0.007 s owing to the thermolysis. In comparison, the microreactor
yields 0.031 s, more than 4 times of that of the control. This shows the BVO film

works effectively, though not as good as expected.
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Figure 4.5 Napierian logarithm of the degradation as a function of the effective
residence time. The inset shows the reaction rate at different flow rates when the blue

light LED panel is driven at 11 V.

The inset in Fig. 4.5 plots the reaction rate with respect to the effective residence
time. The data points are the averaged values. Here the reaction rate represents how
many percents of the MB are degraded over a unit period of time. It can be observed
that the maximum reaction rate 2.9 % s™ corresponds to the shortest residence time 4 s
(i.e, the largest flow rate 150 jd/min). The reason for this behavior is not straightforward
but can be explained by considering the mass transfer efficiency and the oxygen

availability during the reaction [159].
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4.3.3 Effects of light source intensity and temperature

The light intensity is obviously a major factor that affects the photocatalytic
performance of the microreactor system. The intensity of the LED emission is varied by
adjusting the driving voltage from 9 to 11 V. The curves at different flow rates are
plotted in Fig. 4.6. It can be seen that the degradation percentage increases with stronger
light power density. This is reasonable since more photons would increase the
photoreaction. Here the degradation percentage 7 is defined as 7z = (1—C/CO)><100%,
it is also called conversion in some articles [185]. When comparing the curves of
different flow rates, one can see that high flow rate leads to a low degradation
percentage. This is because faster flow causes shorter residence time in the reaction
chamber (and thus shorter reaction time). These results show clearly that the
microreactor system enables easy control of the photocatalysis by adjusting the flow
rate and the light intensity of LED. All the error bars shown in Fig. 4.6 was calculated
by measuring only one microreactor for 3 to 4 times. The whole measurement took over
40 hours while the BVO film in the reaction chamber degraded by only about 2%. This

well demonstrates the long durability of photocatalyst film.
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Figure 4.6 Influence of the light intensity on the degradation percentage at different

flow rates.

Another important factor, though often ignored, is the reaction temperature.
Although a heat sink is fixed on the LED panel, the generated heat still cannot be
dissipated fast enough, especially under a high controlled voltage. Therefore, the
reaction temperature in the reaction chamber should be higher than room temperature.
As mentioned above, this would affect the photocatalysis [180]. Because of the small
dimensions of reaction chamber, it is difficult to measure the inner temperature directly.
As an approximation, the temperature of the upper surface of reaction chamber is
always monitored by a thermocouple during the experiment. The temperature measures

to be close to room temperature under 9V, ~30 °C under 10V, ~55 °C under 10.5 V, and
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~70 °C under 11V (see Fig. 4.2). As a control experiment to investigate the sole effect
of temperature, we used a hot plate to heat the microreactor up to 80 °C (dark
environment, no light). The measured reaction rate constants are plotted in Fig. 4.7 (a)
using the blue dashed line. By deducing for degradation rates in Fig. 4.6, the results
when the light is on are plotted using the solid red line, which include the combined
effect of light and heat generated by visible LED panel. It can be seen from Fig. 4.7 (a)
that the thermolysis has an obvious contribution (e.g., degradation percentage > 10% at
60 °C), though the combined effect of light and heat yields much larger value.

To obtain the direct proof of the contribution of thermolysis, another control
experiment was conducted. The reactor was fixed about 1 cm above the LED surface
(named as the noncontact setup). With the aid of an air fun, the reaction temperature
could be maintained close to the room temperature. The supply voltage was set at 11.5
V so that the irradiation density on the reaction chamber was nearly the same as that of
the direct-contact setup under 10V. The experimental results were plotted in Fig. 4.7 (b).
It can be seen that the photodegradation rates of the direct-contact setup are 4~6 %
larger than that of the noncontact setup. This difference indicates the contribution of

heat to the MB degradation.
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Figure 4.7 (a) Influence of the temperature on the reaction rate constant at the flow rate
of 37.5 ul/min; (b) Comparison of the degradation rates with and without the heat. The
direct-contact LED setup has similar irradiation densities with the noncontact LED

setup, but the former is affected by the heat of LED while the latter is not.

Dissolved oxygen in water is supposed to be an additional key factor that

determines the decomposition rate of MB. But when the temperature goes beyond 80 °C,
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air bubbles come out in the reaction chamber, with the repeated growth and collapse of
bubbles. This may be attributed to the degassing of dissolved air in the water. Once the
bubbles appear, they would also affect the flow in the chamber. This is why the upper
limit is set to 70 °C in the control experiment.

4.3.4  Light utilization efficiency

Apparent quantum efficiency 7n can be used to evaluate the efficiency of the
photocatalytic microreactor. It is defined by 7 =102N /N ..., where Npo is the
number of reacted molecules and Nphoton the number of photons absorbed by the
photocatalyst or reactants [159]. The value 102 is because one MB molecule needs 102
electrons for total mineralization [159]. With this relationship, the apparent quantum
efficiencies under the LED power densities can be calculated as listed in Table 1. For
instance, the number of photons that arrive at the BVO film surface under 140 mW/cm?
is 2.8 x 10*" photons/s [186], and the maximum reaction rate of 2.9 %/s corresponds to
the decomposition of 1.3 x 10" molecules/s of MB. In this case, the apparent quantum
efficiency is 7 = 0.048 %. Similarly, the apparent quantum efficiencies for the other
conditions can be calculated. It is seen from Table 4-1 that the apparent quantum

efficiency reaches its maximum of 0.23 % at the weakest power density of 9 mW/cm?.

This is reasonable since the reaction rate constant k follows approximately k P,

WANG Ning 111



@ CHAPTER 4

THE HONG KONG POLYTECHNIC UNIVERSITY

here P is the optical power density. As a result, the apparent quantum efficiency is
proportional to 1/ JP and thus weaker power density enjoys higher apparent quantum
efficiency. It is noted that in Table 1 the apparent quantum efficiencies for the other
three high-intensity conditions do not follow the 1/+/P relationship. Oppositely, the
apparent quantum efficiency increases with P. This is reasonable if the effect of
thermolysis is taken in account. At higher intensity, the temperature goes higher and

thus the thermolysis becomes stronger.

Table 4-1 Apparent quantum efficiencies of the microreactor system at different LED

power densities and different residence times.

LED driving  Power density  Reaction Apparent quantum efficiency

voltage (V) (mwW/cm?)  temp. (°C) 16s 12s 8s 4s
9.0 9.0 23 0.043% 0.061% 0.10% 0.23%
10.0 80 30 0.007% 0.009% 0.015% 0.04%
10.5 110 55 0.009% 0.012% 0.018% 0.047%
11.0 140 70 0.010% 0.014% 0.022% 0.048%

4.4 Discussions
This microreactor has a very limited throughput (e.g., 9 ml/h for the flow rate of 150
ul/min) and may not be used directly for practical water purification applications

(typically threshold throughput > 1,000 I/h). Nevertheless, it may be used a rapid test kit
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to quantify the performance of photocatalytic materials [170] and to optimize the

operational conditions. In this microreactor, significant degradation can be obtained

within about 10 s, this is impressive as compared to the typically a few hours in bulk

photocatalytic reactors [102], [152], [167], [181], [187], [188], [189]. In addition, this

microreactor requires only a few milli-litres of sample due to the small reaction

chamber. This is useful when the photocatalysts and the sample solution are costly.

Moreover, the microreactor provides fine control of many conditions of reactions such

as flow rate (affecting the mass transfer) and flow condition (laminar or turbulent),

making it a useful platform to study the Kkinetics and detailed mechanisms of

photocatalytic reactions [172], [173]. Moreover, many well-developed microfluidic

manipulation and detection techniques could be incorporated into the microreactors for

in-line monitoring of the intermediate and final products [168], [173], [190].

4.5 Summary

In this chapter, a photocatalytic microreactor system was constructed by directly

mounting a blue-light LED panel on a microfluidic planar reactor, which enables to

make use of both the heat and the light energy for organic degradation. Experimental

studies have shown that the microreactor facilitates the control of photocatalytic process

by adjusting the LED light intensity and the flow rate. These correspond to the control
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of two important photocatalytic factors: the photon transfer and the mass transfer. The
influence of different reaction temperatures to photocatalysis performance of
microreactor has also been investigated. Along with other features such as short reaction
time and small sample volume, the microreactor system could provide a versatile tool to
study the reaction kinetics of photocatalysis and a rapid kit to characterize the
performance of photocatalysts. However, this design of optofluidic microreactor still
has the problems of oxygen deficiency and electron/hole recombination. New designs of

microreactors should be developed.
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CHAPTER 5

PHOTOELECTROCATALYTIC MICROREACTORS

USING EXTERNAL BIAS VOLTAGE

This chapter presents the third design of optofluidic reator that makes use of the

photocatalysis, the electrocatalysis and their synergistic effect. This design is based on

the LED-integrated microreactor as described in chapter 4, but introduces an external

bias voltage and possesses new features. The first is the new mechanism of

photoelectrocatalytic effect. The second is that the electric field helps the separation of

photo-excited electrons and holes. The third one is the polarity of external bias enables

the selection of oxidation pathways, either electron-driven or hole-driven. The last one

is that the bias >1.23 V could electrolyze water to generate O, to solve the oxygen

deficiency problem in the previous microreactor designs. This chapter will elaborate the

working principle, the device design and the experimental studies.

5.1 Introduction

Photocatalytic water purification has attracted intensive research but suffers from

limited photoreaction efficiency [12], [191], [192]. In the previous studies [159], [193],
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[194], we have found that microfluidics (and its new subarea — optofluidics) helps solve

two fundamental problems of the photocatalytic water purification — the mass transfer

limit and the photon transfer limit [12], [108], [137], [195], [196]. Even in the

microreactors, the apparent photonic efficiency (defined as the ratio of the number of

photons that participate the photodegradation to the number of total incoming photons)

is still quite low, e.g., < 25% for TiO, under UV light in [159], ~ 3% for BiVO,4 under

blue light [194]. One of the fundamental reasons is the recombination of the

photo-excited electrons and holes. To solve this problem, a direct approach is to

introduce an external bias electric field to force the separation of the electrons and holes,

which leads to the photoelectrocatalysis (PEC) [197].

This work will present the working principle of the microfluidic PEC and will

study the major physical mechanisms. A microfluidic PEC reactor will be fabricated

and characterized in detail so as to verify the physical explanations and to examine the

influence of different operational conditions.

5.2 Working principle

The physical principles of the microfluidic PEC can be represented by the illustrations

in Fig. 5.1, which show the major processes in the reaction chamber of the
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microreactors. Fig. 5.1(a) shows the traditional PC process, which has no external bias.

The top layer is transparent (e.g., ITO glass), and the substrate is immobilized with a

layer of n-type photocatalyst (e.g., P25 TiO,, BiVO,). The electrolyte containing the

contaminant organic molecules is in the middle. To initiate photoreaction, the excited

electrons and holes inside the photocatalyst need to migrate to the same

electrolyte/photocatalyst interface by a random-walk diffusion process, causing severe

recombination problem and low photonic efficiency. This is the fundamental limit of the

traditional PC systems.

The use of a bias electric field could significantly alleviate the recombination

problem and thus enhance the photocatalytic efficiency [198], [199]. There are

generally two options: positive bias and negative bias. When a positive bias potential is

applied to the reactor (here “positive” means the photocatalyst is connected to the

positive side of the external bias potential), it generates an electric field inside the

photocatalyst layer and forces the photo-excited electrons and holes to separate (see Fig.

5.1(b)).
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Figure 5.1 Photocatalysis and photoelectrocatalysis in the microfluidic reactors. (a)
Photocatalysis in the absence of any external bias potential. The photo-excited electrons
and holes need to migrate to the electrolyte/catalyst interface and have plenty of
changes to recombine in the course of diffusion and on the interface, causing low
photodegradation efficiency. Besides, both of the electrons and the holes can participate
the reactions. Here TCO stands for transparent conductive oxide and D for donor. (b)
Photoelectrocatalysis in the positive bias state. The induced electric field E forces the
photo-excited e/h* to separate. The holes are pushed towards the interface and become
the dominant sources of oxidation. For n-type photocatalyst in the positive bias state, its
circuit can be represented by a reverse-biased Schottky diode. (c) Photoelectrocatalysis
in the negative bias state. The electrons are forced towards the interface and dominate
the oxidation. The circuit looks like a forward-biased Schottky diode. (d) When the
potential bias potential is > 1.23 V, the electrolysis of O, could occur and may provide

more O, to capture the electrons, eliminating the O, deficiency problem.
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In fact, the contact of the electrolyte and the n-type photocatalyst layer forms a
Schottky-like diode and builds up an internal field pointing from the photocatalyst to the
electrolyte [198], [199]. From the circuit point of view, the diode is reversely biased.
The external and the internal electric field join force to push the holes toward the
interface, at which the contaminants can be degraded by the hole-driven pathway, e.g.,
D +h" — D", here D stands for the electron donor.

When a negative bias potential is applied (see Fig. 5.1(c)), the diode is forward
biased and the electrons are driven toward the interface. They can be captured by the
dissolved O through O, +e” — O,, which undergoes further reactions to produce
highly oxidative H,O, and OH" radicals to degrade the contaminants [200]. This shows
that selective control of oxidation pathways can be obtained by changing the polarity of
the bias potential. For decomposing of organic molecules, the electron-and-O, oxidation
is generally more efficient than the hole-driven oxidation [201]. Whereas for the
degradation of heavy metal ions (e.g., Hg®*, Cr®"), reduction through electrons is more
practical [166].

In the PEC process, both the PC and the EC contribute to the degradation of the
organic contaminants. However, the degradation efficiency of the PEC is generally

larger than the summation of the efficiencies of the PC and the EC. This can be
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attributed to the synergetic effect of the PC and the EC [202], [203]. At a low bias
potential, the synergetic effect is mainly due to the enhanced electron/hole separation.
When the bias potential is larger than 1.23 V, the synergetic effect may have additional
contribution from the O, evolution (see Fig. 5.1(d)). On the ITO anode, O, can be
electrolyzed from water by 2H,0(aq) + 4h* — O, + 4H", here ag means the aqueous
phase. In the microreactors, these O, molecules do not go out as a gas due to the small
amount. Instead, they can be diffused to the photocatalyst surface to participate the PC.
The diffuse is efficient because the distance between the ITO anode and the
photocatalyst surface is only 100 um. This feature helps to solve the oxygen deficiency
problem in the microfluidic PC. Commonly the dissolution of oxygen is low in water
and poses a limit to the maximum amount of contaminants that can be degraded. In our
previous study, the averaged degradation rate (i.e., degraded percentage of contaminants
divided by the whole reaction time) decreased significantly when the reaction time went
longer (e.g., from 8% s™ for the 5-s reaction time to 2.5% for the 36-s case) [159]. The
common method is by adding H,O,, or blowing in O, or air. The negatively biased PEC
provides an alternative but very efficient method to solve the oxygen deficiency by

water electrolysis.
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5.3 Device Design

The microfluidics photoelectrocatalytic reactor is shown in Fig. 5.2. The reactor
structure consists of mainly three layers: an ITO glass as the cover layer, another ITO
glass coated as the substrate and an NOA 81 adhesive layer as the spacer and sealant. A
monoclinic BiVO, (BVO) thin film is deposited on the ITO substrate and acts as the
visible-light photocatalyst. To avoid the short circuit, a SiO, insulation layer is
deposited on the ITO substrate, part of which is exposed to allow a direct contact of the
BVO layer with the ITO substrate for electrical connection. The external bias potential
can be applied through the two ITO glass layers. The water sample is pumped in from
the inlet, through the reaction chamber and to the outlet. Tree-branch shaped
microchannel arrays (see Fig. 5.2(a)) are used to lead the flow in and out the reaction
chamber. This ensures a uniform flow of the water sample and a maximum contact of
the contaminants with the BVO film. Methylene blue (MB) is added into the solution
(concentration 3 x 10™ mol 1) and is used as the model chemical for characterizing the
photoreactivity. The choice of MB is because it is a common residual in the wastewater
of textile industry, it is widely used as the model chemical for the PC [159], [193], [194],
[204], [205] and it does not absorb the blue LED light used in this experiment. To

improve the conductivity of the water sample, NaCl is added to form the electrolyte
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(0.001 — 0.3 mol I'"). A blue-light LED panel is mounted on top of the ITO cover. The
use of the blue LED panel brings in several merits. For instance, its emission peak is at
402 nm and lies in the high absorption band of the BVO film (absorption edge 500 nm);
its flat surface facilitates the direct mount on the microreactor; and its light-emitting
area (10 mm x 10 mm) matches the area of reaction chamber. Compared with the other
bulky light sources such as Xenon lamps and mercury lamps, the LED panel has higher
electrical efficiency and generates less heat; more importantly, it enables direct and
uniform illumination of the reaction chamber, ensuring the optimal delivery of photons
to the reaction sites. More details of the device fabrication, the test methods and the

LED performance are given as below.
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Figure 5.2 Schematics of the microfluidic photoelectrocatalytic reactor. (a)
Three-dimensional diagram; and (b) cross-sectional view of the reaction chamber. The
reactor consists of a blank ITO glass as the cover, a BVO-coated ITO glass as the
substrate and a NOA81 adhesive layer as the spacer. A blue LED panel is mounted on
top of the cover for uniform irradiation of the photocatalytic BVO film. A potential is
applied across the two ITO layers to force the separation of photo-excited electrons and

holes and to help degrade the contaminants by electrocatalytic effect.

WANG Ning 123



@ CHAPTER 6

THE HONG KONG POLYTECHNIC UNIVERSITY

531 Material and Instruments

All the materials used for preparation of BiVVO, nanoparticles and film can be referred

to the chapter 4. And all the equipments for characterizing the BiVO, film, fabrication

of microreacor and measuring photocatalytic performance of microreactor are also

introduced in chapter 4.

5.3.2  Fabrication of photoelectrocatalytic microreator

First, the synthesized method of BiVVO,4 nanoparticles and fabrication of BiVO, film has

also been introduced in chapter 4. However, the fabrication and assembly of the

microfluidic photocatalytic reactor are more complicated than the previous

microreactors because of the necessity to provide proper electrical connection and

insulation. Before making BVO thin film, a SiO, layer (200 nm) was deposited on an

ITO substrate by magnetron sputtering. A window of 9 mm x 9 mm is opened at the

center of the SiO, film. To fabricate the BVO thin film, the grinded BVO powders (6 g)

were slowly dispersed in deionized water (60 ml) containing acetylacetone (0.2 ml) to

prevent reaggregation of the particles. Then, Triton X-100 (0.1 ml) was added to spread

the colloid on the substrate. Next, PEG 20000 (0.6 g) was added into the aqueous

solution under ultrasonic agitation for about 2 h. As a result, the catalyst colloid was

formed. Following the manual painting method in [159], the BVO colloid was painted
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onto the SiO, open window of the ITO glass and then dried at 80 °C. Finally, the BVO
thin film (10 mm x 10 mm) was annealed under 500 °C for 2 h in air. The SiO, window
ensured the electrical connection of the ITO cover and the ITO substrate in the reaction
chamber region and avoided the short circuit of the ITO layers through the electrolyte in
the other regions, e.g., the tree-branch microchannels. To obtain a microreactor, the
NOA 81 spacer was fabricated and then assembled with the BVO-coated substrate and
the ITO cover. The procedures were similar to those reported in our previous work
[159], [194].

The photo of the fabricated microreactor before mounting the LED panel is shown
in Fig. 5.3. The overall footprint is 4 cm x 2.5 cm (not including the full lengths of the
tubes and the wires). The reaction chamber is 10 mm x 10 mm x 100 um (chamber
volume 10 ul). Two syringe needles are used as the inlet and outlet. The yellow region
is the BVO, film and the light brown regions on the ITO glass slides are Au pad
deposited to extract the electrodes conveniently. The tree-branch shaped microchannels

can be visualized from Fig. 5.3 as well.
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Figure 5.3 Photo of the photoelectrocatalytic microreactor. The BiVO, film is at the
bottom of the reaction chamber, and the tree-branch shaped microchannels connect the

inlet and the outlet to the reaction chamber and ensure the solution flows uniformly.

5.4 Results and discussions

5.4.1 Effect of external bias potential

For the degradation of the MB, the oxidizing reactions in the degradation process play
the dominant role. Fig. 5.4 plots the MB degradation as a function of the bias potential.
To the first order, the MB concentration C can be expressed as C = Cyexp (—kt), that
is, In(C,/C) = kt, here In is the logarithm of natural base, k is the reaction rate
constant, t is the effective reaction time (equivalent to the residence time in the
microreactor), and C, represents the initial MB concentration. For this reason, the

vertical axis of Fig. 5.4 uses the degradation exponent In(C,/C) = kt. The upper panel
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of Fig. 5.4 shows the photos of the degraded MB samples under different potentials.

The insets of Fig. 5.4 show the test configurations.

l
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Figure 5.4 Degradation of the methylene blue as a function of the positive and the
negative bias potentials. The square dots represent the data points measured in dark
environment, the degradation is purely due to the electrocatalytic effect. The round dots
represent those with the blue light irradiation, the degradation is due to the combination
of photocatalysis and electrocatalysis. The photos on the top panel show the raw
samples of methylene blue solutions and the degraded samples under different bias

potentials. The insets in the bottom panel illustrate the test configurations.
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In the measurement, the bias potential is changed from -2.2 to 0 V (the negative
bias state) and then from 0 to 2.2 V (the positive bias state). The power density is
maintained at 80 mW cm (driven at 10 V). At this level, the LED panel does not heat
up significantly (temperature increase < 5 °C) and avoids the influence of heat on the
photocatalytic efficiency. The flow rate is set to 75 pl min™, corresponding to the flow
velocity of 1.25 mm s and the residence time of 8 s. For comparison, the MB
degradations for both the dark environment and the blue light irradiation are measured.
In the dark environment, the MB degradation is purely due to the EC. With the blue
light, the degradation at 0 V is purely due to the PC. For the other bias potentials, the
degradation is due to the PEC. The data points and the error bars in Fig. 5.4 represent
the averaged values and the standard deviations of four measurements, respectively.

To read the curves in Fig. 5.4 properly, one may recall that the degradation
exponent In(Co/C) is equivalent to k when t is fixed. In the two curves for the dark
environment, the degradation exponent stays at nearly 0 when the magnitude of the bias
potential is smaller than 0.8 V and then increases exponentially. This can be understood
from the Butler-Volmer formulation [206],

k = koexp [A(V — Vug)] (5.1)
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where ko is the standard rate constant, A is related to the transfer coefficient, and V and
Veq represent the electrode potential and the equilibrium potential, respectively. Here Vg
= 0.8 V is the electrochemical potential of hydrogen evolution from water by the
reaction 2H,O + 2 e + 0.8 V(SHE) — Hy(g) + 20H", where g means the gaseous
phase and V(SHE) means the potential relative to the standard hydrogen electrode
(SHE).

By comparing the two curves of the dark environment, one can see that the
negative bias state presents a faster degradation than the positive bias state. This is
because the negative bias state corresponds to a forward biasing of the electrolyte/BVO
Schottky diode and has a larger current for the EC (see Fig. 5.1(b) and (c)).

For the two curves with the blue light in Fig. 5.4, the degradation exponent
increases rapidly when the magnitude of the bias potential is increased from 0 to 2.2 V.
However, a kink is observed at 1.5 V, beyond which the increasing of degradation
exponent is lowered. Under the blue light, the negative bias state has higher degradation
than the positive bias state too. One of the reasons is that the EC in the negative bias
state is higher, similar to that in the dark environment. Another reason is that the
electron-and-O, oxidation in the negative bias state is generally more efficient than the

hole-driven oxidation in the positive bias state, as already discussed above. One more
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contribution might come from the chloride ions in the electrolyte. It has been found that

the chloride ions reduce the photocatalytic efficiency by competing for the surface

active sites and by scavenging holes to form weaker oxidative chloride radicals [207],

[208]. Under the positive bias, the chloride ions are attracted to the photocatalyst

surface and scavenge the holes, deteriorating the photodegradation of MB. In contrast,

the negative bias potential pushes the chloride ions away from the photocatalyst surface

and circumvents such problem.

It is noted the PEC studies in literature mostly utilized the positive bias (also called

“anodic bias” in literature) to go for the hole-driven oxidation and they often chose a

low bias voltage so as to avoid the electrochemical oxidation of the targeted organics

and the influence of other complicated electrochemical reactions [209]-[212]. A few

recent studies on high-voltage PEC systems utilized slurry or slurry-like reactors, which

in principle have no performance difference under the positive or negative bias[202],

[203]. For these reasons, the negative bias is not very popular. On the other hand, the

contribution of electrolyzed O, requires a short diffusion length (< 100 um). This is not

effective in the conventional bulky reactors and works only in the planar microreactors.

From this point of view, the negative bias is meaningful only in the PEC microreactors

and the accompanying O, generation is a unique feature of the PEC microreactors.
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Figure 5.5 Synergetic effect of the photocatalysis and electrocatalysis under the positive

and negative bias potentials.

5.4.2  Effect of synergetic effect
The synergetic effect of the EC and the PC is worth further study and is plotted in Fig.
5.5. It can be defined by removing the electrocatalytic and photocatalytic effects from

the whole photoelectrocatalytic effect,

Aln(&jzln[&j —In[&j —In(&)
C C PEC C PC C EC (5.2)

It can be observed from Fig. 5.5 that both the positive and the negative bias state
exhibit maximum synergetic effect when the magnitude of bias potential reaches 1.5 V.

For the synergetic effect, though it has been reported in literature [202], [203], its
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physical origin is still not very clear. An and his coworkers studied the PEC degradation
of MB using TiO, under UV irradiation and attributed the synergetic effect to the
conversion of H,O; to the «OH radical[205]. Based on that and our further experimental
study, we attempt to explain the synergetic effect in our PEC microreactor. On the
anode side, there are H,O—2e~ —2 OH+2H" and MB + OH — product. These
account for the EC oxidation through the «OH radical. On the cathode side, there are
O,+e >0, and O,+e +2H" —2H,0,. and then H,O, can oxidize MB. The
electrons could come from the photo-excitation or from the external bias with sufficient
potential difference (> 0.7 V), and even the photo-excited electrons could be affected by
the bias. In this way, the external bias could affect the PC. This might be one of the
origins of the synergetic effect. In addition, the external bias could affect the conversion
of H,O, to other oxidative species, for instance, H,0, —>2 OH and
H,0, —»HO, +H" +e". This might be another origin of the synergetic effect.

The reasons for the occurrence of maximum synergetic effect at the specific
potential of 1.5 V might be attributed to two reasons. One is that at 1.5 V the
photo-excited electrons and holes are fully separated and the enhancement effect is
saturated. The resistance of the 0.1 mol I"* electrolyte measures a resistance of about 100

Q and the resistance of the reaction chamber (including both the electrolyte and the
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BVO film) is about 1 MQ. Therefore, most of the potential drop occurs on the BVO
film. By estimation, the electric field reaches as high as 10 kV/cm when 1.5 V is applied
across the 1.5-um BVO layer. This is pretty strong for separating the electrons and
holes. This effect has been often adopted to explain the saturation of the synergetic
effect in slurry reactors [202].

The other reason might be the start of H,O, conversion to HO,* by the reaction
H,0,(aq) +1.51 V(SHE) — HOz* + H* + e. This is merely our speculation. Little
supporting information can be found in literature [202], [203], maybe because of the
low bias condition of most of the previous PEC studies and the complication of various
electrochemical reactions under the high bias potential. We have conducted cyclic
voltammetric measurement of our microreactor in the dark environment and have
observed the external current peaks at about + 1.5 V. This indicates there is some strong
electrochemical reaction at 1.5 V. Since H,0; surely exists in the PEC and the value of
1.5 V is very close to the electrochemical potential 1.51 V of the H,O, decomposition, it
looks reasonable to attribute the electrochemical reaction at about 1.5 V to the H,0,
decomposition.

5.4.3 Effect of flow rate

In the microreactor system, the flow rate is one of the major factors that affect the
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degradation efficiency. The flow rate is related to the effective residence time (i.e., the
reaction time) of the MB solution in the reaction chamber by the relationship Effective
residence time =Chamber volume/Flow rate.

To investigate the effect of the flow rate, the solutions are pumped at 75, 100, 125,
150, 200 | min™, respectively. The corresponding effective residence time (i.e., the
reaction time) is 8, 6, 4.8, 4 and 3 s, respectively. The blue-light LED maintains a power
density of 80 mW/cm?, the magnitude of the bias potential is fixed at 1.8 V and the

NaCl concentration is 0.1 mol I™.
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o ™
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Figure 5.6 Degradation of the methylene blue as a function of the residence time. This
shows the influence of the flow rate. The linear dependence of the degradation on the

residence time is a distinctive feature of the microfluidic photoelectrocatalysis.
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The degradation percentage (1-Co/C) is plotted in Fig. 5.6 as a function of the
residence time. It is seen that the negative bias state (the red solid line) has always
higher degradation than the positive bias state (the black dash line). Another important
feature is that the degradation percentage increases linearly with the residence time. The
slope represents the degradation rate (i.e., the change of degraded percentage in 1 s). It
is 5.2% s for the negative bias state and 4.7% s for the positive bias state. One of the
preconditions for such linearity in the negative bias state is the sufficiency of O,. This
verifies our prediction that the electrolysis of water can solve the O, deficiency problem
(here the applied 1.8 V is sufficiently high to electrolyze O, from water). Such linear
dependence is a signature of the PEC.

It is worth noting that the degradation rate 5.2% s™ is not the upper limit. It is
measured at a relative weak power density 80 mW cm™ (the LED driving voltage 10 V).
When the LED is driven at 11 V and emits 140 mW cm?, the degradation rate is
increased by more than 2 times. Part of the increase comes from the increased power
density. More significant contribution comes from the increased temperature. At 10 V,
the temperature of the LED is almost the room temperature; whereas at 11 V, the LED

heats up by more than 30 °C.
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5.4.4 Effect of NaCl concentration

In the above experiments, the concentration of NaCl Cyac is fixed at 0.1 mol I, To
investigate the influence of Cyaci, the degradation exponent In(C,/C) is measured for
Cnacl = 0.001 to 0.3 mol I, The flow rate is maintained at 75 pl/min and the power
density at 80 mW cm™ It is found that the In(CO/C) rises up quickly at low
concentration and tends to saturate after 0.02 mol I, This trend is reasonable. At low
concentration, the charge transport in the electrolyte is the limiting factor of the EC. At
high concentration, the charge transport is sufficient to maximize the EC and the overall
reaction rate constant goes to saturate.

5.4.5 Effect of electrolytic chlorine

Chlorine might be generated in the PEC microreactor when the external bias is large
than 1.37 V, which may cause the decoloring of methylene blue solutions. In this
section, several experiments were conducted to investigate the effect of the electrolytic

chlorine in the PEC microreactors.
a) Na,SO, used as electrolyte

First, Na,SO, was used as the electrolyte to replace NaCl for the photodegradation
experiments of PEC microreactors. The idea behind is that the Na,SO, solution does not

generate chlorine in electrolysis. For a fair comparison, both of the Na2SO4 solution
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and the NaCl solution have the same concentration of Na" in the methylene blue
solutions. As the NaCl solution was 0.1 M in our previous study, here the Na,SO,4
solution was chosen to be 0.05 M in the tests.

The experimental results are plotted in Fig. 5.7, the solid lines represent the results
by using NaCl as the electrolyte and the dash lines represent the results by using
Na,SO;, as the electrolyte. Ideally, the generations of O, and Cl; need 1.23 V and 1.36 V,
respectively. When the bias voltage is below 1.2 V, there is no electrolysis and thus no
problem of chlorine generation or decoloring. Therefore, only higher voltages (1.5 V,
1.8 V and 2.2 V) were tested for both the negative and the positive bias by using
Na,SO4 as the electrolyte. The experimental results are very close to our previous
results by using NaCl as the electrolyte. The error bar is the result of four repeated tests.
The similar results of the Na,SO, electrolyte with the NaCl electrolyte cannot directly
prove whether chlorine is generated, but shows it is not important in term of the

methylene blue decomposition (or more actually, decoloring).
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Figure 5.7 Degradation of MB under the positive and the negative bias potential by
using NaCl (solid lines) and Na;SO, (dash lines) as the electrolyte. PEC:

photoelectrocatalysis; EC: electrocatalysis.

After that, we also investigated the influence of flow rate. The experimental results

are plotted in Fig. 5.8, the solid lines represent the results by using NaCl as the

electrolyte and the dash lines represent the results by using Na,SO, as the electrolyte.

The error bar is the result of four repeated tests. The relationship between the

degradation percentage and the reaction time are still shown to have a linear relationship.

And the experimental results are nearly the same as our previous results by using NaCl
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as electrolyte. For example, for the negative bias state, the slope is 5.3% for Na,SO, and

5.2% for NaCl; and for the positive bias, the slope is 4.4% for Na,SO, and 4.7% for

NaCl. Such small differences in the slope can be attributed to the measuring error.
Again, the similarity of Na,SO,4 with NaCl cannot directly prove the existence of

chlorine, but shows the influence of chlorine generation is insignificant.
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Figure 5.8 Influence of the flow rate on the degradation efficiency of microreactor under
#1.8 V external bias by using NaCl (solid lines) and Na,SO, (dash lines) as the

electrolyte.

b) Cyclic Voltammetry

To find some more proofs of chlorine generation in our microreactor, | used a standard

three electrode test method (working electrode: ITO, counter electrode: BiVO, film,
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reference electrode: calomel) to measure the 1V curve by the cyclic voltammetry. The
Na,SO,4 and NaCl electrolytes are adjusted to the same ion concentration of Na*. The IV
curves of the two electrolytes are shown in Fig. 5.9. They are smooth and present no
obvious redox peaks below 1.5 V. As the electric potential of generating chlorine (1.36
V) is larger than oxygen (1.23 V), the rise of current in the Na,SO,4 curve when > 1.5V
should be resulted mostly from the generated of O,. Therefore, from the curves, we can
see there may be no significant generation of chlorine in this reaction system, though
the exact amount of chlorine cannot be quantified using this method. A further

experiment was conducted.
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Figure 5.9 IV curves of electrolysis by using Na,SO, and NaCl as the electrolytes.

(working electrode: ITO, counter electrode: BiVO, film, reference electrode: calomel).
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c) Electrolytic chlorine content under different electrodes

The above experiments provide no direct proof of the amount of chlorine. | decided to
conduct a group of control experiments to electrolyze the NaCl solution and to measure
the generated chlorine by using the classical titration method (2KI+Cl, — 2KCl1+ Iy,
2Na,S;03 + I, — 2Nal + NayS40s). Three NaCl solutions (30 ml, 0.03 M) were
prepared and electrolyzed using different electrodes as follows for about 1 hour:

(1) Pt-Pt (working electrode: Pt sheet; counter electrode: Pt wire; reference electrode:
calomel);

(2) Pt-ITO (working electrode: ITO; counter electrode: Pt wire; reference electrode:
calomel);

(3) BiVO4-ITO (working electrode: ITO; counter electrode: BiVO, film; reference
electrode: calomel);

After the electrolysis under 1.8 V for 1 hour, the setup of Pt-Pt electrodes
generated chlorine obviously. The consumption of Na,S,03; (wt: 20%) in the titration
process was about 0.225 ml. Accordingly, the generated chlorine had a lower limit of
2.65 x 102 g/l (some chlorine might be released as the gas into air). But in the other two
setups (Pt-1ITO, BiVO,4-1TO), the consumed volumes of Na,S;03 were both 5 pl,

equivalent to the generated Cl, of 5.9 x 10 g/I, which was at least 2 orders lower than
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the Pt-Pt setup. Moreover, it is noted that the time of electrolysis was as long as 1 hour.
In our PEC microreactors, the reaction time was only several seconds. Based on the
generated chlorine of 5.9 x 10™ g/l after 1-hour electrolysis, a reaction time of 10 s
would correspond to the generation of chlorine of 2.3 x 10® M, which is 4 orders
smaller than the naturally dissolved oxygen content 2.8 x 10* M in the solution.
Therefore, the amount of generated chlorine is insignificant to the decomposition of
MB.

This may be explained by the large potential drop and/or high overpotentials by the
non-perfect conductive ITO and BiVO, films. Theoretical, the generations of O, and Cl,
need 1.23 V and 1.36 V, respectively. However, the PEC reactor uses the ITO glass as
the working electrode and the semiconducting BiVO, film as the counter electrode,
none of ITO and BiVOy is highly conductive. They would cause some potential drops,
especially the semiconducting BiVO, film. In addition, both may require high
overpotentials as compared with the Pt electrode. As a result, even the bias of 2.2 V is
still not high enough to electrolyze chlorine from the NaCl solution.

Therefore, we can conclude that the generated chlorine in our microreactor was too

low to have an obvious influence.
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5.4.6  Stability, test speed and process volume

The microreactor exhibits amazing stability over the repeated testing. For instance, to
generate the data points only for Fig. 5.4, the test needs to be repeated for more than
100 times, and the microreactor remains almost similar performance. This is really
impressive as compared to many bulky reactors, in which the performance can be
maintained only for a few cycles [204]. Such high stability might be attributed to the
self-refreshing property of the microreactor. In the experiment, the solution flows
quickly over the BVO film, flushes away the reaction products and refreshes the
reaction sites. These would significantly reduce the poisoning of the BVO film. Such
high stability is another very useful merit of the microreactor.

The testing speed using the microreactor is pretty fast. It can be seen from Fig. 5.6
that significant degradation can be obtained within a few seconds. Assuming the flow
rate is 200 ul min™® and the UV-vis spectroscopic measurement requires a sample
volume of 1 ml. It takes only 5 min to conduct one run of test. It is very fast as
compared to the typical testing time of a few hours using the bulky reactors [197], [213],
[214]. From this point of view, the microreactors can be used for rapid characterization
of photocatalysts and for study of the reaction kinetics/pathways.

The limited process volume of the microreactors is a big concern for practical
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applications. For instance, the PEC reactor has a reaction chamber volume of only 10 pl.
If the solution is pumped at 200 pl min™, the process volume is only 0.12 | h™*. However,
the dimensions of the microreactor can be scaled up without affecting the mass transfer.
Assuming the reaction chamber has a surface area S and a height H, the flow rate is
Q =SH/t. To maintain the same level of mass transfer, H/t is kept constant. As a
result, Q scales up with S. Assume the PEC microreactor is scaled up by 100 times to
have a surface area of 1 m x 1 m, the process volume is scaled up by 10,000 times to 1.2
m?* h™. This would be sufficient for many small-scale applications like family uses and
field water supply. And, an array of such reactors could further increase the overall
process volume.

5.5 Summary

In this chapter, we have demonstrated that the photoelectrocatalytic microreactors could
solve a fundamental problem of the photocatalytic water purification — the
recombination of photo-excited electrons and holes. Moreover, they enable the selective
control of reaction pathways and the synergetic effect of PC and EC. And, the problem
of oxygen deficiency can be eliminated by the accompanying water electrolysis under
the bias potential. The great advantages of the microfluidics for the photocatalytic water

purification may encourage the studies of microfluidics for other photocatalytic
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processes such as photoreduction of CO, and heavy metal ions, photosynthesis, water

splitting and air purification.
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CHAPTER 6

CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Conclusions

In this thesis, we have demonstrated that the photocatalytic microreactors could solve

several fundamental problems of the photocatalytic water purification — the mass

transfer limit, the photon transfer limit, the recombination of photo-excited electrons

and holes, the low utilization of visible light in sunlight, the oxygen deficiency and the

lack of control of reaction pathways. In addition, we have introduced the

photoelectrocatalytic effect and the thermal assistance effect into the photocatalytic

microreactors.

In our first design, planar microreactors have been proposed to enhance the

utilization of the surface area of microfluidic chips. We fabricated the microreactor of

this type to study the photocatalytic degradation of methylene blue under solar

irradiation. The design and cross-section of microreactor can be seen in chapter 3. The

microreactor had a rectangular reaction chamber, which was constructed by two

nanoporous TiO,-coated glasses [72] as the cover and substrate and a 100-pm-thick

epoxy layer as the spacer and sealant. In the planar microreactor, the TiO, films on the
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glasses had the same surface area with the reaction chamber, making the best use of
surface area for light receiving and photocatalytic reaction. In this device, the liquid
layer was 100 pm thick, and thus the nominal SA:V of the microreactor was
SA:V =2/h,=20,000m™, where h; is the height of reaction chamber. As mentioned
above, the actual value should be many times larger due to the nanoporous morphology
of TiO, film. Such a high SA:V would significantly improve the mass transfer
efficiency. According to the experimental results, the photodegradation efficiency of
MB could go up to 94% at a reaction time of 36 s, which was really impressive as
compared to the reaction time of several hours or even days that are often needed in the
bulk reactors [64]. However, the device faced the problems of oxygen deficiency (due
to the insufficient dissolved oxygen) and low solar spectrum sensitivity (due to the use
of TiOy). In addition, the recombination of photo-excited electrons and holes was still
quite serious because of the use of one type of photocatalyst material (i.e., TiO,) and
thus no internal mechanism to separate electrons and holes.

In our second design, a photocatalytic microreactor using visible irradiation is
developed to overcome the limitation of the first generation of microreactor. It has a
blue-light LED panel mounted below the reaction chamber of microfluidic planar

reactor, which enables to make use of both the heat and the light energy for organic
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degradation. BiVO, is employed to replace TiO, as the photocatalyst because it had

high photocatalytic reactivity under visible light because of its small bad gap (< 2.7 eV)

and good charge migration ability. This ensured a better utilization of the solar spectrum.

The methylene blue is also used as the reagent and the degradation experimental studies

have shown that the microreactor can utilize the visible light efficiently, which also can

be used to control the photocatalytic process by adjusting the LED light intensity and

the flow rate, which is respectively related to two important photocatalytic factors: the

photon transfer and the mass transfer. The thermolysis existing in the reaction process is

also investigated to assist the photocatalysis through set up with different reaction

temperatures. Along with the merits such as short reaction time and small sample

volume, the microreactor system could provide a versatile tool to study the reaction

kinetics of photocatalysis and a rapid kit to characterize the performance of

photocatalysts.

In our third design, another new planar microreactor is developed to solve the

problems of last two designs of reactors. The photoelectrocatalysis is employed to

enhance the separation of electrons and holes by electrical field. The basic structure of

the reactor is similar with the second design of microreactor, including the photocatalyst

and light source. The unique part is that both the top and bottom of reaction chamber
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were enclosed by ITO glass, could be connected with a voltage source to form a planar

electrical field. When a bias voltage was applied, the electrons and holes were forced to

separate. In fact, the bias voltage introduced other benefits. By changing the polarity of

voltage, electrons or holes could be selectively driven to the BVO reaction surface. This

enabled the control of electron-driven or hole-driven oxidation for photodecomposition.

In addition, when the top ITO layer was driven over 1.23 V, electrolysis of water

generated oxygen, which could diffuse to the BVO surface to supply the oxygen for

electron-driven oxidation. In this way, it solved the oxygen deficiency problem.

According to the experimental results, the negative bias exhibited always higher

performance. The device was tested for more than 200 times and showed little

degradation of the performance. The photoelectrocatalytic microreactor shows high

stability and may be scaled up for high-performance water purification.

6.2 Recommendations for Future Work

The microfluidic reactors have some limitations too. It involves the fabrication of

microstructures and the embedment of photocatalysts. Fortunately, fabrication of

microfluidic structures using soft materials (but may have hard cover and hard substrate)

is already a routine process, and the photocatalyst can be deposited onto the substrate
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before being bonded with the microstructure. Another severe problem is the limited

throughput, typically in 1 ml/h. This is far from the threshold throughput of about 1,000

I/h for practical applications. To boost up the throughput, several possible approaches

could be exploited. A simple way is to use a large array of microreactors to sum up the

throughput to a meaningful level (like 1 I/h). A more practical way is to scale up the

microreactors to the meter size, while maintaining the performance determining factors

such as surface-area-to-volume ratio and the residence time.

New designs could also been introduced, for example, coating the inner surface of

capillary tubes with photocatalysts and then piling up the tubes into a large bundle

(similar to the structure of a photonic crystal fiber but having much cross section). This

design is a combined use of optofluidic waveguide and photonic crystal fiber. The

contaminated water could be run through the holes of tubes and the light may be

irradiated directly onto the bundle cross section. Each stream of flow inside the tubes

acts as an optofluidic waveguide to carry the light, which is absorbed gradually by the

photocatalyst layer coated on the tube inner surface for photodegradation. This design

ensures a long interaction length of the light with the photocatalyst layer and the water

sample, and would lead to a full utilization of the light energy and a total cleaning of the

contaminants. Large cross-sectional area and fast flow velocity (using long tubes to
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ensure sufficient residence time) join up for large throughput. It is feasible to achieve

1000 I/h. Many other innovative designs could be explored as well. With the techniques

and physical understandings accumulated during the development of microfluidic

reactors, the prospect for industrial water purification is very promising.

On the other hand, there are many scenarios that do not need large throughput. In

fact, the microreactors consume small amounts of liquid sample and photocatalysts.

This could be a beneficial factor for some applications, for instance, rapid

characterization of expensive photocatalysts, parallel performance comparison of

different photocatalysts and optimization of the operation condition. As the

photocatalytic reaction is strongly dependent on many factors (e.g., type of

photocatalysts, preparation details of photocatalysts, model chemicals, light sources,

temperature, pH value, etc.), it has long been a headache to standardize the

photocatalytic efficiency tests and to make different tests comparable. The

microreactors may provide a standard platform as it enables convenient control of

operation conditions (such as flow rate, heat dissipation, etc), rapid characterization and

parallel photoreactions (using an array of microchannels or reaction chambers). Similar

case in the use of microfluidic chips for drug screening has achieved great success.

Beyond that, the microreactors have potential for other fields. Actually, some
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studies have already tried water splitting [37, 38], protein cleavage [65] and
photosynthesis [66-75], but most are on the infant stage. There are still a lot more to
explore. For example, bulk reaction systems have utilized the photocatalysis for
destructing bacteria [85] and viruses [86], inactivation of cancer cells [87], nitrogen
fixation [88, 89] and remediation of oil spills [47, 90]. Their corresponding microfluidic

designs have yet to come.
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