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Abstract

Synthetic dyes are used in industries such as petrochemical, dyeing, paper, and pulp, but contain
harmful substances that can damage the natural environment. The main consumption industry of
synthetic dyes is the textile industry, and a large amount of dye is lost to wastewater during the
coloring process of the textile. As the global population increases and the demand for textiles
increases, the amount of wastewater discharged from synthetic dyes is also increasing, which is a
major cause of the recent pollution problem. Because synthetic dyes have various chemical properties,
it is not easy to treat with conventional wastewater treatment methods such as adsorption, filtration,
coagulation, membranes, etc. Therefore, the development of eco-friendly, high-efficiency, low-cost

organic pollutant treatment methods has become an important task for researchers.

Recently, photocatalytic oxidation of organic pollutants has been proposed as a promising
alternative. Photocatalytic oxidation treatment can photodegrade organic pollutants into H,O, CO»,
and inorganic substances without generating toxic secondary substances, as well as remove odors and
disinfect them. However, the main drawback of semiconductor photocatalysts is the reduced
efficiency due to the rapid recombination of excited electron-hole pairs. When a noble metal is
supported on a photocatalyst, a noble metal acts as an electron sink and delays the recombination of
the excited electrons and holes, so the efficiency of the photocatalyst can be improved. Moreover,
another drawback of photocatalytic treatment is that it is very difficult to recover photocatalysts after
removing organic pollutants from wastewater, and reuse is greatly limited. Therefore, in this study,
an experiment was performed to improve the photocatalytic properties by supporting Ag or Au on the
ZnO photocatalyst, and the magnetic properties of the particles were also observed through Fe;O4
support.

Nanoparticles show good photocatalytic efficiency because of their large specific surface area but
have the disadvantage of being difficult to recover after use. In addition, the wet method requiring
post-treatment may reduce the photocatalytic efficiency due to agglomeration between particles.
Therefore, there was a need for a method that could produce submicron-level particles without
agglomeration in a single process. In addition, there was a need for a generation method that could
increase the efficiency of the photocatalyst by supporting the noble metal as a single crystal. The
ultrasonic spray pyrolysis method is a method that meets these requirements. Therefore, in Chapter

2, Au/ZnO particles were generated using the ultrasonic spray pyrolysis method. The Au/ZnO



particles produced using the USP method showed structural patterns of ZnO and Au. TEM images
showed dark spots dispersed throughout the Au/ZnO particles. EDX mapping and STEM images
confirmed that the dark spots corresponded to nano-sized Au particles dispersed throughout the ZnO
particles. The photolysis of organic Rhodamin B (RhB) aqueous solution was investigated under UV
light irradiation. Under all conditions, Au/ZnO particles showed better photocatalytic activity than
ZnO particles. The best photocatalytic activity was observed in particles with a 0.1 mass% Au
supported on ZnO particles. Moreover, the USP could simply generate particles in one step. Although
decomposition experiments on actual wastewater were beyond the scope of this study, the potential

of purifying organic pollutants using this material was confirmed.

Precious metals such as Au are expensive, so industrial applications can have significant limitations.
Therefore, relatively inexpensive Ag carrying research is attracting attention. Therefore, in Chapter
3, Ag/Zn0O particles were generated using the ultrasonic spray pyrolysis method. The resulting
Ag/ZnO particles were spherical and had a size of 0.5 to 1.0 um, and there was no change in shape
by the Ag support. ZnO and Ag crystal peaks were observed in all Ag/ZnO particles. In the TEM
image, dark spots dispersed in Ag/ZnO particles were confirmed, and the size of the dark spots varied
according to the concentration of added silver nitrate. EDX mapping and STEM images confirmed
that these dark spots correspond to Ag particle nanoparticles dispersed throughout the ZnO
particles.The photocatalytic activity of the generated particles was investigated by photolysis of the
RhB aqueous solution under UV irradiation. All Ag/ZnO particles showed better photocatalytic
activity than ZnO particles. Particularly, the particles with 0.2 mass% silver nitrate supported on ZnO
particles showed 2 times better photolysis activity than P25. It was observed that the particles
generated could not only be recovered simply by gravity sedimentation after the photolysis
experiment but also had a slow deterioration rate. Using the USP method, we were able to easily
generate submicron-level complex particles and confirmed the possibility of purifying and reusing

organic pollutants.

The application of photocatalyst to organic dye treatment is that it is difficult to recover fine
photocatalyst particles from photolysis treated wastewater. Methods such as filtration or
centrifugation for particle recovery can cause destruction and loss of particles, resulting in high
operating costs and secondary pollution. Therefore, there is a need for a study that can simply recover
the particles. The combination of photocatalyst and magnetic particles can be a reliable solution.

When the photocatalyst and magnetic particles such as magnetite (Fe3O4) are combined, not only can



the particles be easily recovered through the magnetic separation process, but also can be recycled.
Several methods are used for the synthesis of ZnO/Fe304. In Chapter 4, the synthesis of ZnO/Fe304
and ZnO/Fe304/Ag composite materials was attempted through ultrasonic spray pyrolysis and co-

precipitation methods, and the physical properties of the resulting particles were confirmed.

When the ultrasonic spray pyrolysis method was used as a single method, crystal peaks of the target
products ZnO and Fe3O4 were not observed. However, under certain conditions, a single crystal peak
of ZnFe;04 was identified. Because the metal reactivity of Zn and Fe is similar, it precipitated as
ZnFe;04 single crystal during pyrolysis process. Studies on ZnFe,O4 particles have been reported,
but due to the low bandgap, it is not suitable for organic matter treatment. When the ultrasonic spray
pyrolysis and co-precipitation methods were used together to generate particles, crystals of the target
products, ZnO and Fe3Os, were observed. Although the magnetic properties of the particles were
observed, uncoated ZnO particles were identified. Therefore, it was confirmed that the surface
modification using sodium citrate is not suitable for the formation of ZnO/Fe304 composite particles.
When co-precipitation was used as a single method, crystals of the target products ZnO, Ag, and
Fe304 were observed. In the photolysis experiment, it was confirmed that the photolysis properties of
the ZnO/Fe304 composite particles were not good compared to the pure ZnO particles. However,
although the ZnO/Fe;04/Ag composite particles contained Fe3;Oa, the photodecomposition properties
were superior to those of pure ZnO particles. The optimal condition was when 0.2 mass% silver
nitrate was added, which is consistent with the results of Chapter 3. The co-precipitation single
method confirmed some agglomeration of particles, but it was judged to be most suitable for the

generation of ZnO/Fe304 and ZnO/Fe3;04/Ag composite particles.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1. Background

Natural dyes extracted from fruits, vegetables, flowers, insects, etc. have been used since 3500 BC
and are also found in historical records. However, natural dyes could not meet the required demand
due to the limited color spectrum and production. Thus, in 1856, W. H. Perkins developed synthetic
dyes with a broader spectrum of colors and providing lighter shades to replace natural dyes and are
still in use today 1. These synthetic dyes are used in industries such as petrochemical, dyeing, paper,
and pulp, but contain harmful substances that can damage the natural environment >3], For example,
wastewater containing synthetic dyes mainly contains carcinogens such as nitro, sulfo, chloro,
naphthalene, benzamine, and other aromatic compounds, which adversely affect human health, the

2.4-6] The main consumption industry of synthetic dyes is the

environment, and aquatic ecosystems
textile industry, and a large amount of dye is lost to wastewater during the coloring process of the
textile. It is estimated that more than 15,000 dyes and pigments are produced worldwide, and more
than 900,000 tons are used [’l. Due to the inefficiency of the dyeing process, 200,000 tons of dye,

r [27-81 Therefore,

which is about 1-20% of the world's dye production, are discharged into wastewate
the International Organizations for Environmental Protection has set an acceptable standard for

environmental emission of organic dyes at a level of a few micrograms per liter 1.

As the global population increases and the demand for textiles increases, the amount of wastewater
discharged from synthetic dyes is also increasing, which is a major cause of the recent pollution
problem. This is because conventional wastewater treatment methods such as adsorption, filtration,
coagulation, membranes, etc. cannot decompose pollutants, but also cause secondary pollution by
simply moving organic pollutant molecules to another medium B % 191 It is also very difficult to
treatment synthetic dyes with high thermal and light stability >8], Therefore, the development of eco-
friendly, high-efficiency, low-cost organic pollutant treatment methods has become an important task

for researchers.

About 72 toxic chemicals have been identified in wastewater from the textile industry, of which 30
cannot be removed ). If the wastewater contains a high concentration of dye, the oxygen saturation
of the water decreases and sunlight is blocked, which interferes with photosynthesis of aquatic plants

1, 10

such as algae ! 1% In particular, because these dyes are not biodegradable, they accumulate in

1 -



Chapter 1 Introduction

ecosystems and aquatic organisms. So it could potentially be a problem for human health as well ['!],
Because of these hazards, it is necessary to separate and remove residual dyes from wastewater and
actively work in industrial sites. However, because synthetic dyes have various chemical properties,
it is not easy to treat with conventional treatment methods. In particular, toxic substances can be
produced by weathering organic dyes in wastewater through oxidation, hydrolysis or other chemical

reactions (81,

1.2. Type of organic dye

In general, dyes can be divided into three categories: anionic (acidic and reactive dyes), cationic
(alkaline dyes) and nonionic (disperse dyes). A large number of chemically different dye groups such
as azo, disperse, acidic, alkaline and triphenylmethane were used for textile dyeing. Among them, azo
dyes (anionic) with nitrogen-nitrogen double bonds (N = N) are considered the most used organic
dyes, but their treatment is complicated due to their aromatic structure and difficult decomposition

properties. Examples of some of the dyes mainly used commercially are shown in Table 1-1.
1.2.1. Congo red (CR)

These are the most used azo dyes worldwide. The CR is a benzidine-based anionic azo dye
containing nitrogen-nitrogen double bonds (-N = N-). The complex aromatic molecular structure of
CR dyes provides optical, thermal, and physicochemical stability, so their main applications are in
the textile, printing, dyeing, paper, rubber, and plastics industries. The toxic of CR benzidine could
cause mutagenicity and carcinogenicity in humans. Also, frequent touch of this dye can cause an
allergic reaction. Therefore, it is very important to remove the remnants of the CR before mixing it
with the water source. Although CR dyes have been banned in many countries due to health concerns,

they are still widely used in many countries 2],

1.2.2. Crystal violet (CV)

Crystal Violet, a triphenylmethane-based dye, is widely used in the textile processing industry and
in biological dyeing in human medicine. However, since CV is a recalcitrant dye, it remains in the
environment for a long time and is therefore toxic to terrestrial and aquatic organisms. The CV has
been reported to cause problems in the reproductive system of rabbits and fish, and is known as a

powerful carcinogen that promotes tumor growth in biological cells. Inhalation of CV can cause

_ 2 _
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irritation of the respiratory tract, and ingestion can cause gastrointestinal problems. It can be seen
from the chemical structure of the dye that there is an aromatic ring in three directions attached to the
central carbon atom, and it has a maximum absorption peak of 584 nm, so it is purple. The CV is
widely used in analytical chemistry laboratories as a pH indicator for testing the pH range from 0 to

1.6. At low pH, the CV turns yellow and becomes blue-violet at the alkaline end [!*14],

1.2.3. O-Phenylenediamine (OPD)

O-Phenylenediamine (OPD) called 1,2-diaminobenzene or 1,2 phenylenediamine, is an aromatic
amine used as a dyeing material for polymers, drugs, and textiles. However, OPD has been shown to
be harmful by ingestion, inhalation, and eye contact and can cause cancer cells. Therefore, excessive
exposure to OPD can damage the respiratory, digestive and liver and lead to cancer. These OPD are
considered one of the serious environmental pollutants due to their toxicity and carcinogenicity.
Because OPD is water soluble, it can easily contaminate ground and surface water, and it is very

important to monitor OPD in drinking and environmental waters [13-16],

1.2.4. Rhodamine 6G (Rh6G)

Rhodamine-based dye, a highly recalcitrant textile dye, commonly used for coloring cotton, wool,
silk, and paper. In addition, Rh6G is also used as a diagnostic tool to detect antigens and has excellent
staining properties in dark reddish purple. The Rh6G is also used in fluorescence microscopy and
fluorescence correlation spectroscopy in biotechnology. However, water with rhodamine dye causes
irritation to human skin, eyes, and respiratory system. And, unfortunately, Rh-6G is toxic and
carcinogenic to cells and tissues in organisms, and is associated with mutagenicity and teratogenicity.
Some studies have demonstrated that drinking water contaminated with R6G causes serious damage

to retinal ganglion cells !7-18],

1.2.5. Rhodamine B (RhB)

It is a reddish-purple powder of xanthene class with high water solubility used under the brand
name D & C Red No. 19. The RhB is widely used as a colorant. However, if swallowed by humans
and animals, it is harmful and causes irritation to the skin, eyes and respiratory system. It has been
medically proven that drinking water contaminated with RhB dye can cause highly carcinogenic

tumors. In recent years, carcinogenicity, reproduction, development, neurological and chronic toxicity

_3_
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to humans and animals have been intensively investigated and proven 192!,

1.2.6. Phenol red (PR)

It exists as red crystals and is a textile dye that belongs to the triphenylmethane dye class. A
commonly known synonym for phenol red is phenol sulfonephthalein. Since it is stable in water and
air and has a pH range of 6.8 (yellow) to 8.2 (bright pink), it is often used as a reagent for measuring
the pH of water and cell biology laboratories. It has been reported that PR inhibits the growth of renal
epithelial cells and has a lethal toxicity that causes mutations in muscle fibers. In addition, direct or

indirect contact may cause skin, eye, and respiratory irritation [2223],

1.2.7. Methylene blue (MB)

It is a dark green cationic dye, and the aqueous solution has a blue color. It is widely used for
dyeing paper, coloring, wool, silk leather, and paper coatings. Although MB is considered harmless
compared to other synthetic dyes, it can also cause some detrimental effects such as cyanosis,

vomiting, increased heart rate, limb paralysis, shock, jaundice and human tissue necrosis [,

1.2.8. Malachite green (MG)

In addition to being used in the dyeing process, it has also been used as an antibacterial agent to
prevent fungal infections in fish farms. However, it can persist for a long time in edible fish tissues
and bioaccumulate in terrestrial and aquatic ecosystems, which has a detrimental effect on the
environment and human health. Also, due to its toxicity and carcinogenic effects, the U.S. Food and
Drug Administration (FDA) designated MG as the preferred chemical for carcinogenicity testing by
the National Toxicology Program in 1993. The use of MG has been banned worldwide since 2002,

but it is still used in some environments (%4261,

1.2.9. Other dyes

In addition, Janus Green B (JGB), Janus Green B (JGB), Alizarin Red S (ARS), methyl orange
(MO), methyl red (MR), methyl red (MR), indigo carmine (IC), eriochrome black T (EBT),
eriochrome blue black T (EBBT), alizarin cyanin green (ACG), victoria blue B (VBB), methyl violet
(MV), reactive red 195 (RR-195), etc. Likewise, toxicity has been reported.

_ 4 —



Chapter 1 Introduction

Table 1-1 Some Examples of Commercial Dyes.

Dyes Structure Chemical formula M.,

CR C32H2oN6sNaxO6S» 696
(\Y C25H30CIN3 408
OPD CeH4(NH2)2 108
Rh6G CasH31N203C1 497
RhB CogH31CIN203 497
PR Ci19H1405S 354
MB Ci16H1sN3SCl 320
MG C23H25CIN2 365
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1.3. Conventional removal method for synthetic dyes

Wastewater treatment methods can be classified into physical, chemical, and biological methods
as shown in Table 1-2. Proprietary treatment by one of these three methods has proven insufficient to
remove organic dyes from textile wastewater. The same process may not apply to other types of
colored wastewater, even if some processes have reported successful decolorization of certain
wastewater 1. Some processes, such as electrochemical technology and ion pair extraction, are
relatively new treatments for textile wastewater treatment, while others have long been used in the
industry. Each process has its own limitations in terms of cost, feasibility, reliability, stability,
environmental impact, sludge treatment, operational difficulties, pretreatment requirements, organics

removal range and potential toxic by-products.

Table 1-2 Wastewater treatment method.

Physical Chemical Biological
Absorption Oxidation Aerobic
Filtration Reduction Anaerobic
Reverse Osmosis Catalysis
Membrane Treatment Ion Exchange
Electrocoagulation
Coagulation
Chlorination
Ozonation

1.3.1. Physical and chemical removal method

1.3.1.1. Absorption

Removal of organic dyes by adsorption has been regarded as one of the best existing methods. The
most used activated carbon is known for its excellent adsorption capacity for a variety of aqueous and
gaseous pollutants. In addition, porous materials such as ceramic, fly ash, sepiolite, hydrogel, clay
minerals, hydrotalcite, perlite, biopolymers such as chitosan, and agricultural by-products can be used
to move pollutants to the surface of the adsorbent. The adsorption capacity and cost of adsorbents
differ for each material, and the adsorption capacity differs depending on the surface area, PH, and
temperature. In addition to the most widely used activated carbon, agricultural waste such as sugar
cane, rice husk, and wood sawdust can be used and has an adsorption efficiency of 40-90%. These

materials can be used extensively because of their low cost, but they are less efficient than activated

_6 —
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carbon and require large amounts (224 27-28],

The use of activated carbon systems, including the regeneration of adsorbents, is too expensive.
Particularly, large dye molecules adsorbed on the surface of the adsorbent are difficult to desorb due
to the strong chemical bond between the adsorbent and the dye, so regeneration cost is high and
impractical. Therefore, disposal of used adsorbent creates additional problems. Also, certain
adsorbents can only be applied to certain types of dyes. For example, negatively charged adsorbents
have a high adsorption capacity for cationic dyes. Therefore, using only one type of adsorbent is

difficult to deal with the complex composition of dye waste.

1.3.1.2. Filtration process

Ultra-filtration (UF) (28-30]

Ultra-filtration can remove macromolecules and large particles, but does not completely remove
contaminants such as dyes. Even in the best case, the quality of the treated wastewater does not allow
reuse for sensitive processes such as fabric dyeing. The Ultra-filtration can be used for pretreatment
for reverse osmosis or in conjunction with biological reactors. The UF membranes are made of
polymeric materials such as polysulfone, polypropylene, nylon-6, polytetrafluoroethylene (PTFE),
polyvinyl chloride (PVC), acrylic copolymer, etc.

Micro-filtration (MF) [28-30]

Micro-filtration can also be used as a pretreatment for nanofiltration or reverse osmosis. The
suspended solids, macromolecules and colloids floating in wastewater can be separated. The MF
membrane is made of specific polymers such as Poly (Ether Sulfone), Poly (Vinylidiene Fluoride),
Poly (Sulfone), Poly (Vinylidene Difluoride), Polycarbonate, Polypropylene, Poly
Tetrafluoroethylene (PTFE), etc. Ceramic, glass, carbon, zirconia coated carbon, alumina and sintered
metal membranes with excellent chemical resistance have been used where high temperature

operation is required.

Nano-Filtration (NF) [28-30]

Nano-Filtration membranes are usually made of cellulose acetate and aromatic polyamide, and

_7 -
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inorganic materials such as ceramics, carbon-based membranes, and zirconia are also used to make
NF and RO membranes. Dyeing wastewater treatment by NF is one of the rare applications that can
handle highly concentrated and complex solutions. However, since it is very sensitive to

contamination by macromolecules, the influent water needs pretreatment.
Reverse Osmosis (RO) [28-31

Reverse Osmosis can remove most types of ionic compounds, reactive dyes, and chemical agents
in a single step. The osmotic pressure becomes more important the higher the concentration of
dissolved dye. Therefore, more energy is required for the separation process. The RO, like NF, is also
very sensitive to contamination and the influent must be carefully pretreated. The RO membranes are

usually made of cellulose acetate and aromatic polyamides, as well as inorganic materials.
1.3.1.3. Oxidation with sodium hypochlorite

Sodium hypochlorite discharges chlorine gas in aqueous solution, and dyes are decolorized and
removed by the discharged chlorine gas. Increasing the chlorine concentration favors the dye removal
and decolorization process and also reduces the pH. Dyes containing amino or substituted amino
groups in the naphthalene ring are most susceptible to chlorine bleaching. This treatment is not
effective for discoloration of disperse dyes, and the frequency of use is decreasing due to the negative

effect of the emission of organic halogens during the treatment 28],

1.3.1.4. Oxidation by Ozonation

As is well known, ozone is a powerful oxidizing agent and can decompose synthetic dyes. Ozone
molecules act as electron acceptors and can convert hydroxide ions into hydroxyl free radicals (-OH)
that react with organic and inorganic pollutants. Therefore, at a pH with a high dissolution amount of
hydroxyl ions (OH-), the formation of hydroxyl radicals (-OH) may be promoted, and the oxidation
of organic dyes may become active. The input of H2O; or UV can produce more ozone, and as a result,
more OH radicals can be produced, which can improve the rate of decolorization. The advantage of
ozonation is that it directly decomposes organic pollutants, so no other secondary pollution occurs.
However, instability due to temperature and PH and high facility installation cost remain
disadvantages. The oxidation process of many dyes and other organic pollutants (RH) by ozone is as

follows [2931-32]
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H,0+0; - HO;* + OH™ (1-1)
HO,;* + OH™ - 2HO, (1-2)
05 + HO, - HO - +20, (1-3)
HO- + HO, —» +H,0 + O, (1-4)
RH + HO - R - +H,0 (1-5)

1.3.1.5. Coagulation

The addition of chemicals or coagulants is required to speed up the agglomeration or particle
growth of organic matter in wastewater. Coagulants include inorganic coagulants such as lime, ferrous
sulfate, ferric sulfate, ferric chloride, aluminum sulfate, aluminum chloride, and organic coagulants
such as polyelectrolytes. Organic coagulants are cationic, anionic, and nonionic, all three being used
extensively in wastewater treatment. When a coagulant is added, ions of organic matter can be
neutralized and stable colloids can be produced. Organic coagulants such as polyelectrolytes can
provide adsorption and crosslinking between particles. As a result, particle clusters are formed and
can be precipitated or filtered under gravity. However, using it alone for dye wastewater treatment is
relatively inefficient. For example, only 50% can be removed by using alum or ferrous sulfate for an
azo active yellow dye. However, the downside to this treatment is that the sludge is finally produced

and there is an additional cost for the treatment of the sludge 131,

1.3.1.6. Electrocoagulation (EC)

EC generate metal ions in wastewater by using electric current and sacrificial anodes (such as Fe
and Al). When metal ions with opposite charges are provided to wastewater, organic matter can be

neutralized to form colloids. In other words, since the metal hydroxide released from the anode acts
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as a coagulant, colloids are formed and easily rise to the surface by H> generated at the cathode. And
it has been found that the external addition of coagulant improves the processing efficiency. However,
since iron hydroxide sludge is generated on the electrode surface, its use is limited. In general, in EC
treatment, the decolorize efficiency was found to be 90-95%, and COD removal was found to be 30-
36% under optimal conditions. In addition, factors that affect electrochemical performance include
current strength, number and spacing of electrodes used, pH, temperature, properties of electrolytes,
surface tension and flow rates of wastewater, and properties of dyes. The mechanism of

electrocoagulation is as follows [2-34];

Anode 4Fe & 4Fe*t + 8¢~ (1-6)
Solution 4Fe* + 10H,0 + O, 4Fe(OH), + 8H* (1-7)
Cathode S8H* + 8¢~ — 4H, (1-8)

1.3.1.7. Ionic exchange

Ion exchange has not been widely used in wastewater treatment containing dyes. This is because
ion exchangers cannot accommodate a wide range of dyes. The colored wastewater is passed through
the ion exchange resin until the available exchange sites are saturated. Using this method, cationic
and anionic dyes can be successfully removed from wastewater. One major drawback is the high

operating cost 123311,

1.3.2. Biological treatment method
1.3.2.1. Aerobic biological treatment

Currently, the most used biodegradation method involves aerobic microorganisms, which use
molecular oxygen as a reducing equivalent receptor in the respiratory process. The microorganisms

used depend on the dye, and fungi such as lignolytic fungi, Phanerochaete chrysosporium,
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Geotrichum candidum, Trametes versicolor, Bjerkandera adusta, Penicillium sp., Pleurotus ostreatus,
Pycnoporus cinnabarinus, and Pyricularia oryzae are used for aerobic decomposition. In addition,
bacterial strains of Pseudomonas stutzeri, Acetobacter liquefaciens and Klebsiella pneumonia are also
used. Wastewater treatment plants are not a natural habitat for microorganisms, so special care must

be taken to establish these fungi in wastewater treatment systems.

In general, most azo dyes in conventional aerobic sewage treatment plants are not decomposed by
bacteria. Therefore, conventional aerobic sewage treatment systems are not useful for decolorization
of wastewater containing azo dyes. In addition, about 50 to 150 mg of each dye/l has the disadvantage

of taking a little time because it takes 5 to 10 days to decolorize ! 28 35-3¢],

1.3.2.2. Anaerobic biological treatment

Azo dyes make up 60 + 70% of all textile dyes, but in aerobic sewage treatment plants, most azo
dyes are not easy to degrade. On the other hand, anaerobic biological purification can decolorize azo
and other water-soluble dyes. Anaerobic microorganisms capable of decolorizing include
Pseudomonas, Bacillus, and Clostridium, and the degree of decolorizing depends on the type of dye,
substituent, and molecular weight. Decolorization is reported to involve oxidation-reduction reactions
with hydrogen rather than oxygen, as in aerobic systems, and to produce methane, carbon dioxide,
hydrogen sulfide, and other gaseous compounds. In anaerobic systems, azo dyes break azo bonds and
decolorize, but toxic amines are formed. Anaerobic decomposition only results in azo reduction and
no mineralization occurs. While many microbes can break the chromophores of some dyes, few
microbes can mineralize dyes into CO2 and H20O. Obviously, this is due to the complex structure of
the dye. The amines produced by reduction of azo dyes are colorless, but very resistant to further
degradation under anaerobic conditions. Therefore, careful monitoring is required before the treated
wastewater is discharged into the waterway. It also has the disadvantage of storing wastewater in large

tanks because the biological treatment process requires a long time [3- 1128351,
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1.4. Semiconductor photocatalyst

As shown in Table 1-3, the existing wastewater treatment technology has disadvantages such as

cost, stability, slurry, pretreatment, and slow decomposition rate. (>3 101,

Table 1-3 Disadvantages of the existing wastewater treatment.

Processes

Disadvantages

Absorption

Ultra-filtration

Micro-filtration

Nano-Filtration

Reverse Osmosis

Oxidation with sodium hypochlorite

Oxidation by Ozonation

Coagulation

Electrocoagulation

Ionic exchange

Aerobic biological treatment

Anaerobic biological treatment

Cost of activated carbon
Difficult to recycle

Insufficient quality of the treated
wastewater

Formation of sludge

Insufficient quality of the treated
wastewater

Formation of sludge

Pretreatment required for removal of
macromolecules

Pretreatment required for removal of
macromolecules
High pressure

Release of aromatic amines

Short half-life (20 min)
High equipment cost

Formation of sludge
Production of sludge blocking filter

Formation of sludge

Not effective for all dyes
High operating cost

Low biodegradability of dyes

Microorganisms used depend on the dye

Low biodegradability of dyes

Microorganisms used depend on the dye
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Therefore, the development of an eco-friendly, high-efficiency, low-cost organic pollutant
treatment method has become an important task for researchers. Recently, photocatalytic oxidation
of organic pollutants has been proposed as a promising alternative 4. Because photocatalytic
oxidation treatment can photodecompose organic pollutants into H>O, CO», inorganic substances
without generating secondary substances, no slurry is created. In addition, it does not require
pretreatment and has excellent characteristics in terms of cost. The process of decomposing organic
pollutants using inexpensive eco-friendly metal oxide photocatalysts such as WO337], Fe;03 %, ZnO
39401 "TiQ, *1-42] and SnO; [**! has been extensively studied. In addition, because the photocatalytic
reaction occurs on the surface of the photocatalyst, nano-sized particles with a large specific surface
area are attracting attention [#445],

As shown in Figure 1-1, it is well known that when ZnO is irradiated with photon energy equal to
or greater than the bandgap energy, ZnO absorbs the photon energy so that electrons in the valence

band (VB) are excited to the conduction band (CB):

ZnO + hv = ZnO(e ¢ +h™) (1-9)

Figure 1-1 Photocatalytic reaction mechanism of ZnQO particle.
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When the separation of the holes of the VB and electrons of the CB is maintained, the holes and
electrons can be moved to the surface of the catalyst and used for the oxidation/reduction reaction.
Holes can form hydroxyl radicals (*OH) which react with H2O or OH on the surface of the catalyst
and contribute to photodecomposition (Egs. 1-10 and 11). Free electrons can form superoxide radical
anion (O2* ) which is an active species by oxygen. The superoxide radical anion (Oz¢ ) reacts with
H" to form hydrogen peroxide (H20:), and the generated hydrogen peroxide (H20>) is converted into
hydroxyl radicals (*OH) by ultraviolet light (Eqs. 1-12,13,14 and 15). The resulting -OH radical acts
as a strong oxidizing agent and converts the organic material or polymer into carbon dioxide (CO»),
water (H20) and other less hazardous molecules than the original material (Eq. 1-16) [>4¢47]: Many
organic dyes have benzene rings with high chemical stability as shown in Table 1-1. Therefore, since

RhB is often used as a model material for organic dyes, it was also adopted in this study.

OH™ +h" - OH (1-10)

H,0+h* »-OH+H* (1-11)

O,+e” >0, (1-12)

O, +H' > OOH (1-13)

2-00H - 0, + H,0, (1-14)

H,0, + hv —» 2-OH (1-15)

Pollutant +- OH — CO, + H,O + degradation product (1-16)

The main drawback of semiconductor photocatalysts is the reduced efficiency due to the rapid
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recombination of excited electron-hole pairs. [ 1%, For example, semiconductor photocatalysts such
as ZnO and TiO; have limited photocatalytic activity due to the fast electron-hole recombination rate.

(421 graphene (1),

To control the electron-hole recombination of a photocatalyst, doping of nanotubes
base metals [**], metal oxides (!, metal sulfides %, polymers [°!), and noble metals [**>*) has been
studied. In particular, the combination of a noble metal with a semiconductor such as ZnO provides

an improved photocatalytic activity by trapping excitation electrons. Figure 1-2 shows the reaction

Figure 1-2 Photocatalytic reaction mechanism of Au/ZnO composite particles.

mechanism of a noble metal-supported photocatalyst. When a noble metal is supported on a
photocatalyst, a noble metal acts as an electron sink and delays the recombination of the excited
electrons and holes, so the efficiency of the photocatalyst can be improved ', Among a noble metal,
research on supporting Au P43%1 pt 54361 pq 571 and Ag 38631 i5 actively underway. Various methods
have been developed to synthesize noble metal doped photocatalysts. These include chemical bath

58]

deposition ¥ photochemical %, sol-gel %) solvothermal !, precipitation-decomposition 2],

hydrothermal ], and flame spray pyrolysis 1.

Moreover, another disadvantage of photocatalytic treatment is that it is very difficult to recover

nano-sized photocatalysts after removing organic pollutants from wastewater, and reuse is greatly
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limited ®!. The inability to recycle photocatalytic particles not only increases the cost but can lead to
new pollution *¥. Therefore, research is being conducted to generate particles with relatively large

particle size and high activity or to support magnetic particles.
1.4.1. Zinc oxide (ZnO)

In the semiconductor metal oxide series, [I-VI group semiconductors are recognized as applications
in solar cells, solar cells, field effect transistors, optoelectronic devices, and photoluminescence
appliances 4%, Among these semiconductors, ZnO is a direct bandgap semiconductor (3.4eV) with
a huge exciton binding energy of 60meV, and has been regarded as a semiconductor having numerous
applications in the scientific community since the 1930s [*]. Therefore, in recent years, it is a versatile
material that has been used in various applications due to its excellent biocompatibility and low

681, gas detectors [%°], photocatalysts, optoelectronic "% etc. In

toxicity. Examples include solar cells !
addition to this, ZnO is used as an additive in industrial products such as pigments, adhesives, cement,
lubricants, glass, paint, rubber, cosmetics, and coatings [!]. Research on composite materials is also
reported, and transition metal/rare earth (RE) doped ZnO structure shows superior structural and
optical properties such as photoluminescence, transmittance, diffraction, and magnetic behavior than

pure ZnO.

In this study, we adopted the spray pyrolysis method to generate submicron particles and support
other metals. Along with ZnO, TiO; is also widely used as a photocatalyst, but since a water-soluble
raw material is used in the spray pyrolysis method, zinc oxide was produced using zinc nitrate, which

can be used as a source at a relatively low cost.

1.5. Summary of this thesis

In this paper, two experiments were presented to confirm the photolysis of organic pollutants using
a photocatalyst and the reusability of the photocatalyst. First, photocatalytic nanoparticles have a large
specific surface area, so they have good photodegradation properties, but have a disadvantage in that
they are expensive because they cannot be recovered and recycled. Therefore, relatively large sub-
micro-sized particles were simply one-pot synthesized using the spray pyrolysis method, and single-
crystal metal particles were doped inside the photocatalyst to enhance the photocatalytic activity. And

the possibility of recovery and recycling through gravity sedimentation was confirmed. Second, in
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order to simplify the recovery of the photocatalyst particles, a magnetic recovery experiment through
magnetite doping was conducted. Micro-sized ZnO/Fe;O4 particles were generated using the co-
precipitation method, and Ag doping was performed for higher photocatalytic properties. And the

possibility of recovery and reuse of particles using magnetism was confirmed.

In Chapter 2, the electron-hole recombination control of the photocatalyst was investigated by
loading Au in ZnO (Au/ZnO). Using the Ultrasonic Spray Pyrolysis (USP) method, Au/ZnO particle
generation is easily achieved under various conditions. XRD analysis confirms the crystal peaks of
ZnO and Au. The EDX mapping and STEM images of the particles show that the Au crystals are well
dispersed in the inner and outer portions of ZnO. The photocatalytic decomposition rate of organic
dye (Rhodamine-B) is faster than that of ZnO in all Au/ZnO particles, and the best photocatalytic
activity occurs in particles with 0.1 mass% Au supported on ZnO particles. In addition, optimal
photolysis activity occurs in 100 ml of 5 mg/L RhB aqueous solution and 10 mg dose of Au/ZnO

particles.

In Chapter 3, the inhibition of electron-hole recombination was investigated by supporting Ag
nanoparticles on a ZnO photocatalyst. Ag/ZnO particles were generated under various conditions
using the Ultrasonic Spray Pyrolysis method. Through XRD analysis, the crystal peaks of Ag and
Zn0O were confirmed in the generated particles. EDX mapping and STEM images show that Ag
nanoparticles are well dispersed in ZnO. The photolysis rate of organic dye (Rhodamine-B) was faster
than that of ZnO in all Ag/ZnO particles, and particles with 0.2 mass% silver nitrate supported on
ZnO particles showed 2 times better photolysis activity than P25. In addition, the optimal photolysis
activity was confirmed in 100ml of 5Smg/L RhB aqueous solution and 10mg of Ag/ZnO particles, and

reusability was also confirmed.

In Chapter 4, synthesis of ZnO/Fe304 composite particles was attempted using the USP and co-
precipitation method under various conditions. When the USP method was used as a single method,
the crystal peaks of the target products ZnO and Fe3O4 were not observed, and a single crystal peak
of ZnFe>O4 was confirmed under certain conditions. When particles were generated using the USP
and co-precipitation method together, the crystal peaks of the target products, ZnO and Fe3O4 were
observed, and the magnetism of the generated particles was confirmed. However, since the
aggregation of particles and uncoated ZnO particles were confirmed, it was confirmed that the surface

modification using sodium citrate was not suitable for the generation of ZnO/Fe3O4 composite
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particles. When co-precipitation was used as a single method, crystal peaks of the target products
Zn0O, Ag, and Fe304 were observed, and the magnetism of the generated particles was also observed.
In addition, the Ag particles dispersed in the particles could be confirmed with backscattered electron
images. In the photolysis experiment, excellent photolysis properties were confirmed in ZnO/Fe304

composite particles generated by adding 0.2 mass% of silver nitrate.

Final conclusions are presented in Chapter 5.
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Chapter 2 Evaluation of Photocatalysis of Au Supported ZnO
Prepared by the Spray Pyrolysis Method

2.1. Introduction

Environmental pollution by residual dyes in the paper, textiles, and other industries is a very serious
problem in developing countries as described in Chapter 1. Typically, wastewater is treated using
adsorption or chemical coagulation methods. However, these methods only transfer dyes from water
to solids, and require further treatment to decompose. Therefore, a better wastewater treatment
method is necessary. Photocatalytic oxidation treatment of organic pollutants has recently been
proposed as a promising alternative ('3,

Photocatalytic applications of ZnO and TiO> have grown significantly due to their chemical and
physical stabilities and low cost. ZnO is a semiconductor material with a wide bandgap energy (3.37
eV) and a large exciton binding energy of 60 meV . Although TiO> is a more common photocatalyst
than ZnO !, ZnO can be used as a substitute for TiO, because they have similar bandgap energies.
In addition, ZnO has a higher reported quantum efficiency than TiO; and has attracted attention for
the photolysis of pollutants due to its high stability and wide bandgap energy [*7!. This wide bandgap
and large exciton binding energy are not only useful for the photolysis of organic pollutants but can
also disinfect and eliminate odors. In addition, ZnO has several potential applications such as gas

sensors, solar cells, varistors, and optoelectronic devices 18,

However, as previously explained, semiconductor photocatalysts such as ZnO and TiO> have
limited photocatalytic activity due to the high electron-hole recombination rate * 7). Therefore, in
order to prevent the recombination of the excited electron-hole pairs and improve the photocatalytic
properties, a composite material that supports nanotubes 1, graphene %l base metals ['!! metal
oxides ?], metal sulfides ['¥], polymers ['*) and noble metals [!>®1 on the photocatalyst is being studied.
In particular, since there are many applications depending on the type of supported noble metal and
the method of synthesizing the particles, various types of supporting studies have been reported.

Therefore, various methods are being developed to synthesize photocatalysts supporting noble metals.

Methods of generating particles include combustion, flame spray pyrolysis, sonochemical reaction,

and hydrothermal, and the results of generating particles by each method have been reported. Pathak
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et al. produced Au/ZnO and Ag/ZnO nanoparticles using the combustion method and evaluated the
photocatalytic efficiency using methylene blue dye [!7!. Pawinrat et al. produced Au/ZnO and Pt/ZnO
nanoparticles using flame spray pyrolysis and evaluated the photocatalytic efficiency using methylene
blue '8, Kim et al. carried out Au nanoparticles on ZnO nanorods using the hydrothermal method
and sonochemical method, and evaluated the photocatalytic efficiency using rhodamine B [!. These
nanoparticles show good photocatalytic efficiency because of their large specific surface area, but
have the disadvantage of being difficult to recover after use. In addition, the wet method requiring
post-treatment may reduce the photocatalytic efficiency due to agglomeration between particles.
Haugen et al. confirmed that the size of the doped Au or Ag crystals increased and the photocatalytic
activity decreased after calcination of the particles 12°1. Therefore, there was a need for a method that
could produce submicron-level particles without agglomeration in a single process. In addition, there
was a need for a generation method that could increase the efficiency of the photocatalyst by

supporting the noble metal as a single crystal.

Recently, Ebins et al. confirmed the crystallite size and catalyst characteristics after generating zinc
oxide by temperature changes using ultrasonic spray pyrolysis (USP) 2. The USP method can
generate continuous particles in a single process, and it is possible to adjust the particle shape by
temperature control. In addition, it was possible to control the crystallite size by the change in the
concentration of the raw material solution, and it was possible to dope other substances by adding the
target precursor to the aqueous solution of the raw material >?*], The USP method consists of four
main steps: droplet generation by ultrasonic nebulizer, precipitation by evaporation of solution,

chemical reaction of precursor at high temperature, and densification of initial particles **2%/,

In this study, we employ the USP method to generate functional particles with high oxidation
characteristics that can be used in the oxidation treatment of organic pollutants. First, we
experimentally examine the conditions in which ZnO particles are generated. Then, we prepare Au-
doped ZnO (Au/ZnO) particles using chloroauric acid as the noble metal source. Finally, we analyze

the structural, morphological, and photolysis characteristics of the obtained particles.
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2.2. Experimental equipment and theory

2.2.1. Ultrasonic Spray Pyrolysis
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Figure 2-1 Schematic diagram of ultrasonic spray pyrolysis.

Application research on particles with a size of several um or less is being conducted in electronic
materials, catalysts, and analytical chemistry. Particles change their properties by their shape, size,
and composition, so a controllable particle generation process is important. In addition, from the point
of view of industrial application, the equipment must be simple and continuous operation, high
production speed and low cost. Aerosol process, a method for producing particulate materials that
combines both liquid and gas phase aerosol processes, may be such a process. Aerosol is a type of
colloid in which solid or liquid particles are suspended in the atmosphere. The term "aerosol" is used

in the fields of air, health and air pollutants and materials processing.
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There are two main routes for particle production by the aerosol process. It is a method of
converting from gas to particles and a method of converting from liquid to particles. In gas-particle
conversion, particles are synthesized by cooling supersaturated vapors using a method called physical
vapor deposition (PVD) or chemical vapor deposition (CVD) (2], In the PVD method, evaporation of
a solid or liquid is a source of vapor, and solid particles are formed via nucleation and condensation
of saturated vapor in the cooling step. Many types of reactors, such as flame, furnace, plasma or laser,
have been used to generate the vapor of the precursor. In the CVD method, vapors evaporated from
a precursor are reacted with other precursor vapors or surrounding gases or pyrolyzed. Target particles

are produced by chemical reaction or pyrolysis in the air and undergo condensation and agglomeration.

The main advantages of the gas-particle conversion method are the narrow size distribution, small
particle size and high purity of the synthesized particles. However, it is difficult to prepare particulate
materials due to the disadvantage that large agglomerates are formed during agglomeration and
condensation in the gas phase. Differences in chemical reaction rates, vapor pressures, nucleation and

growth rates during particle generation can lead to non-uniform particle synthesis results.

Liquid-to-particle conversion is typically a spray pyrolysis method. Because a solution or sol is
used, the spray method is often classified as a liquid method. This method can be used to synthesize
functional particles such as multi-component materials. Compared to the gas-to-particle conversion

path, the spray method is a simple and inexpensive process, but little is known about the process itself
(22]

Evonik’s TiO2 benchmark P25 is a good example of a photocatalyst produced on an industrial scale
by vapor-fed aerosol flame synthesis (VAFS). This flame-assisted process involves burning in a flame
by supplying a volatile precursor such as titanium tetrachloride (TiCls) in the gaseous phase. However,
finding suitable volatile metal precursors can be limiting. Alternatively, techniques such as ultrasonic
spray pyrolysis (USP) can solve this problem. USP can use a water-soluble precursor to generate
aerosols using an ultrasonic atomizer and transport aerosol particles into the reactor using a carrier

gas. In the USP method, a tube furnace may be used for the combustion or pyrolysis of the precursor
[26]

The spray pyrolysis method is used not only in the synthesis of particles, but also in experiments

such as thin film deposition and in industrial sites. In general, in the spray pyrolysis method, the
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aerosol generated by the spray device is transported to the reactor by the carrier gas, and particles are
generated through pyrolysis. Fig. 2-1 shows an experimental apparatus used in this research. The USP
apparatus was composed of a nebulizer, a quartz glass reaction tube, electric furnaces, a diffusion
dryer, and an electrostatic precipitator. In the USP device, the precursor solution is placed inside the
ultrasonic nebulizer, which is a device containing a high-frequency ultrasonic vibrator. The carrier
gas is introduced into the ultrasonic nebulizer and the aerosol is transported to the tubular reactor by
the gas flow. Particles generated by pyrolysis in the tubular reactor move to the collector (filter,

electrostatic precipitator, etc.).

The spray pyrolysis method has the following advantages. (i) The resulting particles are spherical.
(i1) The diameter distribution is uniform and controllable from micrometer to submicron. (iii) The
product is of high purity. (iv) The process is continuous. Since each sprayed droplet has the same
composition, properties can be controlled through chemical control of the precursor solution. It is
very promising to apply the spray pyrolysis process to industry because the speed of particle
generation is fast and particles can be generated within seconds. Conversely, using conventional solid
or liquid phase methods requires post-treatments such as calcination and milling to obtain the desired

particle size, which often introduces impurities into the particles.

Figure 2-2 shows the particle formation process in the spray pyrolysis method. When the raw
material droplets are heated, the solvent evaporates from the droplet surface, and the solute
concentration on the droplet surface increases. Therefore, the solute diffuses toward the center of the
droplet where the solute concentration is low, but when heating is performed rapidly, the solvent
evaporates rapidly and the solute concentration on the droplet surface rapidly increases, eventually
becoming supersaturated and precipitation of salt occurs. Then, the solvent inside the shell evaporates,
and hollow particles and ruptured particles are generated. On the contrary, when gentle heating is
performed, the evaporation rate of the solvent slows down and the solute diffuses toward the center
of the droplet, so that the surface of the droplet does not become supersaturated, and the droplet
solvent evaporates only from the surface of the droplet. And solid particles are formed 71, As
precursor solutions, inexpensive materials such as nitrates, chlorides and acetates are commonly used.

In general, water or alcohol is used as the solvent.
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The properties of the precursor, the carrier gas flow rate and temperature of furnaces are the main
parameters that affect the morphology of the particles produced by spray pyrolysis. Hollow or
ruptured particles often produced by spray pyrolysis are undesirable for applications. Depending on
the production conditions, single crystal or polycrystalline particles are also formed. The average size
and size distribution of the final particles can be roughly determined from the droplet size and the
initial concentration of the starting solution. Therefore, the size or shape of the final particles
produced is determined by the concentration and movement speed of the droplets produced by the

nebulizer. Therefore, various spraying methods have been used in spray pyrolysis studies.
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Figure 2-2 Particle formation process in USP method.
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2.2.1.1. Atomization

Atomization is a key parameter to determine particle size. In the early stages of particle generation,
precursors are supplied to specific atomization equipment to convert them into droplets. Certain skills
are required to perform this droplet formation operation. In traditional methods, aerosol generation
through temperature assisted evaporation treatment is commonly used. The principle of this method
is to vaporize the precursor at a specific temperature to create droplets (8], This method can produce
single and uniform droplets, but cost becomes an issue. To solve this drawback, the use of certain
momentum can be used as an alternative technique to traditional methods. Several types of driving
force can be used to support the atomization process. For example, pressure, centrifugation,
electrostatic and ultrasonic energy are selected depending on the required droplet size °). In addition
to selecting the sprayer configuration, surface tension, viscosity, density, etc., should be considered

in order to control the droplet size and properties of the spray precursor B0,

Table 2-1 Typical droplet sizes of depending on spray method.

Average Initial Droplet Size

Atomizer Type [um]
Ultrasonic (submerged) 1 to 10 B3
Ultrasonic (nozzle) 10 to 1000 B33!
Electrospray 15 to 25 B4
Rotary 10 to 1000 B33!
Pressure 110 to 200 B4
120 to 250 B33
Air-blast orchard sprayer 130 to 200 (34
Two-fluid 5 to 100 B3
Cold—fogger 8 to 22 [34
Grooved spinning disc 70 to 150 B34
Smooth spinning disc 90 to 150 B34
Knapsack mistblower 100 to 200 B4

Among the many atomization methods (Table 2-1), ultrasonic atomization devices are widely used
because of the high energy efficiency of aerosol generation, ease of use, and fast aerosol generation

speed. Therefore, the USP method has been found to be effective in synthesizing various types of
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materials and has the advantage of easy scalability 3!-2], In the USP method, when high-frequency
ultrasonic waves pass through a liquid precursor solution and collide with the liquid-gas interface, a

droplet aerosol of micrometer size is created.

The formation of droplets by ultrasound was first reported by R. W. Wood and A. L. Loomis in
1927, and Lang experimentally confirmed the relationship between ultrasound frequency and average
droplet size in 1962. If a single particle is generated without the splitting and combining of droplets

of the sprayed raw material solution, the generated droplet size can be estimated as [*¢]

8ry\ /3 (2-1)
Ddroplet = 0.34 (W)

where f'is the frequency of the ultrasonic transducer, p is the density of the solution, and y is the
surface tension of the solution. Since the experiments are performed in very dilute solutions, the
estimated p and y values are equal to those of pure water. Assuming /= 1.7 MHz, y= 0.0729 N/m,
and p= 1000 kg/m?>, the droplet size is calculated as Dgroplet = 2.92 um from equation (2-1).
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Figure 2-3 Droplet size by ultrasonic frequency intensity.
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Laboratory-grade ultrasonic spray pyrolysis using high frequency (approximately 2 MHz) is very
useful for fast hypothesis validation and facilitates small-scale synthesis of new materials. However,
the intensity of ultrasonic waves on the surface of a high-frequency oscillator is not sufficient to spray
solvents or slurries with high viscosity, density, and boiling point. Therefore, commercial devices that
generate large amounts of droplets using high-intensity ultrasonic waves are on the market. These
ultrasonic nozzles operate at frequencies of 20 to 120 kHz and are capable of producing droplets of
different sizes (up to about 10 um). Even liquids or slurries with high viscosity and low vapor pressure
can be sprayed up to about 100 mL/min ). The yield and quality of the final product depends on the
flow rate of gases and liquids through the reactor, the temperature in the reactor, the ultrasonic output
solvent used, and the chemical composition of the precursor mixture. Very high yields can be obtained
by changing the experimental parameters. Silica, titania, iron oxide, zinc oxide and various
binary/ternary metal oxides can be prepared by all USP 7411, Also, Figure 2-3 shows the droplet size

as a function of the frequency of the ultrasonic transducer.
2.2.1.2. Electrostatic collector

In the USP method, cyclones, electrostatics, and filters are generally used to collect the generated
particles. In this study, an electrostatic collector was used and its schematic diagram is shown in
Figure 2-4. Insect specimen stainless steel micro-needle (Shiga Konchu Co., Ltd., manufactured by
0.18 mm) was soldered to the terminal crimp using a special jig, and fixed with screws to be used as
discharge electrodes. An aluminum plate was used for the particle collecting electrode of the flat plate.
5.00 kV DC power was applied using a high voltage power supply. Since the tip of the stainless-steel
needles were worn by the discharge, the six discharge electrodes in the collector were wired three by
three, and the discharge electrodes that applied voltage at 3 h were replaced. This enabled continuous
collection for 6 hours. In order to prevent dew condensation inside the collector due to rapid cooling,
the electrostatic collector was wrapped by a ribbon heater and the temperature of the collector was

kept at 50 °C using a temperature controller.
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2.3. Experimental setup and Method

ZnO particles were generated using the USP apparatus in Figure 2-1. Zn(NO3), 6H>O was used as
the zinc precursor. The precursor was dissolved to 100 ml distilled water with 2.5 to 10 mass% and
the precursor solution was introduced into the nebulizer at a rate of 15 mL/h. An ultrasonic nebulizer
(OMRON, NE-U17) with a resonance frequency of 1.7 MHz was used to spray the precursor solution.
Droplets were introduced into the quartz glass reaction tube at a rate of 1.0 SLM by the carrier gas.
The flow rate of sheath gas was fixed at 0.5 SLM to prevent droplet precipitation. The quartz glass
reaction tube was installed inside four electric furnaces with a temperature controller of =1 °C. And
the temperature of the electric furnace was measured at between the inner wall of the furnace and the
outer wall of a quartz glass reaction tube by thermocouples. The inner diameter, outer diameter, and
length of the quartz glass reaction tube were 15.25, 18.25, and 1208.50 mm, respectively. These
electric furnaces were used to heat the quartz reaction tube: two 80-mm preheating furnaces of No. 1
(40 °C) and No. 2 (70 °C), and two 290-nm long heating furnaces of No. 3 (150 °C or 1000 °C) and
No. 4 (1000 °C). The particles obtained by decomposition of precursor solution droplets were then

dried by a diffusion drier. Finally, particles were collected in the electrostatic precipitator.

2.3.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2 6H20, >99.0%) and chloroauric acid (HAuCls, >99.9%) were
purchased from FUJIFILM Wako Pure Chemical Industries, and Rhodamine-B (Cz2sH31CIN20;3,

>95.0%) was purchased from Tokyo Chemical Industries. Titanium dioxide nanopowder as a standard
photocatalyst (Evonik AEROXIDE® P25, formerly Degussa) was purchased from Sigma-Aldrich.

All reagents were used as received without further purification. Distilled water was used in all

experiments.

2.3.2. Characterization

The size distribution of ZnO particles was measured by laser diffraction spectrometry (Microtrac,
MT3000EX). The size and shape of the ZnO particles were observed using a scanning electron
microscope (SEM, JEOL JSM-6380A). X-ray diffraction (Rigaku, Multiflex) using Cu Ko radiation
was used to examine the crystallite size and crystalline phase of the generated particles. The mean

crystallite size of Au/ZnO composite particles was calculated using Scherrer's equation. The shape,
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size, and elemental of Au/ZnO composite particles were observed by a transmission electron
microscope (TEM, JEOL JEM-2100F) combined with energy dispersive X-ray spectroscopy (EDXS).
The generated Au/ZnO composite particles were dispersed in water, and the UV-vis spectrum was

analyzed using a spectrometer with an absorption wavelength of 200-850 nm (SIMAZU, UV-1800).

2.3.3. Photocatalytic activity

The photocatalytic activities of the synthesized powders were evaluated by photolysis of
Rhodamine-B (RhB, Tokyo Chemical Industries) dyes. For each condition, 2—15 mg of particles and
100 ml of 5 mg/LL RhB aqueous solution were mixed in a 250 ml beaker. The photocatalyst was
ultrasonication for 10 minutes in an RhB aqueous solution and left in the dark for 5 minutes to
establish an adsorption-desorption equilibrium between the photocatalyst and the dye before
photocatalytic decomposition. And during UV light irradiation, the mixture was continuously stirred
to maintain full suspension of the particles in the experiments. The photolysis reaction was performed
under UV light irradiation from a single 15W lamp of 315400 nm (TOSHIBA, FL15BL) located
horizontally 65-mm above the liquid surface. A lux meter maintained the light intensity of the lamp.
A 4-ml aliquot sample was extracted every 30 minutes. The residual dye concentration was measured
after removal of the photocatalyst by precipitation. The photocatalyst precipitation process did not
involve light irradiation. The change in the RhB concentration was analyzed by measuring the
absorbance of the sample aliquots using a UV-Vis spectrophotometer. The concentration of RhB was

analyzed by recording the change in the maximum absorption peak of RhB (555 nm).

2.3. Experimental Results and Discussion

2.3.1. Characteristics of ZnO particles

The estimated diameter of the generated ZnO particles can be calculated as

(2-2)

D 3 DgropletCZU(Nos)z aq.]\ﬂ/l/Zno
Zn0 —
B MWz4(N0os),Pzno
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where pzno is the density of ZnO (5.606 x 10° kg/m?®), MWz, (no,), is the molecular weight of zinc

3)2
nitrate (297.49 kg/kmol), MWy, is the molecular weight of ZnO (81.37 kg/kmol), Czn(Nos), aq. is
the raw material concentration [g/L], and Dgz,q is the ZnO particle diameter [m]. The estimated
diameter of the particles is calculated as 0.363—0.573 um from the raw material concentration of 10—

2.5 mass%.

The USP method often generates hollow or burst particles **!. These not only hinder a uniform
particle size distribution but are also susceptible to corrosion. Lenggoro et al. (2000) suggested that
controlling the concentration of the raw material solution and the temperature of the furnace may
realize dense particle generation 221, Therefore, we attempted to generate dense particles by
controlling these parameters. Table 2-2 lists the experimental conditions and the particle size

distribution. Figure 2-5 shows the SEM observation result of the obtained particles.

Table 2-2 Experimental conditions and particle size distribution of ZnO particles.

Sample ZneNimte R Do Do Do gy e
[°C] jum]
1 10 1000  0.415 0.608 1.332 3.21 0.573
2 5 1000  0.570 0.738 1.219 2.24 0.457
3 5 150 0.600 0.747 1.178 1.96 0.457
4 2.5 150 0.574 0.693 1.041 1.81 0.363

Sample 1 has a large particle size distribution (=Dyoo/Dp10) of 3.21. This is consistent with the SEM
image, which shows a mixture of dense and hollow particles. Samples 2, 3, and 4, which have a lower
concentration of the raw material solution, show a narrower particle size distribution of 2.24, 1.96,
1.81, respectively. The SEM image of sample 4 indicates a distribution of small, dense, and narrow
sized particles. Despite the small particle size and narrow size distribution, the particle size obtained
under condition 4 is slightly larger than the estimated diameter obtained from equation (2). This
slightly larger size is attributed to the generation of some larger particles by the combination of the

initial spray droplets or the presence of a small number of hollow particles.
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Figure 2-6 shows the XRD pattern of sample 4. All peaks of ZnO [(100), (002), (101), (102), (110),
(103), (200) and (112)] are characteristic of the wurtzite (hexagonal) structure (JCPDS Card No:36-

1451). Samples 1, 2, and 3 have similar XRD pattern to that shown in Figure 2-6. Additionally, the

XRD peak did not change with furnace temperature or concentration.
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Figure 2-6 XRD pattern of ZnO particle (sample 4).
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2.3.2. Characteristics of Au/ZnO particles

The Au/ZnO composite particles were generated using the same procedure as above, except
chloroauric acid was added to the precursor solution. Because ZnO particles of sample 4 generated
in the previous section were small and dense particles with a narrow size distribution, Au/ZnO
particles were prepared using the same conditions as sample 4. Table 2-3 shows the experimental

conditions to generate Au/ZnO composite particles and the Au crystallite size.

Table 2-3 Experimental concentrations of Au/ZnO composite particles and

crystallite size of Au calculated by Scherrer's equation.

Concentration [mass%] Crystallite size of Au
Sample (nm)

ZH(N O 3) 2 HAuCl4
a 0.025 7.2
b 0.05 10.2

2.5

c 0.1 11.7
d 0.2 13.5

Figure 2-7 shows the XRD pattern of the obtained Au/ZnO particles. Similar to the XRD results of
the ZnO particles shown in Figure 2-6, all samples display ZnO hexagonal peaks. Regardless of the
Zn/Au molar ratio, the face-centered cubic structure of Au (JCPDS Card No:04-0784) appears in all
Au/ZnO composite particles, suggesting that the metal form of Au is conserved in the composite
particles. The peaks (111), (200), and (220), which are characteristic of the fcc structure of Au,
decrease as the addition ratio of chloroauric acid decreases. Based on Scherrer's equation, the
crystallite size of Au was calculated using (111) diffraction peak. The crystallite sizes of Au in
samples a, b, c, and d are 7.2, 10.2, 11.7, and 13.5 nm, respectively. The small peak at 260 = 11 ° is
thought to be the result of the reaction of chlorine, which is separated when chloroauric acid
decomposes, with intermediate products during pyrolysis. These results approximately correspond

with the results of our previous study, which employed compressed air as the carrier gas [42].
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Figure 2-7 XRD pattern of Au/ZnO composite particles.

Figure 2-8 shows TEM images of samples a—d, which were generated at various concentrations of
chloroauric acid. Dark spots are dispersed throughout the particle. The size of dark spots depends on
the addition ratio of chloroauric acid. Therefore, we used EDX mapping to analyze the particle

components.

Figure 2-9 shows the EDX mapping images and STEM image of sample d particle. The mapping
image of the Au element and STEM image show that the dark spots on the particle correspond to Au.
The presence of Zn and O throughout the particle means that small Au particles are dispersed
throughout the ZnO particle. In other words, Figs. 2-8 and 2-9 complement the XRD results and
indicate that the Au particles are preserved in the form of metal in the Au/ZnO composite. The Au
particles identified by the EDX mapping imades of Sample d were measured through the STEM
image. Sizes of about 60 Au particles were measured using a scale ruler in the STEM image, and the
arithmetric mean size was 13.2 nm. This was in close agreement with the crystallite size obtained by
Scheller's equation in the XRD pattern. This means that Au particles are dispersed as single crystals

of metal in Au/ZnO composite.
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Figure 2-8 TEM images of Au/ZnO composite particles obtained by USP synthesis.

BF(frame1) 50 nm

Figure 2-9 STEM image of sample d particle and the corresponding EDX mapping images of
the Au, Zn, and O, respectively.
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2.3.3. Photocatalytic activity

Assuming that the photolysis reaction of RhB is a first order reaction, the change in RhB

concentration ¢ can be expressed as

C -
—ln— =kt (2-3)

where Cy, k, t are the initial concentration of the RhB, rate constant, and time, respectively.

Photocatalysis was performed by adding 5 mg of the photocatalyst in aqueous RhB. Figure 2-10
shows a semilogarithmic plot of the changes in the RhB concentration of ZnO (sample 4) particles
and the Au/ZnO composite particles (samples a—d) as a function of UV light irradiation time. P25 was
included here as a standard photocatalyst. The negligible concentration change of the RhB aqueous
solution without a photocatalyst under UV irradiation for 180 minutes demonstrates that RhB is
sufficiently stable in the photocatalytic activity analysis. All Au/ZnO composite particles show a
higher photocatalytic activity than pure ZnO particles. However, sample d, which had 0.2 mass% of

added chloroauric acid, shows a decreased photocatalytic activity. The removal of organic matter
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Figure 2-10 Semilogarithmic plot of changes in RhB concentration by UV light irradiation
time at ZnO (Sample 4), samples a-d, and P25; initial concentration of RhB:

5mg/L; photocatalyst dose: 5mg; solution volume: 100ml.
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using a photocatalyst is an issue in the field of water purification because photocatalyst performance
deteriorates over time and toxicity of photocatalysts may be released. Although the decomposition
activity of our particles is similar to that of P25, they can be easily removed from water by means of
gravitational sedimentation after the decomposition of organic pollutants because the particles

produced by the USP method have a relatively large particle size.

Table 2-4 First-order reaction rate constant k and the coefficient of determination R?

corresponding to the slope of the line.

Samples Reaction rate constant, k [min™'] Coefficient of determination, R?
a 0.00479 0.987
b 0.00527 0.990
c 0.00835 0.994
d 0.00544 0.996

ZnO 0.00234 0.993
P25 0.00855 0.985
0.010 i i i
| o _____F5
0.008 [~ . —
<_ 0.006 [~ —
g " "
g [
= 0.004 - —
0.002 - —
0 | | |
0 0.05 0.10 0.15 0.20

Au [mass%]

Figure 2-11 First-order reaction rate constant for RhB photolysis using ZnO (Sample 4),
samples a-d, and P25 under UV light irradiation; initial concentration of RhB: 5

mg/L; photocatalyst dose: 5 mg; solution volume: 100 ml.
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Table 2-4 shows the first-order reaction rate constant k and the coefficient of determination R?
corresponding to the slope of the line. And the first-order reaction rate constant & is graphically plotted
in Figure 2-11. From the result of the coefficient of determination shown in Table 2-4 is close to 1,
the photolysis reaction can be considered to be a first-order reaction. Compared to pure ZnO particles,
samples a, b, and ¢ have about 2.5 times higher photolysis rate constants, while that for sample c is
about 4 times higher. Although sample d had a higher amount of Au than that of sample c, the
photolysis rate constant is about half that of sample ¢. From the TEM analysis of Figure 2-8, the
number and particle size of Au nanoparticles deposited on ZnO particles increases as the amount of
supported Au increases. However, when an excessive amount of Au nanoparticles is supported onto

ZnO particles, Au nanoparticles act as recombination centers for excitation electrons. This leads to a

decrease in photocatalytic activity 5431,
---------------- \'. ]’:D
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Figure 2-12 (a) Fermi level of ZnO and Au particles before compounding, (b) Fermi level of
ZnO and Au particles after compounding. Eo:vacuumlevel; (Ef)au, (Ef)zno, Ef:
Fermi levels of Au, ZnO, and Au/ZnO; CV and VB : conduction band and
valence band of ZnO.

This change in photocatalytic activity can be explained by the change in the Fermi level of ZnO
and Au nanoparticles. Figure 2-12 shows the change in Fermi level due to contact between ZnO and
Au particles. As shown in Fig. 2-12(a), the Fermi levels of ZnO and Au particles before contact
differed by -5.3 and -4.99 eV, respectively. When ZnO and Au particles come into contact, it becomes
Fermi level as shown in Fig. 2-12 (b), and the Schottky barrier is formed because the Fermi level of
ZnO is relatively high. And since the voltage of the excited electrons is higher than the Schottky
barrier, they can migrate to the Au particles, and the Au particles can act as a sink for the electrons.

However, as the Au particles grow, the Fermi level decreases due to the quantum size effect 41,
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Therefore, the larger the Au particle, the higher the Schottky barrier and may decrease the number of
excited electrons migrate to the Au particle. That is, when ZnO and Au particles come into contact, a
Schottky barrier is created, and if the voltage of the excited electrons is sufficiently higher than the
Schottky barrier, the photolytic activity increases with the increase of Au support. However, when an
excessive amount of Au nanoparticles is supported onto ZnO particles, the excited electrons cannot
pass through the increased Schottky barrier and can recombine. Therefore, the number of excitons

decreases, resulting in a decrease in photocatalytic activity.
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Figure 2-13 Semilogarithmic plot of changes in RhB concentration by UV light irradiation
time at different photocatalyst dose of Sample c; initial concentration of RhB: 5

mg/L; solution volume: 100 ml.

To confirm the photolysis rate by the sample ¢ dose, 2—15 mg of the photocatalyst was added to
RhB aqueous solution. Figure 2-13 shows the semilogarithmic plot of the changes in the RhB
concentration as a function of UV light irradiation time. The first-order reaction rate constant depends
on the photocatalyst dose. The first-order reaction rate constant k£ and the coefficient of determination

R? are shown in Figures 2-14 and 2-5.

The photocatalytic activity gradually improves with the increased sample ¢ dose. The activity of
the photocatalyst increases from 2—10 mg in proportion to the amount of the sample. However, doses
above 10 mg (e.g., 15 mg) do not significantly enhance the activity. These results indicate that the
turbidity of the suspension affects the photocatalytic activity. The turbidity of the suspension can

cutoff the UV light, reducing the excitons, which are important for photocatalytic activity #5461,
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Our study results were compared with the recently reported Au/ZnO particle study in Table 2-6,
and it indicates that our particles have a competitive performance compared to other studies. Because
the USP method employed in this study is possible to generate particles in one step without post-
treatment, it has the advantage of less agglomeration between particles compared to other methods
such as the wet method. We succeeded in producing Au/ZnO particles with little aggregation using
the USP method and proved that Au nanoparticles exist as single crystals in ZnO particles. Haugen et
al. confirmed that the size of the doped Au or Ag crystals increased and the photocatalytic activity
decreased after calcination of the particles. It was suggested that the photocatalytic activity of large
sized Au or Ag crystals was decreased because they acted as the center of hole-electron recombination
201 That is, through this study, competitive Au/ZnO particles were produced, and it is considered that

the approach in the field of organic wastewater and application to other fields are possible.

Table 2-5 First-order reaction rate constant k and the coefficient of determination R? for dose.

Dose [mg] Reaction rate constant, k [min"!]  Coefficient of determination, R?
2 0.00420 0.992
5 0.00835 0.994
10 0.01502 0.981
15 0.01629 0.989

0.018
I I
0.016 . —L
0.014 —
— 0.012 [~ —
‘g 0.010 —
£, 0.008 - . —
= 0.006 - —
0004 = —
0.002 |~ —
0 | |
0 5 10 15

Photocatalyst dose [mg]

Figure 2-14 First-order reaction rate constant for RhB photolysis using different photocatalyst
dose of Sample ¢ under UV light irradiation; initial concentration of RhB: 5mg/L; solution

volume: 100ml.
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Table 2-6 Photocatalytic activity of Au/ZnO system.

UV Initial dye Catalyst i Au/Zn
Dye Lioht conc. conc. [min"'] o Ref.
& M] [mg/ml] [mol)
MB  8Wx2  2x10°° 150 00019 00204 K Pathaketal
MB 15Wx2 3x107° 0.10 0.019 0.0306 P. Pawinrat et al. ']
RhB 30W 3x107° 0.05 0.00206 0.0163 J. Kim et al. "1
Orange 11 8W 2.85x107 1.50 0.0119 0.0096 P.K. Chen et al.*"]
RhB 15W 1.04x107° 0.10 0.01502  0.0222 This study

2.4 Conclusion

In this study, the USP method was used to generate ZnO and Au/ZnO particles under various
conditions. All ZnO exhibited a hexagonal structure. Under the proper conditions, small, dense, and
narrow sized ZnO particles were generated. XRD patterns of Au/ZnO particles revealed the structural
patterns of ZnO and Au. The peak height of Au changed with the amount of supported Au. The TEM
images showed dark spots dispersed throughout the Au/ZnO particles. The size of the dark spots
varied with the concentration of chloroauric acid in the precursor solution. EDX mapping and STEM
images confirmed that the dark spots corresponded to nano-sized Au particles dispersed throughout

the ZnO particles.

The photolysis of the RhB aqueous solution was investigated under UV light irradiation. Under all
conditions, Au/ZnO particles showed a better photocatalytic activity than ZnO particles. The
photolysis rate constant increased as the Au loading increased from 0.025 mass% to 0.1 mass%.
However, the photolysis rate constant decreased for 0.2 mass% Au. The excess Au loading may
accumulate excess exciton electrons, attract holes, and promote the recombination of electron-hole

due to the large contact surface with ZnO particles.

Hence, Therefore, the photolysis activity by the dose of the photocatalyst was investigated. The
photocatalytic activity increased in proportion to the dose from 2 mg to 10 mg, but it did not change

significantly at higher doses. In other words, UV light, which is important for electron excitation, was
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blocked in the turbid suspension. Lastly, the best photocatalytic activity was observed in particles
with a 0.1 mass% Au supported on ZnO particles. Moreover, the USP could simply generate particles
in one step. Although decomposition experiments on actual wastewater were beyond the scope of this

study, the potential of purifying organic pollutants using this material was confirmed.
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Chapter 3 Evaluation of Photocatalysis of Ag Supported ZnO
Prepared by the Spray Pyrolysis Method

3.1. Introduction

In Chapter 2, it was confirmed that the Au nanoparticles doped on the ZnO particles act as electron
sinks to delay the recombination of excited electrons and holes, thereby they increased the efficiency
of the photocatalyst. Noble metals include Pt [!"2, Pd ), and Ag [*1% and are reported to act as
electron sinks like Au. However, because the noble metals are expensive, industrial applications may
have significant limitations. Therefore, relatively inexpensive Ag-supported research is attracting
attention. In addition, several studies have shown that Ag/ZnO photocatalysts have higher photolysis
efficiency than Au/ZnO. For example, Senthilraja et al. generated Au/ZnO, Ag/Zn0O, and Au/Ag/ZnO
particles by a precipitation—decomposition method, and as a result of Methylene blue (MB) dye
photolysis experiments, Ag/ZnO particles showed higher photolysis efficiency than Au/ZnO particles
(111 Pathak et al. generated Au/ZnO and Ag/ZnO particles doped at a concentration of 2 mol% Ag and
Au using a combustion method. In addition, by MB dye photolysis experiments, it was confirmed
that Ag/ZnO particles have better photocatalytic efficiency than Au/ZnO particles > Interestingly,
Zhai et al. generated Au/Zn0O, Ag/ZnO, Au/Ag/ZnO particles by photo-deposition procedure and low-
temperature calcination method, and performed ethylene photolysis experiments for the application
of preservation of fruits and vegetables. It has been proven that Ag/ZnO particles have better ethylene
decomposition efficiency than Au/ZnO 3!, In addition, a study on the generation and characteristic
comparison of Ag/ZnO and Au/ZnO particles using the microwave and ultrasonic combined

technique !'* and the borohydride reduction method !> have been reported.

However, as previously explained, the nanoparticles generated by those kinds of methods have a
large specific surface area, so the photocatalytic efficiency is good, but it is difficult to be collected
after use. Hence, the inability to recycle photocatalytic particles not only increases the cost but can
lead to new pollution 6171 In Chapter 2, it was confirmed that the Ultrasonic Spray Pyrolysis (USP)
method was used to generate submicron-level Au/ZnO particles with photocatalytic activity similar
to P25 and that they could be collected simply by a gravity sedimentation. In addition, since the USP
method is a continuous one-step process, the high-purity powder can be produced simply, and since
there is no post-treatment, agglomeration between particles can be suppressed as much as possible

[18] Therefore, in this chapter, it is reported generation of submicron-level Ag/ZnO particle by using
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the USP method and evaluations of photocatalytic efficiency. In addition, the morphology and
structural properties of the obtained particles were investigated, and the reusability of particles

through gravity sedimentation was investigated.
3.2. Experimental setup and Method
3.2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3), 6H20, >99.0%) and silver nitrate (AgNO3, >99.8%) were
purchased from FUJIFILM Wako Pure Chemical Industries, and Rhodamine-B (RhB, C23H31CIN2O3,

>95.0%) was purchased from Tokyo Chemical Industries. Titanium dioxide nanopowder as standard

photocatalyst (Evonik AEROXIDE® P25, formerly Degussa) was purchased from Sigma—Aldrich.

All reagents were used as received without further purification. Distilled water was used in all

experiments.
3.2.2. Synthesis of Ag/ZnO composite particles

Ag/ZnO composite particles were synthesized using the USP method as described in Chapter 2.
Therefore, the device and its operation method are briefly described here. The USP apparatus was
composed of a nebulizer with a resonance frequency of 1.7 MHz, a quartz glass reaction tube, four
electric furnaces with a temperature controller of =1 °C, a diffusion dryer, and an electrostatic
precipitator. The Zinc nitrate hexahydrate were dissolved in 100 mL of distilled water with
concentration maintained at 2.5 mass%. And silver nitrate concentration ranged between 0 and 0.4
mass% was added into the precursor solution. The rate introduced into the nebulizer of precursor
solution was 15 mL/h. The generated droplets by nebulizer were introduced into the quartz glass
reaction tube using a nitrogen flow at a rate of 1.0 SLM. And flow rate of sheath gas to prevent
precipitation was fixed at a rate of 0.5 SLM. Four electric furnaces for heating the quartz reaction
tube were used, two 80 mm preheating furnaces from the bottom were set to 40 °C and 70 °C,
respectively, and two 290 nm heating furnaces were set to 150 °C and 1000 °C. The length, outer
diameter, and inner diameter of the quartz glass reaction tube were 1208.50 mm, 18.25, and 15.25,
respectively, and the temperature was measured between the outer wall of the quartz glass reaction
tube and the inner wall of the furnace. The synthesized Ag/ZnO composite particles by the

decomposition of droplets were then dried by a diffusion drier. Afterward the Ag/ZnO composite
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particles were collected in the electrostatic precipitator.

3.2.3. Characterization

The size and morphology of the particles were verified using a scanning electron microscope (SEM,
JEOL JSM-6380A). Crystallite size and crystalline phase of the generated particles were studied by
X-ray diffraction (Rigaku, Multiflex) using Cu Ko radiation. The crystallite size of the Ag and ZnO
particles was estimated using Scherrer's equation. The particle size, morphology, and elemental were
recorded by a transmission electron microscope (TEM, JEOL JEM-2100F) equipped with energy-
dispersive X-ray spectroscopy (EDXS). To study the optical properties, the change in concentration
of the RhB solution decomposed by the Ag/ZnO composite particles was measured using a

spectrometer with an absorption wavelength of 200—-850 nm SIMAZU, UV-1800).

Table 3-1 Experimental concentrations of ZnO and Ag/ZnO particles and crystallite size

calculated by Scherrer's equation.

Concentration [mass%o] Crystallite size of Ag  Crystallite size of ZnO

Sample

Zn (NOs), AgNOs (nm) (nm)
a - - 35.6
b 0.05 15.7 34.2
c 2.5 0.1 16.1 31.5
d 0.2 16.3 30.6
e 0.4 229 31.2
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3.3. Experimental Results and Discussion

3.3.1. Characteristics of Ag/ZnO particles

Figure 3-1 SEM images of samples a-e obtained at different conditions.

In our previous study, small and dense particles were generated using the USP method, and Au/ZnO
particles were successfully generated. Figure 3-1 shows the SEM images of particles (sample a) and
Ag/ZnO particles (sample b-d) generated under various conditions. The SEM images show that the
generated Ag/ZnO particles are small and dense particles like the Au/ZnO particles of the previous
study, and there was no change in the size and shape of the particles by the concentration of silver

nitrate. In addition, the particle size has a distribution of 0.5 to 1.0 um and has a spherical shape.

Figure 3-2 shows the XRD pattern of the obtained ZnO and Ag/ZnO particles by the USP method.
Diffraction peaks of all samples [(100), (002), (101), (102), (110), (103), (200), and (112)] are
characteristic of the wurtzite structure of ZnO (JCPDS Card No:36-1451). And diffraction peaks (111),
(200), and (220), which are characteristic of the fcc structure of Ag (JCPDS Card No:04-0783), were
identified in all samples generated with silver nitrate, and the height of the peaks increased as the
addition ratio of silver nitrate increased. The peaks of Ag appear regardless of the Zn/Ag molar ratio,

and the peaks of other intermediate products were not observed. Thus, it suggests that Ag exists as a
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Figure 3-2 XRD pattern of ZnO and Ag/ZnO particles.

metallic form in all Ag/ZnO composite particles.

The ZnO crystallite size and Ag crystallite size of the sample were calculated using the Scherrer
equation and are shown in Table 3-1. The (101) diffraction peak of ZnO and the (111) diffraction peak
of Ag were used for calculation. The Ag crystallite size of the Ag/ZnO sample increased from 15.7 to
22.9 nm as the addition rate of silver nitrate increased. Conversely, the ZnO crystallite size did not

change significantly with the addition of silver nitrate.

Figure 3-3 shows TEM images of pure ZnO and Ag/ZnO particles prepared by adding silver nitrate
at various concentrations to the raw material solution. When ZnO is doped with Ag (silver nitrate:
0.05-0.4 mass%), dark spots were found on inside and outside of Ag/ZnO particles as shown in Fig.
3-3(b-e). The dark spots were not observed in Fig. 3-3(a), which is a TEM image of ZnO particles
(Sample a) and tends to increase from Fig. 3-3 (b) to (e) due to the increase in the concentration of
silver nitrate. This is a similar result to our previous study in which ZnO was doped with Au, and it
could be assumed that the dark spots were a metal particle. Therefore, the particle composition was

analyzed using EDX mapping to confirm whether the dark spot was an Ag nanoparticle or not.
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% Sample b (0.05)

Figure 3-3 TEM images of samples a-e obtained by USP synthesis.

Figure 3-4 shows the STEM images of sample d and the elemental mapping images of Zn, O and
Ag. The mapping image of the Ag element shown that the dark spots on ZnO correspond to Ag. It is
clearly evident that both Zn and Ag elements were distributed uniformly at the surface, which will be
beneficial for charge carrier transform between ZnO and Ag. That is, Ag nanoparticles in the metal
form are dispersed throughout the ZnO particles, which suggests that excited electrons can carrier

transform to Ag nanoparticles.
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Figure 3-4 STEM image of sample d particle and the corresponding EDX mapping images of the Ag,
Zn, and O, respectively.

— 59 —



Chapter 3  Evaluation of Photocatalysis of Ag Supported ZnO Prepared by the Spray Pyrolysis Method

3.3.2. Photocatalytic activity
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Figure 3-5 Semilogarithmic plot of changes in RhB concentration by UV light irradiation time
at ZnO (Sample a), samples b-e, and P25; initial concentration of RhB: 5 mg/L;

photocatalyst dose: 5 mg; solution volume: 100 mL.

Figure 3-5 shows a semilogarithmic plot of the changes in the RhB concentration of samples a-e
as a function of UV light irradiation time. Each 5 mg of photocatalyst was added to RhB aqueous
solution of 5 mg/L, and photocatalysis was performed under UV light irradiation for 180 minutes.
P25 was included here as reference sample. Compared to pure ZnO particles, all Ag/ZnO particles
have higher photocatalytic efficiency, and as the amount of doped Ag increases, the photocatalytic
efficiency tends to increase. Optimal decomposition activity exhibit in sample d with 0.2 mass% Ag
doped. However, in the case of sample e, which doped the silver nitrate excessively than the sample
d, the photocatalytic efficiency decreased. Interestingly, samples ¢ and d showed better results than
commercial titania powder, and our submicron-sized particles showed better results than nano-sized

titania.

When decomposing organic dyes using a photocatalyst, the surface-to-volume ratio of the
photocatalyst is very important, and the separation of electrons and holes can be greatly improved by
reducing the ZnO to nano size. However, it is difficult to retrieve the finely powdered photocatalyst
from the mixed solution, which can be limited in commercial applications. In addition, since the

photocatalyst may deteriorate in performance and release toxicity over time, retrieval after use of the
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photocatalyst is a very important part of water purification applications 6171, Our Ag/ZnO particles
(such as samples c-d) produced by the USP method not only showed better activity than P25 but also
had a relatively large particle size, so they could be easily removed from the mixed solution by

gravitational sedimentation.

Table 3-2 First-order reaction rate constant k and the coefficient of determination R?

corresponding to the slope of the line.

Samples Reaction rate constant, k [min™!]  Coefficient of determination, R?
ZnO (a) 0.00234 0.993
b 0.00810 0.997
c 0.01149 0.993
d 0.01539 0.978
e 0.00709 0.998
P25 0.00855 0.985
0.016
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Figure 3-6 First-order reaction rate constant for RhB photolysis using ZnO (Sample a),
samples b-e, and P25 under UV light irradiation; initial concentration of RhB: 5

mg/L; photocatalyst dose: 5 mg; solution volume: 100 mL.
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Table 3-2 shows the first-order reaction rate constant k and the coefficient of determination R?
corresponding to the slope of the line. And the first-order reaction rate constant k is graphically plotted
in Figure 3-6. Compared to pure ZnO particles (sample a), the first order reaction rate constant k was
about 3 times higher for sample b and about 4.5 times for sample ¢ and about 6 times for sample d,
and about 4 times for sample e. Sample d, which exhibited optimal decomposition activity, had a
reaction rate constant of about 2 times higher than that of P25. Although more Ag particles were
doped in sample e, the photolysis rate constant was lower than that of samples ¢ and d. As a result of
the analysis in Figs. 2 and 3, it was confirmed that as the amount of silver nitrate added to the raw
material solution increased, the crystallite size of the Ag and the amount of Ag particles in the ZnO
particles increased. This result is consistent with our previous experiments with Au doped %], and it
was found that the excessive noble metal doped act as the center of recombination of the excitation
electrons. In the other words, when Ag is doped on ZnO particles, Ag receives excited electrons from
ZnO particles and contributes to the formation of hydroxyl radicals, but when Ag is excessively doped,

excessive excitation electrons are accumulated in Ag, which can promote electron-hole recombination.

This change in photocatalytic activity can be explained by the change in the Fermi level of ZnO
and Ag nanoparticles. Figure 3-7 shows the change in Fermi level due to contact between ZnO and
Ag particles. As shown in Fig. 3-7(a), the Fermi levels of ZnO and Ag particles before contact differed
by -4.26 and -4.99 eV, respectively. When ZnO and Ag particles come into contact, the Fermi level is

- Eo
Eo ____________________,-’r o CV
$ A )
-4.26 eV v Ohmic contact |~ &
_——E ] - ----""------iq‘e---- _____
-4.00 g\ Er
(Ef)ag R
(Ef)zuo ﬁ
VB A Zn0
Ag Zn0 g
(@) (b)

Figure 3-7 (a) Fermi level of ZnO and Ag particles before compounding, (b) Fermi level of
ZnO and Ag particles after compounding. Eo:vacuum level; (Ef)ag, (Ef)zno, E:
Fermi levels of Ag, ZnO, and Ag/ZnO; CV and VB : conduction band and
valence band of ZnO.
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reached as shown in Fig. 3-7 (b), and Ohmic contact is formed because the Fermi level of ZnO is
relatively lower than the Fermi level of Ag. And since excited electrons can easily move to Ag
particles due to Ohmic contact, Ag particles can act as a sink of electrons. And the photolytic activity
is increased because the large loading of Ag particles causes more excitation electron transfer to the
Ag particles. However, when Ag particles become larger with excessive loading, the Fermi level may
decrease due to the quantum size effect and become similar to that of ZnO. Therefore, excessive
loading causes the Fermi level of Ag particles to decrease and the movement of excitation electrons
can be suppressed. As a result, the recombination of the excited electrons increases and the activity

of the photocatalyst decreases.
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Figure 3-8 Semilogarithmic plot of changes in RhB concentration by UV light irradiation time

at different photocatalyst dose of Sample d; initial concentration of RhB: Smg/L;
solution volume: 100mL.

In order to know the optimal dose of sample d, which showed the most efficient photolysis, a
photolysis experiment was performed by dispersing 2—15 mg of sample d in an aqueous RhB solution.
Figure 3-8 shows the semilogarithmic plot of the changes in the RhB concentration as a function of
UV light irradiation time. The first-order reaction rate constant depends on the photocatalyst dose.
The first-order reaction rate constant k and the coefficient of determination R? are shown in Figures

3-9 and 3-3.

The photocatalytic activity improved as the dose of sample d increased and increased from 2-10
mg in proportion to the amount of sample. However, when 15 mg was dose, the increase in the

photolysis rate was insignificant compared to the photolysis rate of 10 mg. It means that an excessive
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dose of Ag to particles increases the turbidity of the suspension and affects the photocatalytic activity.
That is, the increase in turbidity of the suspension due to excessive dose of the particles may block

UV light and hinder the UV light absorption of the photocatalyst 121,

Table 3-3 First-order reaction rate constant k and the coefficient of determination R? for dose.

Dose [mg] Reaction rate constant, k [min"!]  Coefficient of determination, R*
2mg 0.00703 0.999
Smg 0.01376 0.993
10mg 0.02592 0.961
15mg 0.02973 0.965
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Figure 3-9 First-order reaction rate constant for RhB photolysis using different photocatalyst
dose of Sample d under UV light irradiation; initial concentration of RhB: 5mg/L;

solution volume: 100mL.
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Figure 3-10 Reusability of sample d photocatalyst under UV light irradiation; initial
concentration of RhB: 5mg/L; photocatalyst dose: 10mg; solution volume:
100mL; UV light irradiation time: 120min.
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Figure 3-11 XRD peaks before and after the photolysis experiment of sample e.
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In order to confirm the possibility of reusability of our particles, after the photolysis experiment,
the particles were separated from the mixed solution by gravity sedimentation. And a photolysis
experiment was performed by adding a new RhB solution, and the process was repeated. Sample d
was added with 10 mg identified as the optimal dose in Figure 3-8. In order to observe the
deterioration of the photocatalyst, a photolysis experiment was performed for 120 minutes which the
dye degradation did not reach 100%. Figure 3-10 shows the reusability of photocatalyst sample d for
RhB dye degradation analyzed over 7 cycles under UV irradiation. In the first cycle without reuse, it
showed 93.2% of dye degradation. After that, compared to the photolysis efficiency of the first cycle,
there was no significant change with an error of + 1% for 7 cycles, suggesting that the catalyst has

excellent persistence and stability.

Figure 3-11 shows the XRD peaks before and after the photolysis experiment, which can further
explain the stability of the photocatalyst. There was no significant change in the XRD peaks before
and after the photolysis experiment of the particles, and no Ag oxidation was observed. In other words,
the Ag/ZnO particles generated in this study are very stable against oxidation and have resistance to

particle deterioration because Ag particles are trapped in the ZnO particles.
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3.4. Conclusion

It was possible to generate ZnO and Ag/ZnO particles using the USP method under various
conditions. All particles were spherical and 0.5 to 1.0 pum in size, and there was no change in
morphology by Ag support. The crystal peaks of ZnO were observed in all of the generated particles,
and the Ag crystal peaks were observed in all Ag/ZnO particles. The crystal peak of Ag crystal peak
was higher as the amount of silver nitrate added to the raw material solution increased, and the
crystallite size of Ag also increased. In the TEM image, dark spots dispersed in Ag/ZnO particles
were identified, and the size of the dark spots was different depending on the concentration of added
silver nitrate. It was confirmed from EDX mapping and STEM images that this dark spot corresponds

to the Ag particle nano dispersed throughout the ZnO particles.

The photocatalytic activity of the generated particles was investigated by photolysis of the RhB
aqueous solution under UV irradiation. All Ag/ZnO particles showed better photocatalytic activity
than ZnO particles. Particularly, the particles with 0.2 mass% silver nitrate supported on ZnO particles
showed 2 times better photolysis activity than P25. As the dope amount increased, the photolysis rate
constant increased, but it tended to decrease above a specific concentration. This is because excessive
Ag dope accumulates excessive exciton electrons, attracts holes, and promotes electron-hole

recombination due to the large contact surface with ZnO particles.

In order to investigate the optimal dose required for photolysis, photolysis experiments were
performed at various doses. The photocatalytic activity increased proportionally as the dose increased
from 2 mg to 10 mg, but no significant change was observed above 10 mg. This is because the
ultraviolet rays, which are important for electronic excitation, have been blocked by the cloudy
suspension. It also confirmed the reusability of the particles for commercial applications. It was
observed that the generated particles not only can be recovered by gravity precipitation after the
photolysis experiment, but also have a slow deterioration rate. In this chapter, the USP method was
used to easily generate submicron complex particles and confirmed the possibility of purification and

reuse of organic pollutants.
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Chapter 4 7ZnO/Fe304 and ZnO/Fe304/Ag composite particle

generation process

4.1. Introduction

An issue in the application of ZnO photocatalyst to organic dye treatment is that it is difficult to
recover fine photocatalyst particles from photolysis treated wastewater. Methods such as filtration or
centrifugation for particle recovery can cause destruction and loss of particles, resulting in high
operating costs and secondary pollution [!. Therefore, there is a need for a study that can simply
recover the particles. In Chapters 2-3, submicron-level ZnO particles carrying Au and Ag were
generated using the spray pyrolysis method, and recovery and reusability were confirmed by gravity
sedimentation. However, the combination of photocatalyst and magnetic particles may be a more
reliable solution. By combining the photocatalyst and magnetic particles, not only can the particles

be easily recovered through magnetic separation processes, but they can also be recycled 241,

Among the many types of iron oxide, magnetite (Fe3O4), maghemite (y-Fe2O3), and hematite (a-
Fe>03) are the most common in nature 1. Since hematite (0-Fe2O53) is stable and exists most often in
rocks and soils, there are many applications %1, And due to its semiconductor properties, it can also
be used in photocatalytic applications ). Therefore, hematite (a-Fe2O3) is attracting attention in the
fields of advanced magnetic materials, catalysts, colored pigments, high-density magnetic recording
media, and medical diagnosis because of its stability, low cost, and bandgap (2.1eV) [3- 131, However,

since the magnetic strength is in the order of Fe;Os > y-FerO3 > a-Fe O3 1419

, recovery of the
photocatalyst through hematite complexation may be very difficult. In particular, magnetite (Fe3Oa)
has attracted more attention over the past 10 years due to its strong superparamagnetic properties, low
toxicity, and easy production method "%, Magnetite forms a central cubic (FCC) lattice and has a
spinel structure with the same number of Fe?" and Fe*". However, due to the disadvantage that
magnetite is easily oxidized and agglomerated under acidic conditions, the application of organic
dyes may be limited. Therefore, the combination of ZnO photocatalyst and magnetite can be a good
way to overcome the shortcomings.

For the synthesis of ZnO/Fe;04 composites, precipitation ['”], co-precipitation !®] deposition 1],

[22]

wet milling 2% solvothermal 2!l and wet chemical route %2/ are used. Since co-precipitation is the

cheapest and easiest method, it is well suited for commercial applications. Therefore, in this chapter,
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the synthesis conditions of ZnO/Fe3O4 and ZnO/Fe304/Ag composite materials were investigated
using the gas-phase ultrasonic spray pyrolysis method and the liquid phase co-precipitation method,

and the characteristics of the generated particles were confirmed.
4.2. Experimental setup and Method

4.2.1. Materials

Zinc nitrate hexahydrate (Zn (NO3)2 6H20, >99.0%), and Silver nitrate (AgNO3, >99.8%), Iron (II)
sulfate heptahydrate (FeSO4 7H20, >99.0%), Iron (III) chloride hexahydrate (FeCl; 6H20, >99.0%),
and Trisodium citrate (CsHsNa3O7) were purchased from FUJIFILM Wako Pure Chemical Industries.
And Rhodamine-B (C23H31CIN203, >95.0%) was purchased from Tokyo Chemical Industries.
Sodium hydroxide (NaOH, >95.0%) was purchased from Kanto Chemical Industries. Titanium

dioxide nanopowder as standard photocatalyst (Evonik AEROXIDE® P25, formerly Degussa) was

purchased from Sigma—Aldrich. All reagents were used as received without further purification.

Distilled water was used in all experiments.
4.2.2. Generation of ZnO/Fe;04 particles using USP method

The generation of ZnO/Fe3O4 composite particles was attempted using the USP method described
in Chapter 2. Therefore, the device and its operation method are briefly described here. The USP
apparatus was composed of a nebulizer with a resonance frequency of 1.7 MHz, a quartz glass
reaction tube, four electric furnaces with a temperature controller of +£1 °C, a diffusion dryer, and an
electrostatic precipitator. The Zinc nitrate hexahydrate was dissolved in 100 mL of distilled water
with concentration maintained at 10 mass%. And Iron (III) chloride hexahydrate concentration 2.5
mass% was added into the precursor solution. The rate introduced into the nebulizer of precursor
solution was 15mL/h. The generated droplets by nebulizer were introduced into the quartz glass
reaction tube using a nitrogen or air flow at a rate of 1.0 or 0.65 SLM. And flow rate of sheath gas to
prevent gravity sedimentation was fixed at a rate of 0.5 or 0.15 SLM. Four electric furnaces for
heating the quartz reaction tube were used, two 80 mm preheating furnaces from the bottom were set
to 40 °C and 70 °C, respectively, and two 290 nm heating furnaces were set to 1000 °C. The composite
particles synthesized by droplet decomposition were dried with a diffusion dryer. After that, the

composite particles were collected in the electrostatic precipitator. The experimental parameters for
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the synthesis of ZnO/Fe304 composite particles are listed in Table 4-1.

Table 4-1 Experimental parameters of the ZnO/Fe304 composite particles by USP method.

Concentration Rate of flow (SLM)
Sample -

Zn (NO3)2 FeCls Carrier gas Sheath gas
a 1.00 (N2) 0.50 (N2)
b 10 25 0.65 (N2) 0.15 (N2)
c (mass%) (mass%) 1.00 (N2) 0.50 (Air)
d 0.65 (Air) 0.15 (Air)
e Zn: 1 Fe: 2 0.65 (Air) 0.15 (Air)

(Molar ratio) (Molar ratio)

4.2.3. Generation of ZnO/Fe3;04 composite particles using USP and co-precipitation method

Many studies have been reported on coating ZnO on Fe3O4 using a co-precipitation method. In
particular, sodium citrate is used as a surface modification material for the complexation of Fe3O4
and ZnO 82324 For example, Hong et al. generated Fe;Os4 by co-precipitation method and
synthesized ZnO/Fe3O4 nanoparticles by coating ZnO after surface modification of Fe3Os with
sodium citrate 8], However, ZnO generated by the co-precipitation method requires post-processing
of calcination and sintering, which has the disadvantage of causing particle agglomeration. Therefore,
in this study, FesOs was generated by the co-precipitation method, the surface was modified with

sodium citrate, and the ZnO produced by the USP method was attempted to form a complex.

Figure 4-1 shows the procedure of formation of Fe;O4 by co-precipitation method. The Fe3O4
particles were synthesized by the co-precipitation of Fe™ and Fe** ions with molar ratio 1:2 in the

presence of NaOH as a precipitate agent according to the following chemical reaction:

FeSO,+2FeCl;+8NaOH — Fe;0, + Na,SO, + 6NaCl (4-1)
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FeSO4-7H>0 and FeCls;.6H>O were dissolved in distilled water, and heated and stirred at 80°C.
Thereafter, the NaOH solution was added dropwise while stirring, and the resulting particles were

washed three times with distilled water. The particles were dried in a dryer, and the obtained powder

was pulverized using a mortar.

[F<CB | [Fe507]

: PE; D4
— — — s
Stir Stir e

FeCl: and FeS0s were AddNaOH while The resulti_ng pnwder was
dissolvedin 30ml distilled stirring. dried in a dryer at 100 °C.
water and heated to 30 =C.

Figure 4-1 Procedure of formation of Fe;O4 by co-precipitation method.

Figure 4-2 shows the procedure of formation of ZnO/Fe3;O4 composite particles. First, 0.4 g of
Fe;04 particles obtained by the co-precipitation method were added to 20 g of a 0.5 M aqueous
solution of trisodium citrate and stirred for 3 hours. Then, it washed twice with distilled water, and
adjusted by adding distilled water. In addition, 0.4 g, 0.8 g, and 1.2 g of ZnO particles produced by
the spray pyrolysis method were added, respectively, so that the mass ratio of ZnO and Fe3;04 was
1:1, 2:1, 4:1, and stirred for 24 hours. The obtained particles were washed three times with distilled
water, and dried with a dryer at 100°C. The obtained composite powder was pulverized using a mortar,

and finally ZnO/Fe;04 particles were obtained.
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Figure 4-2 Procedure of formation of ZnO/Fes04 composite particles.

4.2.4. Generation of ZnO/Fe304 and ZnO/Fe;04/Ag composite particles using co-precipitation
method

Synthesis of ZnO/Fe304 and ZnO/Fe304/Ag was attempted using the co-precipitation method. The
Fe;04 particles were generated by the method described previously and coated with ZnO and Ag
using the co-precipitation method. Figure 4-3 shows the procedure of formation of ZnO/Fe;04 and
Zn0O/Fe304/Ag composite particles. Zinc nitrate was dissolved in 300 ml of distilled water and heated
to 90 °C. Fe304 particles generated by the co-precipitation method were added, and NaOH solution
was added dropwise to PHS8.5 while stirring. Here, the mass ratio of ZnO and Fe3O4 is set to be 2:1.

The chemical reaction formula for ZnO is as follows:

Zn(NO,),+2NaOH — Zn(OH), ! +2NaNOs (4-2)

Zn(OH), — ZnO + H,0 (4-3)

Silver nitrate and NaOH were added to support Ag. Silver nitrate was added 0.05, 0.1, 0.2, and 0.4

mass% compared to zinc oxide, and the reaction formula is as follows:
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2AgNO,+2NaOH - Ag O | +H,0 + 2NaNOs (4-4)
2Ag,0 > 4Ag + O, (4-5)

Finally, the product was dried and calcined at 250 °C after washing with distilled water, and the
resulting product was pulverized with a mortar to obtain the target powder. The experimental

parameters of the ZnO/Fe304 and ZnO/Fe304/Ag composite particles are listed in Table 4-2.

Zn(NO:}+6H=0 Fe, 04 ‘\.aDH AENO, NaOH
U l'\_F'l

0o /"’\

- ' ot
i i i Ag /Zn0O/Fe;0y

Figure 4-3 Procedure of formation of ZnO/Fe304 and ZnO/Fe304/Ag composite particles.

Table 4-2 Experimental parameters of the ZnO/Fe;04 and
ZnO/Fe;04/Ag composite particles by co-precipitation

method.
Mass ratio [g] AgNO3

Sample (ZnO:Fe304) [mass%]

A R

B 0.05

C 2:1 0.1

D 0.2

E 0.4
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4.3. Experimental Results and Discussion

4.3.1. Characteristics of ZnO/Fe304 composite particles generated using USP method

Particles generated using the USP method under different conditions were analyzed using XRD,
and the results are shown in Figure 4-4. In sample a generated under nitrogen flow conditions, peaks
of the target products, ZnO and Fe3;Os, were not observed. Sample b was generated by reducing the
amount of nitrogen introduced for sufficient pyrolysis. Although the amount of nitrogen introduced
was reduced to increase the residence time of the droplets in the reaction tube, the target product
could not be obtained. However, compared to sample a, the peak of Fe was large in sample b.
Therefore, samples ¢ and d were generated under oxygen flow for sufficient oxidation. Although
sufficient reaction time was given under oxygen flow, the target product was not obtained in samples
c and d. In addition, in the sample e generated with a Zn:Fe molar ratio of 1:2, only the peak of

ZnFe>O4 was observed.

(25271 or ZnO single unit by spray

Certainly, the generation of iron oxide (Fe3Os, y-Fe203, a-Fe,03)
pyrolysis has been reported. However, it was confirmed that the generation of the ZnO/Fe3O4
composite using the spray pyrolysis method was difficult. In a similar way, Nunome et al. produced
n- and p-type ZnFe>O4 and evaluated their properties 1281, ZnFe,O4 is a paramagnetic material and is
known to have a band gap of 1.9 eV ?°). However, its low magnetism and bandgap are not suitable
for organic matter treatment. The generation of ZnFe>Os is thought to be related to metal reactivity.
Since the metal reactivity of Zn and Fe is similar, it can be precipitated as one crystal during the

pyrolysis process. On the contrary, since Au and Ag have a large metal reactivity difference and small

reactivity compared to Zn, they can be precipitated as different crystals during the pyrolysis process.
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Figure 4-4 XRD result of composite particles
generated using USP method.
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4.3.2. Characteristics of ZnO/Fe3O4 composite particles generated using USP and co-precipitation

method

Mass ratio [g] . No magnet Magnet
(ZnO:Fe304) Distributed (1 minute later) (1 minute later)

1:1

2:1

4:1

Figure 4-5 Magnetism of ZnO/Fe304 composite particles generated using USP and co-

precipitation method.

The observation result of the presence or absence of magnetism of the generated particles is shown

in Figs. 4-5. 2 mg of the generated particles were dispersed in 5 ml of water, and the sedimentation

rate of the generated particles was observed with a magnet. In any condition, there was a difference

in the sedimentation rate of the generated particles depending on the presence or absence of a magnet.

In addition, the higher the ratio of ZnO, the slower the particle sedimentation rate. Therefore, the case

of the mass ratio (ZnO:Fe304) 1:1 is considered to have the greatest magnetism.
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Figure 4-6 XRD result of ZnO/Fe304 composite particles generated using USP and co-
precipitation method.

Figure 4-6 shows the XRD measurement results of the generated particles. Under any conditions,
the peaks of ZnO and Fe;04 were confirmed together. The peak of ZnO increased as the mass ratio
of ZnO increased. In addition, a small peak was detected in the vicinity of 26= 22 °, and neither ZnO
nor Fe3O4. A similar peak was not detected in the XRD measurement of ZnO produced by spray

pyrolysis and Fe3;O4 produced by co-precipitation method, so it is presumed to be a by-product

produced in the surface modification process.

Figure 4-7 shows the SEM images of the generated particles. In all conditions, the ZnO/Fe304
composite material was confirmed through SEM images. However, large-scale aggregates were
formed due to the agglomeration of the particles, and the majority of uncoated ZnO particles were
also identified. In particular, the formation of such large-scale aggregates can degrade photolysis
properties. In addition, uncoated ZnO particles cannot be recovered after photolysis treatment and
may cause secondary contamination. Therefore, it was confirmed that the surface modification using

sodium citrate was unsuitable for coating ZnO particles produced with USP.
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Figure 4-7 SEM images of ZnO/Fe3s04 composite particles generated using USP and co-

precipitation method.
The photolysis experiment was carried out in the same manner as described in Chapter 2, the

concentration of RhB aqueous solution was set to 2 mg/L, and 20 mg of the resulting particles were
added. Figure 4-8 shows the photolysis test results of the obtained ZnO/Fe3;O4 composite material.
The decomposition of the RhB solution by ultraviolet rays only decomposed 4% for 300 minutes,
whereas the addition of the ZnO/Fe;O4 composite material showed remarkable photolysis. In the
photolysis experiment for 300 minutes, about 90% in the case of ZnO, about 24% in the mass ratio
Zn0O: Fe304 = 4: 1, about 34% in the mass ratio ZnO: Fe3O4 = 2: 1, and about 77% in the mass ratio

Zn0O: Fe30O4 = 1: 1 photolysis was observed. That is, as the mass ratio of ZnO increases, the
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Figure 4-8 Changes in RhB concentration by UV light irradiation time at ZnO/Fez04 and
ZnO generated using USP and co-precipitation method,; initial concentration of
RhB: 2 mg/L; photocatalyst dose: 20 mg; solution volume: 100 mL.

decomposition rate of RhB also increases. When ZnO and Fe3O4 are combined, recovery is possible
due to magnetism, but the photocatalytic surface area decreases, resulting in a decrease in photolysis
efficiency. Therefore, there is a need for a new synthetic method capable of showing high

photocatalytic activity even after complexation.

_ 81 —



Chapter 4 ZnO/Fe304 and ZnO/Fe304/Ag composite particle generation process

4.3.3. Characteristics of ZnO/Fe304 and ZnO/Fe304/Ag particles generated using co-precipitation
method
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Figure 4-9 XRD result ZnO/Fe30s and ZnO/Fe304/Ag particles generated using co-

precipitation method.

The XRD pattern of the composite material obtained by this experiment is shown in Figure 4-9. In
the XRD pattern, a hexagonal peak of ZnO was observed in all samples. In addition, the crystal peaks
of Ag were confirmed at 26 = 38, 44, and 65 °, and it can be seen that ZnO and metallic Ag exist in
the obtained composite material. It was confirmed that the Ag peak increased as the ratio of silver
nitrate added to the raw material solution increased. However, the peak of Fe3O4 overlapped with the
peak of ZnO, making it difficult to confirm. Figure 4-10 shows the crystal peaks of Fe3O4 and
ZnO/Fe304 produced by the co-precipitation method. Before the complexation, the Fe304 crystal
peak was observed in the Fe;O4 single unit, and it was confirmed that the peaks of ZnO overlap.
Therefore, the presence or absence of Fe3Os in the product was investigated by observing the
magnetic reaction of the product. 10 mg of the product was dispersed in distilled water and a magnet

was placed at the bottom of the sample bottle. And for comparison, a comparison sample without
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magnets was prepared. Figure 4-11 shows the appearance of dispersion solution after 1 minute with
or without magnets. Certainly, it was observed that the settling speed of the product was high when
the magnet was placed on the bottom of the sample bottle. It was confirmed that the resulting

composite material contained Fe;O4 and had magnetic properties.
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Figure 4-10 Crystal peaks of FesO4 and ZnO/Fe3O4 produced using co-precipitation method.

Figure 4-11 Magnetism of ZnO/Fe3Os composite particles generated using co-precipitation
method: (Left) before experiment and (Right) 1 minute later
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Figure 4-12 SEM images of ZnO, Fe304, and ZnO/Fe304 composite particles generated using

co-precipitation method.

Figure 4-12 is an SEM picture of the obtained composite. Large and small ZnO and Fe3O4 particles
of less than 5 um were identified, and large and small particles of less than 20 pm in the ZnO/Fe;04
composite were identified. Therefore, it is thought that large ZnO/Fe;04 particles are formed by
chemical bonding between large and small ZnO and Fe3Os particles. Figure 4-13 shows the
backscattered electron images of ZnO/Fe3Os4 and ZnO/Fe3Os4/Ag composite particles. The
backscattered electron image (b) of the composite obtained by adding silver nitrate is brighter than
the image (a) of the composite obtained without adding silver nitrate. Since the reflective electrons
of Ag, which have an atomic number larger than that of O, Zn, and Fe, are strong, a bright image
appears. Therefore, it was confirmed that Ag in a metallic state was dispersed on the surface of the

composite with the measurement result of XRD.
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Figure 4-13 Backscattered electron images of (a) ZnO/Fe304 and (b) ZnO/Fez04/Ag composite

particles generated using co-precipitation method.

The photolysis experiment was carried out in the same manner as described in Chapter 2, the
concentration of RhB aqueous solution was set to 5 mg/L, and 15 mg of the resulting particles were
added. Figure 4-14 shows the changes in the RhB concentration of obtained composite as UV light
irradiation time. As a result of photolysis, it was confirmed that the dye was decomposed by about
21% for ZnO and about 44% for the ZnO/Fe3;O4 composite material. In addition, the
photodecomposition rate of the Ag-supported ZnO/Fe304/Ag composite was increased compared to

that of the ZnO/Fe304 particles. All ZnO/Fe304/Ag composite particles show higher photocatalytic
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Figure 4-14 Changes in RhB concentration by UV light irradiation time at ZnO, ZnO/Fe304,
and ZnO/Fe304/Ag generated using co-precipitation method; initial concentration
of RhB: 5 mg/L; photocatalyst dose: 15 mg; solution volume: 100 mL.

- 85 —



Chapter 4 ZnO/Fe304 and ZnO/Fe304/Ag composite particle generation process

activity than pure ZnO and ZnO/Fe304 particles. However, 0.4 mass% of added silver nitrate, shows
a decreased photocatalytic activity. Paradoxically, an increase in the amount of supported Ag particles
may decrease the photocatalytic activity. Increasing the amount of supported Ag promotes both the
separation of electron-hole and the transfer of excited electrons to Ag nanoparticles. However, when
excess Ag is supported on ZnO particles, the excess excitons in the Ag nanoparticles accumulate and
attract holes. In particular, the excessive supported Ag can promote electron-hole recombination due
to the large contact area with ZnO particles. Thus, the number of excitons decreases, leading to a

decrease in photocatalytic activity.

Figure 4-15 show the changes in RhB concentration by UV light irradiation time as the sample D
dose. In order to know the optimal dose of sample D, which showed the most efficient photolysis, a
photolysis experiment was performed by dispersing 5-20 mg of sample D in an aqueous RhB solution.
The photocatalytic activity improved as the dose of sample D increased and increased from 5-15 mg
in proportion to the amount of sample. However, when 20 mg was dose, the increase in the photolysis
rate was insignificant compared to the photolysis rate of 15 mg. It means that an excessive dose of
particles increases the turbidity of the suspension and affects photocatalytic activity. That is, the
increase in turbidity of the suspension due to excessive dose of the particles may block UV light and

hinder the UV light absorption of the photocatalyst.

"0 30 60 90 120 150 180 210 240 270 300

Time [min]

Figure 4-15 Changes in RhB concentration by UV light irradiation time as the sample D dose.
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Table 4-3 Comparison of treatment rates by photolysis and recovery rates of
Ag/ZnO (USP method) and ZnO/Fe304/Ag (co-precipitation method) particles;
initial concentration of RhB: 5 mg/L; photocatalyst dose: 15 mg; solution

volume: 100 mL, dope amount of silver nitrate: 0.2 mass%.

Ag/ZnO Ag/ZnO/Fe304
Photolysis time 2h 30min 4h 30min
Particle recovery time 10h 3h 30min
Number of photolysis cycles 5 5
Total time 62h 30min 40h

Table 4-3 compares the treatment rates of Ag/ZnO and Ag/ZnO/Fe304 particles generated by the
USP and co-precipitation method. Compared with Ag/ZnO/Fe;04 particles generated by the co-
precipitation method, the Ag/ZnO particles generated by the USP method had a faster photolysis rate
but a slower recovery rate. In particular, the recovery process using magnetism showed a very fast
speed compared to gravity sedimentation, and it was found that it was an important factor in the
overall treatment rates. As a result, the total photolysis time of Ag/ZnO/Fe;04 particles was faster

than that of Ag/ZnO particles in the 5th recycling experiment.

4.4. Conclusion

This experiment tried to synthesize ZnO/Fe;Os4 composite particles using the USP and co-
precipitation method under various conditions. When the USP method was used as a single method,
the crystal peaks of the target products ZnO and Fe304 were not observed. The target product was not
observed even under oxygen conditions and changes in gas flow rate to establish sufficient thermal
decomposition and oxidation conditions. However, under certain conditions, a single crystal peak of
ZnFe>O4 was confirmed. Research on ZnFe>O4 particles has been reported, but due to the low band
gap, it is not suitable for organic matter treatment. The generation of ZnFe>Os is related to metal
reactivity, and since the metal reactivity of Zn and Fe is similar, it can be precipitated as a single

crystal during the pyrolysis process.

When particles were generated using the USP and co-precipitation method together, crystals of the

target products, ZnO and Fe;O4, were observed. In addition, it was possible to confirm the magnetism
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of the generated composite particles. However, large-scale agglomerates were formed due to the
agglomeration of the particles, and most of the uncoated ZnO particles were also identified. Therefore,
problems of photolysis and secondary pollution may occur. In the photolysis experiment, as the
amount of Fe3O4 added increased, it was observed that the photolysis properties decreased. Therefore,
it was confirmed that the surface modification using sodium citrate is not suitable for the formation

of ZnO/Fe304 composite particles.

When co-precipitation was used as a single method, crystals of the target products ZnO, Ag, and
Fe3O4 were observed. In the XRD crystal peak, it was difficult to observe the Fe3;O4 crystal peak due
to the overlapping of the ZnO and Fe3O4 peaks, but the magnetic experiment showed Fe3O4 in the
composite particles. Ag particles dispersed in the particles could be confirmed with backscattered
electron images. In the photolysis experiment, it was confirmed that the photolysis properties of the
ZnO/Fe304 composite particles were not good compared to the pure ZnO particles. However,
although the ZnO/Fe304/Ag composite particles contained Fe3O4, the photodecomposition properties
were superior to those of pure ZnO particles. The optimal condition was when 0.2 mass% silver
nitrate was added, which is consistent with the results of Chapter 3. The co-precipitation single
method confirmed some agglomeration of particles, but it was judged to be most suitable for the

generation of ZnO/Fe304 and ZnO/Fe304/Ag composite particles.
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Chapter 5 Conclusions

Existing wastewater treatment methods such as adsorption, filtration, coagulation, membranes, etc.
have a problem in that pollutants cannot be decomposed, and organic pollutant molecules are simply
transferred to another medium to cause secondary pollution. Therefore, in this study, the photocatalyst
ZnO was studied for the oxidation treatment of organic dyes. However, the main drawbacks of ZnO
are that the efficiency decreases due to the rapid recombination of the excited electron-hole pairs, and
the recovery of the photocatalyst after photolysis treatment is very difficult and reuse is greatly limited.
In order to compensate for the shortcomings of ZnO, a study on the loading of Au and Ag, which acts

as an electron sink, and the complexation of Fe304 were conducted.

In Chapter 2-3, Ag/ZnO and Au/ZnO particles were generated using the USP method. All particles
were spherical and the size of between 0.5 um and 1.0 um, and there was no change in shape due to
the support of Ag and Au. In all of the generated particles, crystal peaks of Ag or Au were observed
along with a crystal peak of ZnO. TEM images showed dark spots scattered throughout the Au/ZnO
and Ag/ZnO particles. EDX mapping and STEM images confirmed that these dark spots correspond
to Ag or Au nanoparticles dispersed throughout the ZnO particles.

The photocatalytic activity of the resulting particles was investigated by photolysis of the aqueous
RhB solution under UV irradiation. All Au/ZnO and Ag/ZnO particles showed higher photocatalytic
activity than pure ZnO particles. In addition, Au/ZnO particles supporting 0.1 mass% HAuCls had a
photolysis rate constant about 4 times higher than that of pure ZnO particles, and Au/ZnO particles
supporting 0.2 mass% AgNO3 were about 8 times higher than that of pure ZnO particles. And
interestingly, some particles showed better photolysis activity than P25. However, when HAuCls and
AgNO; were supported by 0.2 mass% and 0.4 mass %, respectively, the photocatalytic activity was
greatly reduced. That is, as the amount of Au and Ag increased, the photodecomposition activity
increased, but when the noble metal nanoparticles were excessively supported, the photocatalytic
activity decreased. It is thought that this is because if excess Au or Ag nanoparticles are supported on
ZnO, excessive excitation electrons are accumulated and recombination of electron-holes is promoted

by electrostatic attraction.

In order to investigate the optimal dose required for photolysis, photolysis experiments were

performed with various doses. The photocatalytic activity of both Au/ZnO and Ag/ZnO particles
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increased in proportion to the dose from 2 mg to 10 mg, but did not change significantly at higher
doses. This is because the ultraviolet rays, which are important for electronic excitation, have been
blocked by the cloudy suspension. It also confirmed the reusability of Ag/ZnO particles for
commercial applications. It was observed that the generated particles could not only be recovered by
gravity precipitation after photolysis experiments, but also had a slow deterioration rate.
Decomposition experiments on actual wastewater were outside the scope of this study, but the

possibility of using this material to purify organic pollutants was confirmed.

In Chapter 4, the synthesis of ZnO/Fe3;04 composite particles was attempted by using USP and
coprecipitation method for simple recovery of magnetic particles. When the USP method was used
as a single method, crystal peaks of the target products ZnO and Fe3O4 were not observed, and only
crystal peaks of ZnFe;Os were observed. When particles were generated using the USP and
coprecipitation method along with surface modification using sodium citrate, crystals of the target
products, ZnO and Fe3Oa, were observed, and the magnetic properties of the particles were confirmed.
However, agglomeration of most of the uncoated ZnO particles and particles was observed. When the
coprecipitation method was used as a single method, crystals of the target products ZnO, Ag, and
Fe304 were observed. In the photolysis experiment, it was confirmed that the photolysis properties
of the ZnO/Fe304 composite particles were not as good as those of pure ZnO particles. However, the
Zn0O/Fe304/Ag composite particles contain Fe3O4, but the photolysis properties were superior to those
of pure ZnO particles. Therefore, the ZnO/Fe3O4/Ag composite particles produced by the co-

precipitation method can be considered as a promising material for organic dye treatment.
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initial concentration of the RhB
raw material concentration
droplet size

ZnO particle diameter
frequency of the ultrasonic transducer
rate constant

molecular weight of zinc nitrate
molecular weight of ZnO
superoxide radical anions
hydroxyl radicals

density of ZnO

time

density of the solution

surface tension of the solution

Coefficient of determination
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