P AR A E A AR AP L F

4 K,éft KY Rz
Modified Magnetic Silver nano-catalysts for

Heterogeneous Catalytic Ozonation to Remove

Humic acid in water

A s
R Rde B4

? £ F 101 E 7



RBREBREHATA
WX EH R E

B PR TR AR EARIBX

AR B B RAEEMERORBASN BT RAAMIAE R RERAK P EEEZZ
i

Modified Magnetic Silver Nano-Catalysts for Heterogeneous
Catalytic Ozonation to Remove Humic acid in water

b AARERL  HERAEFE -

2% 1
TITE i}é ZE% (H%)

101 &7 R 13 B



RBRERFHERALIH

WXOREBERE

BRI E T A28 2 A8 EHERM T B AT R 3w X

AAB | A RAEMSRBENETREEBCRAERATRERZ
i

Modified Magnetic Silver Nano-Catalysts for Heterogeneous
Catalytic Ozonation to Remove Humic acid in water

BAERGRH RANOALTRIBE .

WX RREABEA %ﬁéwn

sx BT
B2

) ARV

PHERE 101 £ 7 A 13 A




FABE DR I BHE HsPLoahi XFah gAY
- ARBIBABDFER POt RN I RS e RF 2R
BN o XPFHEN ORI IATEY Lo

Ah2 ez A TR GR FE KB E T XM B
EEF L FEA AR KEF PN E R Y EE RS s v A | X BT 4

TeRE > R E RGN RED B

N

B 4 end i

W

bF LR BT R E e R EE
SAPEN R RSILPRAE o ¥ R PRI R T OIMP Y BTy il
BoRe o frsh c WA RE L AR KL chip FE Rl o N2 FHR T LT
T BRRP R OE FAE o GHREITE FE DR
* HHERRREIARFP R/ PR P ES B ERETHR
Vo ARGV e E TR

B AR DR R BRI LT AP
Ffienihs 4o SN FIE B OB F AR A O IR L R
pre BRI ME = Y e o D LIS A R R

Boo F1a F RA Bs A B S i F 0 A i e P AR R SR B



2

ARG rT U2 B ALE E3Ek (Fes04/Si0/AQ) & (7 B 4p i

F -2 F ok 2 RERL TRk S 7 tvd §opod RIS FS R L
F bz 4] rcoumarin 2 a ¥ pd AF RS> FAS
7-hydroxycoumarin > ,‘f’gé PREA A ST Uk A kALY 2 F pd A
g o BEET 0 FeOSIO/Ag # L L5 2 P FASFAE R HBL S
vk B T E TS Fel0fSIO/Ag it A AL F AA L Fehd § pd Aom e
»¥-faa s pd AFRFTBAL ¥ NERIIPFALDEE € Flia
FpdAMFRAEMN D FeO0)SIOAg R E L5 2P FAFAEMS
WHPLF Lo R BT FesO)SIO AY FE L F R4t ki T F pd A

E‘ﬁg o I F9304/S|02/Ag “—:,': _‘L; 3 Kﬁ; J\d J& 7 E'ﬁ/k y T 4 ’lfi’_’]\/%/fﬁ ;‘;ﬁﬁ‘ri

ke

L L F 2ok § Rt B LF o A S0k e d pH ERF

BREF RIrA] T OB B ek o - FER RN K ik GV

Jr:‘“‘

2L g AfRad > BFWMAEL R 2B L 2 KgiE i 7.0x

e

*m

Rl
po

10%sT R H i g it Kgigz 1.7512 o '5d 9 %% F Fes04Si0/Ag & & &

§?uﬁﬂﬁﬁi§ﬂij%ﬁ@i&i;%$o

MAET . Bl s BApRL S5 1~ FiER 23 P A HRF

coumarin ~ 7-hydroxycoumarin ~ TBA



Abstract

This study used modified magnetic silver nanoparticles (Fe;s04/SiO,/AQ)
for the heterogeneous catalytic ozonation to remove humic acid (HA) in water.
While hydroxyl radical ( « OH) scavengers were added to the system in order to
investigate the catalytic ozonation mechanisms. Coumarin is known to react
with « OH to generate intermediate (7-hydroxycoumarin). The formation of
the intermediate can be used to indicate the presence of « OH in the system.
Compared to ozonation alone, Fe;0,/SiO,/Ag combined with ozone to produce
more intermediate. This is due to the decomposition of ozone to produce more
« OH by Fe;0,4/SiO,/Ag. Added another « OH scavengers of TBA can be
observed production of intermediate will be reduced because the « OH was
captured, while the intermediate produced in Fe;0,/SiO,/Ag combined with
ozone is still higher than the ozonation alone. The results showed that
Fe;04/Si0,/Ag combined with ozone to improve the content of « OH in the
system. To remove of humic acid by Fes04/SiO,/Ag combined with ozone, the
humic acid removal rate is only higher than ozonation alone in acidic condition,
this is due to the ozone self-decomposition inhibits the effect of the catalyst at
high pH cases. Comparison of first-order ozone decay rate constants, the Ky
values of this study of 7.0x10™ s and is 1.75 times than that of ozonation alone.
The results indicated the presence of Fe;04/SiO,/Ag could improve the
oxidizing power of overall system and leading to the HA removal rate

increased.

Keywords: magnetic particles, catalytic ozonation, humic acid, hydroxyl

radicals, scavengers, coumarin, 7-hydroxycoumarin, TBA
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Chapter 1 Introduction

1.1 Study Background

Water treatment has been regarded as an important international issue,
because the water quality and processing costs will affect people's health and
economic. Therefore, development of water recycling and renewable

technologies is necessary.

Natural organic matters (NOMs) are complex organic compounds, the
presence of NOMs in drinking water has been indicated that resulting the
difficulty of drinking water treatment.  So far, over 600 kinds of compounds
were found in the drinking water disinfection processes. Especially
Trihalomethanes (THM) and haloaceticacids (HAA) are the most common
chemicals. The present process of disinfection (chlorine, ozone, chlorine
dioxide, chloramines, and ultraviolet radiation) has been shown to produce
different disinfection by products (DBPs) in water. Humic acid is the major
component of NOMs, so it is also considered the formation of the main

precursors of DBPs (Matilainen et al., 2011).

Traditional disinfection processes were divided into physical, chemical and
biological treatment. Selection of the processes according to the requirements
of the water quality. In the case of high water quality requirements, the above
three kinds of processes used in combination. For example, chemical oxidation
can be effective mineralization of raw water, but usually combined with
biological treatment to reduce the cost of processing. Therefore, advanced
oxidation processes (AOPs) technology is continuously being developed for

those intractable target pollutants, especially organic matters (Oller et al., 2011).
1



AOPs technology is the use of highly active hydroxyl radicals (« OH) in
oxidation process. Present technology includes Fenton, photo-Fenton, wet
oxidation, ozonation, photocatalysis, etc. and their difference is the process of

formation of free radicals (Kim and Ihm, 2011).

AOPs can be broadly divided into two types, the first type is Homogeneous
reaction, and the second type, Heterogeneous reaction (Nawrocki and Hordern,
2010). In this study, the use of heterogeneous catalytic ozonation to remove
NOMs in water. Heterogeneous catalytic ozonation is the use of solid catalysts
for decomposition of ozone to the formation of more active « OH. Because
ozone is difficult to complete mineralization of organic matter, heterogeneous

catalytic ozonation is considered an effective method to reduce the DBPs.

The solid catalyst used in catalytic ozonation include Activated carbon
(AC), carbon nanotube (CNT), metal oxides (e.g. MnO,, TiO, or Al,05), and the
modification of metal oxide coated on the support (e.g. Cu-Al,O3; and Cu-TiO,,
Ru-CeO,, VOITiO,, VOI/silica gel, TiO,/Al,O3 or Fe,03/Al,03).  Among all,
modified magnetic particles because of the easy of recovery and separation have

been used for catalytic ozonation in recent years.

The existence of the highly active « OH were used as indicators of the
catalytic ozonation reaction, however, due to the lifetime of « OH (10°s ) is too
short to directly measure the concentration of it.  Although the direct
measurement of « OH has been developed, such as electron paramagnetic
resonance technique, but this method requires expensive equipment and high
operating costs (Maezono et al., 2011). Therefore, the use of the Hydroxyl
radical scavengers to investigate the mechanism of catalytic ozonation were

used in many studies. Hydroxyl radical scavengers were able to capture « OH
2



in catalytic ozonation, due to the specific reaction between scavengers and « OH.
Coumarin and TBA were used in this study to differentiate between radical and

non-radical mechanisms.

1.2 Objectives
The objectives of this study:

1. Synthesis of magnetic metal nanoparticle catalyst.

2. Investigate the mechanisms of catalytic ozonation and the effect of « OH.

3. Degrade natural organic matters.



Chapter 2 Literature Review

2.1 Natural organic matters

Natural organic matters (NOMs) are composed of several different
compounds, most of which are aromatic and aliphatic. Because its
composition is complicated, therefore, it is necessary to use the resin extracted
and classified as hydrophilic (HPI1) or hydrophobic (HPO) (Table 2-1)

( Matilainen et al., 2011). In addition, there is another extraction method
which can classify the natural organic substances into three major portions

(Zularisam et al., 2011):

1. HPO or operationally defined as humic fraction with mainly carboxylic and

phenolic functional groups (humic acids and fulvic acids ).

2. Transphilic fraction (TPI), which has lower aliphatic/aromatic carbon

contents than the HPO.

3. HPI or non-humic fraction corresponding to bases (primary and secondary
protein groups), acids (amino acids), and neutral HPI (polysaccharide

groups)(Fig. 2-1).



Table 2-1. Proposed composition of NOMs fractions separated using fraction
techniques (Matilainen et al., 2011).

Fraction Organic compound class
Humic acid Portion of humic substances precipitated at pH 1.
Hydrophobic acid Soil fulvic acids, Cs - Cq aliphatic carboxylic acids, 1-

and 2-ring aromatic carboxylic acids, 1- and 2- ring

phenols

Hydrophobic base 1- and 2-ring aromatics (except pyridine),

proteinaceous substances.

Hydrophobic neutral ~ Mixture of hydrocarbons, > Cs aliphatic alcohols,
amides, aldehydes, ketones, esters, > Cq aliphatic
carboxylic acids and amines, > 3 ring aromatic

carboxylic acids and amines.

Hydrophilic acid Mixtures of hydroxy acids, < Cs aliphatic carboxylic

acids, polyfunctional carboxylic acids.

Hydrophilic base Pyridine, amphoteric proteinaceous material (i.e.
aliphatic amino acids, amino sugars, < Cg aliphatic

amines, peptides and proteins).

Hydrophilic neutral < C5 aliphatic alcohols, polyfunctional alcohols,
short-chain aliphatic amines, amides, aldehydes,
ketones, esters, cyclic amides, polysaccharides and

carbohydrates.




Distribution of DOC in natural waters
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Fig. 2-1. Composition of NOM fraction in surface water based on DOC,

sampling from UK (Zularisam et al., 2011).
2.1.1 Humic substances

Humic substances (HSs) are the major part of NOMs, which are formed by
the microbial degradation of animal and plant remains (such as plant tissue
(litter) and animal excrement, fur and the corpses, etc.). They are difficult to
be biodegradable, due to its complex molecular structure. The composition of
HSs are different from each other based on the sources of water or soil, however,
the average composition are similar. HSs can be operationally divided into
three fractions based on their solubility in aqueous solutions as a function of pH.
Humic acid (HA) is the fraction soluble in an alkaline solution, fulvic acid (FA)
Is the fraction soluble in an aqueous solution regardless of pH, and humin is the

fraction insoluble at any pH value (Badis et al., 2010).



2.1.2 The impact of natural organic matters on the environment

The presence of natural organic matters (NOMS) in drinking water has
been confirmed that caused serious influence in the process. These problems
include: (1) the negative impact on water quality, such as color, smell and taste,
(2) makes the doses of coagulant and disinfectant demand increase, which led to
the generation of sludge and harmful disinfection by-products (DBPs), (3)
promote the growth of biological in disinfection system, and (4) improve the

level of heavy metals and organic pollutants be adsorbed (Parilti et al., 2011).
2.1.3 The quantified of natural organic matters.

NOM could quantified by measuring UV z4, Total organic carbon (TOC)
concentrations, and dissolved organic carbon (DOC) concentrations
(Chowdhury and Champagne, 2008). Roccaro and Vagliasindi (2009) reported
that specific UV absorbance (SUVA) which can be used as a surrogate
parameter to monitor the changes in aromatic nature of NOM in water was

calculated from UV, and DOC.

Chowdhury and Champagne (2008) noted the correlation between NOMs
and THMs formation for the four water sources in Newfoundland (Fig. 2-2).
Strong correlations between UV,s, and THMs were found in all sources, with

coefficients of determination (r”) ranging between 0.77-0.92.
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2.2 Disinfection by products

The disinfectants commonly used in drinking water treatment include:
chlorine, chlorine dioxide, chloramines and ozone. While chlorine is the most
widely used, because of low cost, excellent bactericidal capacity and persistent
disinfection. However, although the disinfection process to ensure the safety
of drinking water, but it has also been confirmed that, these disinfectants may
interact with dissolved organic matter to produce of DBPs. During the
disinfection process, soluble organic substances could be converted to harmful

DBPs including trihalomethanes (THMs), haloacetic acids (HAAS) and
haloacetonitriles (HANS) (Liu et al., 2011 ; Zhao et al., 2009). Humic acid is

the main component of dissolved organic matter, was regarded as a precursor of
DBPs (especially THMs). In order to reduce the formation of DBPs,
researchers began developing a variety of removal of humic acid methods.
Nevertheless, because of the stability of the molecular structure of humic acid, it
is difficult to be completely degradation (mineralization), therefore recently the

use of AOPs to remove humic acid, has obtained high attention.



2.3 Advanced Oxidation Processes (AOPs)

AOPs used in drinking water treatment can remove NOMs and reduce the
formation of DBPs. Through generation of « OH in the reaction process, the
pollutants may be degraded or mineralized into carbon dioxide and water.

Previous studies have focused on ozone (Os), ultraviolet radiation (UV) and
hydrogen peroxide (H,0,), or used in combination ( H,O,/UV ; UV/O3; H,0,/03)
to get better removal. The classification of AOPs is shown in Table 2-2.

Table 2-2. The classification of advanced oxidation processes. Adapt from

Kasprzyk-Hordern et al.( 2003)

Reaction classification Advanced oxidation processes

Homogeneous systems
without irradiation

Homogeneous systems 05/UV, H,0,/UV, 03/H,0,/UV, photo-Fenton,
with irradiation electron beam, ultrasound, vacuum-UV

04/H,0,, O4/OH", H,0,/Fe** (Fenton’s reagent)

Heterogeneous systems Ti0,/0,/UV
with irradiation

Heterogeneous systems electro-Fenton.
without irradiation

Lamsal et al., (2011) proposed in that the total trihalomethane formation
potential (THMFP) and haloacetic acid formation potential (HAAFP) are the
major DBPs of the raw and oxidized waters (Fig. 2-3). Among all process, Os,
H,0/03, H,0,/UV and Os/UV have significant reduction in THMFP, while
H,O,/UV and O5/UV have good performance on decomposing of HAAFP. In
general, (1) THMFP removal was greater than HAAFP in the oxidation
processes, (2) H,O0,/UV is the most effective, (3) The common point of these
methods is the use of the formation of « OH in the oxidation as a strong

10



oxidant used to transform NOMs.
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Fig. 2-3. THMs and HAAs for raw and oxidized waters (Vertical bars represent

2o levels)(Lamsal et al., 2011).
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2.3.1 Ozone and Hydroxy!l radicals

The electronic structure of the O3 explains its high reactivity, while O
molecule represents a hybrid, formed by the two possible resonance structures
(Fig. 2-4.). Van Geluwe et al. (2011) indicated that the positive formal charges
on the central oxygen atom in both resonance structures explains the
electrophilic character of O;.  Conversely, the excess negative charge present
in one of the terminal atoms imparts a nucleophilic character to O;. These
properties make O3 an extremely reactive compound. The vast abundance of
unsaturated bonds in humic substances facilitates the efficient decomposition of
these compounds by Os;.  The unsaturated bonds in these molecules are
transformed to oxygenated saturated bonds. This is schematically represented
in Fig. 2-5., where a model structure of a humic acid molecule is drawn, before

and after O; oxidation.

R O

o7 Yo G

" " " "

| I

Fig. 2-4. Resonance forms of the O; molecule (Van Geluwe et al., 2011).
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Fig. 2-5. A hypothetical structure of humic substances (a) before and (b) after
O oxidation (Song et al., 2004).

Ozonation is divided into direct and indirect reactions, the direct reaction
of ozone molecules directly react with dissolved substances, while the indirect
reaction is the use of free radicals formed in the ozone decomposition.
Compared with the ozone, « OH is a non-selective oxidant, because its standard
reduction potential (2.80V) (Eqg. 1) is higher than the ozone (2.07V) in the
ozone oxidation process (Eq. 2) (Pillai et al., 2009). Due to its high reactivity,
« OH can react with almost all types of organics (ethylenic, lipid, aromatic,
aliphatic) and inorganics (anions and cations), while the indirect reaction of

ozone on the removal of natural organic matter is more favorable (Van Geluwe

et al., 2011).
O3+ 2H" +26 5 0, + HyO (E2=2.07 V (SHE)) ..o, (1)
"OH+H "+ S H,0 (E2=2.80V (SHE)).....ooitiieeeeeeeeeeeeeeeeeeeese s (2)
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Staehelin and Hoigne™ (1985) reported the decomposition of O3 in water
Is a radical-type chain reaction, where various solutes can act as initiators,

promoters or inhibitors .

Initiation step: The decomposition of O is initiated by OH ions (Eq. 3),

and this leads to the formation of one superoxide anion (O, ) and one

hydroperoxyl radical (*HO,), which are in an acid-base equilibrium

(pK, = 4.8):
O3+ OH =70, + "HOp (K= 70 M ™IS ™), (3)

In addition, the reaction of unsaturated bonds in NOM with O3 can lead to

the consumption of O3 (Eqg. 4), or the production of an ozonide ion radical

("O3) by an electron transfer reaction (Eq. 5):
O3+ NOM > NOMOK ctvereerierieiesiisiaie e sre e sie e eeste e sreeseesseses 4)
O3+ NOM > NOM 4703 oo en s (5)

Propagation step: “O, is a highly selective catalyst for the decomposition
of Oz in water. The rate constant with which O, reacts with O; molecules is

very high and results in the formation of "O; :

'O, 05 =03 (K= 1.6X10°M IS ™) (6)
"O5 +H+ = HO3 (K=5x10"° M ™S ™). (7)
"HO; > "OH+ 0, (K= 1.4%10° M IS ™) o (8)
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The decomposition of Oz in pure water is well-described in the Staehelin
and Hoigne™ model, which is widely used for predicting the lifetime of Oz in

natural waters (Van Geluwe et al., 2011). This model is shown in Fig. 2-6.

. 2 {

03 NOM

ol

NOM
----- 02 HoZ [ NOM},

Fig. 2-6. Reactions of aqueous O; in the presence of NOM, which reacts with
Os or with OH radicals (scavenging or converting"OH into "HO,)

(Staehelin and Hoigne~, 1985).
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2.3.2 Hydroxyl radicals scavengers

Because the reaction may generate free radicals as a specific intermediate,
therefore the radicals scavengers were used as the capture of free radicals. In
this case, coumarin could be used as a probe molecule as it is known to react
with « OH leading to the formation of fluorescent 7-hydroxycoumarin (lkhlag et
al., 2012) (Fig. 2-7). Another scavengers also can be used to inhibit the
reaction of « OH in the system through the high reaction rate with « OH. In
this case, TBA reacts with « OH with a rate constant of 6x10° M™S™, it is twice

than that of TBA with ozone reaction (3x10°M™S™) ( Hoigne” and Bader,

1983).
0 0 HO 0 0
+ 2°0H—>» + H0
LT 3
Coumarin (COU) 7-Hydroxycoumarin{7HC)

Fig. 2-7. Formation of 7-hydroxycoumarin (7-HC) in the reaction of coumarin

(COU) with hydroxyl radicals (Ikhlaq et al., 2012).
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2.4 Catalytic ozonation

Ozone is a selective oxidant, it preferentially attacks molecules containing
unsaturated bonds, leading to the formation of saturated compounds such as
aldehydes, ketones and carboxylic acids. Due to their low reactivity towards
ozone, these compounds tend to accumulate in water (Gongalves et al., 2012).
To improve this situation, many studies have focused on how to increase the
indirect reaction of the ozonation, that is, how to increase the decomposition of
ozone to form « OH. Previously on catalytic ozonation research, including
multi-walled carbon nanotubes (MWCNT), activated carbon (AC), metal ions,
metal oxide, metal oxide on support, zeolite, ultrasonic (US), ultraviolet (UV),
etc. (Li et al., 2010; Guzman-Perez et al., 2011; Liu et al., 2011; Wang et al.,
2011; Mahmoodi et al., 2011).

Kasprzyk-Hordern et al.(2003) proposed that catalytic ozonation can be
considered firstly as homogeneous catalytic ozonation, which is based on ozone
activation by metal ions present in agueous solution, and secondly as
heterogeneous catalytic ozonation in the presence of metal oxides or
metals/metal oxides on supports. Catalytic ozonation was found to be
effective for the removal of several organic compounds from drinking water and

wastewater.
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2.5 Homogeneous catalytic ozonation

Homogeneous catalytic ozonation is the use of transition metals in react
ion with ozone, the solution pH and concentration of metal ions will determine
the efficiency of the reaction. In general, it can be divided into two principal

mechanisms (Kasprzyk-Hordern et al., 2003):
1. The decomposition of ozone to form « OH s through the metal ion.
2. The oxidation of organic compounds with the catalyst.

In previous study had confirmed as an effective catalyst metal ions,
including: Fe(11), Fe(I11), Mn(11), Ni(11), Co(11), Cd(I1), Cu(11), Ag(l),Cr(I1),
Cr(111), Zn(I1) etc. Among the most widely used are: Mn(ll), Fe(l11), Fe(ll),
Co(1l), Cu(ll), Zn(1l) and Cr(I11) , and Fe(11)/O3 and Fe(I1)/O3/UV processes are
based on Fenton or photo-Fenton reactions. The catalytic activity of Mn(l1),
Fe(ll), Fe(I11), Cr(111), Ag(l), Cu(ll),Zn(11), Co(l1) and Cd(Il) sulphate in the
process of humic substances ozonation in water. To compare the removal of
total organic carbon (TOC), it is obtained that the effect of the ozonation alone
only 33%, not enough to make the pollutants completely mineralized, and in the
homogeneous catalytic ozonation system, Mn (11) (62%) and Ag (1) (61%) are
the most effective, other metal ions slightly less efficient (Nawrocki and

Kasprzyk-Hordern, 2010)..
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2.6 Heterogeneous catalytic ozonation

Heterogeneous catalytic ozonation is adding solid catalyst to the catalytic
ozonation, which can both to increasing the amount of ozone dissolved, but also
enhance the ozone decomposition to produce more « OH. Physical and
chemical properties of the solid catalyst will determine the efficiency of the
catalyst. Physical properties include: surface area, density, pore volume,
porosity, pore size distribution as well as mechanical, strength, purity and
commercial availability. Chemical properties includes: chemical stability and
especially the presence of active surface sites such as Lewis acid sites, which
are responsible for catalytic reactions (Kasprzyk-Hordern et al., 2003). The
most widely used catalysts in heterogeneous catalytic ozonation include: metal
oxides, metals on supports, zeolites, activated carbon, and carbon nanotube, or

modification of the above catalyst.

In the entire mechanisms of heterogeneous catalytic ozonation, including
the gas, liquid and solid phase transfer. The reaction on the catalyst surface
determines the heterogeneous catalytic ozonation efficiency, gaseous ozone
molecules and organic compounds are adsorbed on the catalyst surface, which
explains the added catalyst making the increase in the amount of ozone
dissolved. Adsorbed substances will occupy the surface of the catalyst,
making the ozone and organic substances cannot contact with the solid catalyst,
which is why the specific surface area will determine the effect of the catalyst

(Nawrocki and Kasprzyk-Hordern, 2010).

2.6.1 Surface properties of catalyst
Kasprzyk-Hordern et al. (2003) indicated that the main parameter, which

determines the catalytic properties of metal oxides, is acidity and basicity.
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Hydroxyl groups are present on all metal oxides surfaces. However, the
amount and the properties of the hydroxyls depend on the metal oxide. The
hydroxyl groups formed at metal oxide surface behave as Bronsted acid sites.
Lewis acids (electron pair acceptor) and Lewis bases (electron pair donor) are
sites located on the metal cation and coordinatively unsaturated oxygen,
respectively. Both Bronsted and Lewis acid sites are thought to be the

catalytic centers of metal oxide.

Metal oxides have amphoteric ion exchange capacity, and ion exchange
properties are based on the ability of surface hydroxyl groups to dissociate or to

be protonated depending on the pH value of the solution.

M-OH + H* 5 M-OHy ;Koo (9)

M-OH + OH S M-O + Hy0, Ko™ (10)

K,™ and K,™are the ionisation constants, as H" and OH" are the potential

determining ions, the surface charge will depend on the excess of one type of
charged site over the other and is a function of solution pH. The point of zero

charge, which is the pH at which the net surface charge is zero depends.
PHpzc = 0.5(PKL™ 4 PRo™ ). (11)

At pH < pK,™ metal oxide will act as an anion exchanger while at pH > pK,™ it

will act as cation exchanger as presented in Fig. 2-8.
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x/100

Fig. 2-8. Variation of charged and uncharged species concentration with the

surface pH (pHs) (Kasprzyk-Hordern et al., 2003).
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2.6.2 Metal oxide and metal oxide on support

The study of solid catalyst on catalytic ozonation has focused on metal
oxide or metal oxide on supports, Kasprzyk-Hordern et al.(2003) verified part
of the metal oxide on the support of the ozone decomposition rate (Table 2-3).
Its conclusion is the coated metal on the surface of the solid catalyst have higher
ozone decomposition rate, the increase in the frequency of the electron transport
and making the redox reaction increased. The catalytic activity order of metals
supported on SiO, was found to be: Pd > Ag >Rh >Pt >Ni > Ru. Due to the
low cost of Ag, it is considered to be economic catalytic metal. Nawrocki and
Kasprzyk-Hordern (2010) indicated the application of both metal and support of
catalysts in noble metals are efficient redox catalysts, which are able to
decompose O, with the formation of oxygen-metal bound strong enough to

provide effective ozone decomposition.

Table 2-3. The metal oxide on the support of the 0zone decomposition rate.
(adapted from Kasprzyk-Hordern et al., 2003)

Al,O, SiO, SiO,-Al,O4 TiO,
Metal
Average rate (mgos min ' g cat )

Ru 0.24 0.18 0.24 0.07
Rh 0.49 0.49 0.27 0.20
Pd 0.40 0.77 0.53 0.36
Ag 0.39 0.56 0.14 0.28
Ni 0.16 0.22 0.07 0.09

Pt 0.24 0.48 0.07 0.26
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2.7 The mechanisms of catalytic ozonation.

Beltran et al. (2002) reported the mechanisms of catalytic ozone

decomposition proposed is as follows: (S is the catalyst surface, In the initiator

of ozone decomposition, and P is the scavenger of « OH)

1. Homogeneous decomposition:

O3+ O0OH — HO; + O

03 + HOZ_ - HOQ. + 03._'

+

(@ [ B @ T [ o TR

HO, S O,” +H'
2. Heterogeneous decomposition surface reaction:

pH 2-6:

O3+ S 5 O3-S
O3-S S5 O-S+ Oueriiiiiiieie e
O3+ O-S5 20, + Siooiii e

pH > 6:

OH + S S OH-S.. e
O3+ OH-S S5 O3-S+ HO ..ot

O3-S 5 70-S 4+ Ottt s
(O N O B S R P I e ©

3. Homogeneous propagation and termination reactions:

03 + 027 — 03.7 + 02 ..................................................................

HO3. i HO. + 02 ........................................................................

HO;3 + P — end products.........ccccvrerereriernseseneseereeseeeseseneenes

---------------------------------------------------------------

----------------

-----------------------------------------------------------------------------



Legube and Karpel Vel Leitner (1999) proposed the mechanisms of

catalytic ozonation (Fig. 2-9) and assume that there are two mechanisms occur

between the catalyst and ozone.

Mechanism 1:

1.

Catalyst as adsorbent only, no catalytic effect, and Ozone and « OH are the

oxidant species.

Initial organic acid (AH,) would be quickly adsorbed on the support of
catalyst.

Ozone (or « OH) would then oxidize the surface complex to give oxidation
by-products either desorbed in solution (P' and R': primary and final

by-products in solution, respectively,) or still adsorbed at the surface of
catalyst (P and R: adsorbed primary and final by-products, respectively,).
The final adsorbed by-product (R) would desorb and thereafter be oxidized

in homogeneous solution by ozone or « OH.

Mechanism 2:

1.

2.
3.

The catalyst would react with both ozone and adsorbed organics.

Starting to the reduced catalyst (Meeq), 0zone would oxidize metal.
Organic acids (AH) would be adsorbed on oxidized catalyst and then
oxidized by an electron-transfer reaction to give again reduced catalyst
(MereaA)

The organic radical species A would be then easily desorbed from catalyst
and subsequently oxidized by OH or O; either in bulk solution, or more

probably, into the thickness of electric double layer.
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Mechanism 1

AH
Desorption of oxidation " Me - OH Adsorption of
by-products o organics
H,0 H,0
Me -R Me - A
R' 4—\ 0, or HO®
) Me - P
0, or HO® P
Oxidation of
adsorbed organics
Mechanism 2
A° 0,
Me,_ - OH .
Desorption of oxidation . Generation
by-products e of °OH
H,0 HO,” —= HO°+0,
Me, - A° Me_, - OH
AH
Oxidation by an Adsorption of
electron transfer bhe oA / organics
ox
H,0

Fig. 2-9. Mechanisms of catalytic ozonation in the presence of metals on
supports (AH - organic acid; P, R - adsorbed primary and final
by-products; P’, R" - primary and final by-products in solution
respectively) (Nawrocki and Kasprzyk-Hordern, 2010).
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2.8 Nanoparticles

Nanoparticles (NPs) are solid and spherical structures ranging around 100
nm in size and prepared from natural or synthetic polymers. Within this range,
the material of the nanostructures will have a completely different properties
(compared to the original size) because of quantum effects. Due to the high
specific area and high surface energy, NPs is widely used in catalysts,

biomedical (drug delivery, cell stain) and high-tech industries.

2.8.1 Superparamagnetic nanoparticles

The hysteresis curve (Fig. 2-10) was obtained by a Superconducting
Quantum Interference Device (SQUID). Under constant temperature,
demagnetized state; i.e., no extra magnetic field or induced magnetization; the
magnetization will increase. The magnetization of catalyst particle will rise
gradually with the magnetic field increasing from curve OABC till the
saturation magnetization (Ms). While the magnetic field decreasing, the
magnetic curve doesn’t follow the original magnetization curve to the original
point, instead, it dropping toward to the curve CD. This indicates the
magnetization curve will reduce while the drop of magnetic field. When the
magnetic field at zero (H=0) case, the magnetization curve doesn’t back to the
initial zero point, it implies a residual magnetization (Mr) occurred. The Mr
phenomena can be defined as hysteresis.

The magnetization (saturation magnetization and coercive force) of
magnetic particle may vary with the size, shape and structure of particle.
When particle size reduce to a certain level, a superparamagnetic phenomenon
will taking place. In this case, it will has no hysteresis affect and can be

aggregated or recovered easily with the adoption of an excess magnetic field
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(Lin, 2009). While the remove of excess magnetic field, the
superparamagnetic particle will remain stable and stay with well dispersed

condition.

F

Fig. 2-10. The diagram of hysteresis (Ms — saturation magnetization;

Mr — residual magnetization; Hc — coercive force) (Lin, 2009)

27



2.8.2 Metal magnetic nanoparticles

Due to their unique optical, electrical, magnetic and catalytic properties,
metal nanoparticles have received much attention. Especially of noble metal
particles in nanoscale (Au, Ag, Pt, etc.) have attracted intensive research interest
due to their promising catalysis properties. However, because noble metal
have high catalytic activity, meanwhile it also increased the cost of the catalyst,
therefore, many studies of recovery methods on nobel metal have been proposed.
The common filtering method in the recovery of nanoscale noble metal particles
is difficult, and the filtration system will be contaminated by residual

nanoparticles.

Depends on the development of magnetic materials, the use of magnetic
recovery is considered to be high efficiency and low-cost method. The nobel
metals particles can be coated on modified surface of magnetic material, and
then recovery by the magnetic of particles. In addition to the ease of recycling,
when the magnetic material presented the superparamagnetic state, but also can
avoid the aggregation of particles and increasing the particle distribution in

water (Pradeep and Anshup, 2009; Choi et al., 2010).

Previous studies have reported several metals on the synthesis of magnetic
metal particles. Both Lv et al.(2010) and L. et al. (2010) were reported a
synthesis method about silver magnetic particles. Based on the Lv et al.(2010),
the shape and product structure of nanoparticles can be observed by

transmission electron micrograph (TEM) and shown in Fig. 2-11.
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200 nm

50 nm

Fig. 2-11. TEM images of (a)Fe;0,, (b)Fe;0,\Si0,, (c) and (d)Fe;0,\SiO\Ag
(Lv et al., 2010)
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Chapter 3 Material and Methods

3.1 Experiment framework

In this study, the assembly of metal magnetic nanoparticles (FesO4/SiO,/AQ)
as catalyst was combined with ozonation to decompose humic acid in water.
The purpose is using heterogeneous catalytic ozonation to removal NOMs and
investigating the mechanism of AOPs. The Flow chart of this study is shown

in Fig. 3-1.

Step 1. Synthesize noble metal magnetic nanoparticles as solid catalyst, and
analyze the basic properties of the particles (magnetic hysteresis curve,
the shape and product structure, crystal phase and the composition of the

surface material).

Step 2. Conduct catalytic ozonation to decompose humic acid and investigate
the reaction mechanisms. In order to achieve cost effective system, a
recovery of the catalyst by analyses the reusability and change of basic

properties was conducted.
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Fig. 3-1. The Flow chart of catalytic ozonation.
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3.2 Preparation of commercial humic acid solution

This study adapted commercial humic acid dissolved in deionized
water (in alkaline conditions, pH > 12), and then measured its content of
DOC after membrane filtration (0.45 um). Various initial concentrations
of humic acid aqueous solution (5, 10 and 20 mg/L.), were used in the

overall tests.

commercial humic acid (19)

f Deionized water NaOH (40g)

Quantitatively to 1 Liter

l Stock solution
Filtration (0.45um)  p======2= > Coated with aluminum foil

l

_ Diluted solution
Diluted to the 5, 10

and 20 mg/L

€ Refrigeration

Fig. 3-2. The Flow chart of stock and diluted humic acid solution

preparation.
Table 3-1 Reagents for preparation of commercial humic acid.

Reagent Cas/Catalog number Maker  Country

Sodium hydroxide (NaOH) 1310-73-2 Merck  Germany
Humic acid sodium salt H1, 675-2 Aldrich USA
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3.3 The preparation of magnetic catalysts

3.3.1 Synthesis of Fe;O,4 nanoparticles

In this study, the core of magnetic catalyst (Fe3O4 nanoparticles) was
obtained by co-precipitation (Mahmoudi et al., 2011). 2.54g of ferric
chloride (FeCl,*4H,0) and 9.74g of ferrous chloride (FeCls) were added

to 500 mL of deionized water. Then added ammonia hydroxide solution
(NH,OH) at 85°C.  After that, the precipitate was washed three times

with deionized water and dried at 105 °C.

3.3.2 Preparation of Fe;04/SiO, particles

Fe;04/Si0, structures were prepared by sol-gel method which was
proposed by Ghosh et al., (2011). Added magnetic material (FesO,) into
the mixed solution containing deionized water, ammonia (98 mL), and
isopropanol (392 mL), then ultrasonicated for 30 min by ultrasonic

cleaning bath. After that, tetraethyl orthosilicate (15-20 mL) was added
to the solution slowly at 40°C and the solution was stirred (550 rpm) for 5

hours. The precipitate (Fes04/Si0O,) was separated by magnetic force

and washed three times with deionized water.
3.3.3 Preparation of Fez0,/SiO,/Ag particles

The preparing electroless metal plating was following the methods
proposed by Lv et al., 2010 to coat silver on the surface of magnetic
nanoparticles (Fe;04/Si0O,) (equ. 30). Based upon Eq. 30, the 0.50 g of

magnetic particles (Fez04/SiO,) were dispersed in 50 mL mixture
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solution of stannous chloride (0.60 g) and hydrochloride acid (10.92 mL)
and the solution was ultrasonicated for 30 min.  After ultrasonic, the
particles were re-dispersed in 50 mL of ammonical silver nitrate aqueous

solution and sonicated for 1h. Then, the precipitate (Fe304/SiO,/Ag)

was separated and dried at 60°C.

2+ + 4+
Sn +2[Ag(NH)) ] —=Sn +2Ag+2NH,_ i, (30)

Table 3-2. Regents and equipments for preparation of catalyst (Fez04/SiO,/Ag).

Reagent Cas/Catalog/HS Maker Country

number
Ferric chloride
(FeCl,*4H,0) 13478-10-9 Merck Germany
Ferric chloride
(FeCl) 7705-08-0 Merck Germany
Ammonium hydroxide solution
(NH,OH) 2814-20-00 Merck Germany
Isopropanol :
(CH:CHOHCH.) 67-63-0 Mallinckrodt USA
Tetraethyl orthosilicate
(TEOS) 78-10-4 Merck Germany
Stannous chloride
(SnCl,*2H,0) 10025-69-1 Merck Germany
Silver nitrate

7761-88-8 Merck German
(AgNO) Y

i 1 1 0

Hydrochloric acid fuming 37% 9806-10-00 Merck Germany
(HCI)
Equipments Model Maker Country
Ultrasonic cleaning bath Power Sonic 420 Hwashin South

Technology Korea
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3.4 The ozonation system

A 3 Liters semi-batch Pyrex glass reactor equipped with a 500 rpm
mixer and three monitored sensors (pH, ORP and DO3) were connected
with rapid digital storage oscilloscope (Yokogawa, OR100E, Japan) were
used in this study. The reaction temperature was maintained at 25+ 2°C
by water bath (RCB 60, Taiwan). Ozone molecules generated with
ozone generator (AirSep Corp., KA-1600, USA) by corona discharge.
The flow rate of ozone stream was controlled by a mass-flow controller
and continuously introducing into the reactor at a flow rate of 4,000+ 23

mL/min.

Oscilloscope

2512°C

Temp.

Controller

% Hgod

TR

Fig. 3-3. Schematic diagrams of ozonation system (semi-batch Pyrex

O, generator

glass reactor, mixer, online monitored sensors (pH, ORP

and DOs), oscilloscope, water bath and O3/O, generator)
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Table 3-3. The equipment of ozonation system.

Equipment

Specification and Operation Conditions

Digital storage Oscilloscope

(Yokogawa, OR100E, Japan)

Channel: Four channel
Frequency: 60 MHz
Scan rate: 1 Gs/S

Data collected: 16,000 data storage per
second

Water bath
(RCB 60, Taiwan)

Temperature range: 4~100°C
Inner diameter: W350x D450x H500 mm
Power: 220V, 60 Hz, 15A

Ozone generator

(AirSep Corp., KA-1600, USA)

Flow rate: 5,000+ 41 mL/min

Ozone production: 0-16 g/hr (Max)
Ozone concentration: 10-60 g/m3 (Max)
Oxygen demand: 2~12 L/min

Outer diameter: W430xD410xH178 mm
Power: 110 V, 60 Hz, 2.5 A

Nitrogen separator
(oxygen generator)

(AirSep Corp., KA-1600, USA)

Flow rate: 2~5 L/min
Outer diameter: W380xD400xH710 mm
Power: 110V, 60 Hz, 4 A

Mixer

(Shin kwang, DC-1S, Taiwan)

Rotationl Speed: 80~1,150 rpm
Torque: 2.5 kg/cm

Motor: 100 W

Power: AC 110/220 V, 50/60 Hz
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3.5 Analysis method
3.5.1 Analysis of catalyst

The properties of the catalyst (hysteresis curve, shape, structure,
crystalline phase, surface composition and elemental analysis) were
analyzed by the precision instrument (SQUID, TEM, SEM and EDS ) of
the National Science Council (NSC) in National Cheng Kung University.
Zeta potential of particles was analyzed by the zeta potential and

submicron particle size analyzers (Beckman Coulter Delsa™Nano C).

TABLE 3-4. Analysis instruments of the catalyst (Fe;04/SiO,/Ag).

Instrument Function Country

Superconducting Quantum
Interference Device Vibrating
Sample Magnetometer
(SQUID VSM)

Hysteresis curve USA

Transmission Electron Microscope Shape and structure Japan
(TEM, JEOL JEM-1400)

High Resolution Scanning Electron  Crystalline phase, Japan
Microscope and Energy Dispersive  surface composition,
Spectrometer and elemental analysis
(HR-SEM and EDS, HITACHI

SU8000)

Zeta Potential and Submicron Measure particle size USA
Particle Size Analyzers and zeta potential of

(Beckman Coulter Delsa™Nano C)  particles
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3.5.2 Analysis of humic acid

The content of NOMs was based on the mineralization of dissolved
organic carbon (DOC) and reduction of UV absorbance at wavelength
254 nm (UV,s,) (unsaturated and aromatic carbon contents). UV,54 Was
measured with a spectrophotometer (U-2800A, Hitachi, Japan) and DOC
was determined by a wet oxidation TOC analyzer (1010W, Systematic,

Taiwan).

Table 3-5. The instrument and reagent for analysis of humic acid.

uv Absorbing (UV254)

Instrument Function Country
UV/Vis Double Beam Quantity of double bond Japan
spectrophotometer organic matters

(Hitachi U-2800A)

Dissolved organic carbon (DOC)

Instrument Function Country
Total organic carbon Quantity of dissolved organic Taiwan
analyzer carbon

(Wet Oxidation-TOC)
(1010W, Systematic)

Reagent Cas/Catalog/HS  Makers Country
number

Sodium persulfate 7775-27-1 Merck Germany

(Na,S,0s)

Phosphoric acid 7664-38-2 Merck Germany

(HSPO4)

Potassium hydrogen 877-24-7 Merck Germany

phthalate (KHP)

Sodium carbonate 497-19-8 Merck Germany

(N&zCOg)

Stock solution: 2.128 g KHP in 1 L reagent water (1,000 mg C/L)

Calibration Equation (2011.11.16):
y = 15217x + 3449 (R*= 0.999), MDL: 0.06 mg/L (n = 3)
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3.5.3 Analysis of hydroxyl radical scavengers

The HPLC system with reverse phase column for the
chromatographic analysis is consisted of a PU-980 type pump (Jasco Co.,
Japan) and an UV-975 type detector and. The column is a Pharmacia
C,-Cyg URPC column ST 4.6/100 (5 um, 4 mm ID x 15 cm) with and
volume of 1.66mL. For all HPLC analysis , the elution solution
consisted of methanol and deionized water (V/\VV=70:30) was used with
flow rate of 0.5 mL/min. The absorbance of coumarin and
7-hydroxycoumarin were measured at wavelength 320 nm, which was

chosen due to obtain the maximum sensitive detection.

Table 3-6. The instrument and reagent of analysis of hydroxyl radicals

scavengers.
Instrument Specification and Operation Conditions
High performance liquid Detector: UV-975
chromatography Pump: PU-980
(HPLC, Jasco Co., Japan) Column: Pharmacia C,-Cyg pRPC column
ST 4.6/100
Colum volume: 1.66 mL
DI water flow rate: 0.5 mL/min
Filtration: 0.45 um membrane
Injection loop: 300 pL
Reagent Cas/Catalog/HS Maker Country
number
Methanol (CH3;OH) 67-56-1 Merck Germany
Coumarin (CyHgO,) 91-64-5 Merck Germany
7-hydroxycoumarin 93-35-6 Merck Germany
(CoHeO3)
tert-Butyl alcohol (TBA) 75-65-0 Merck Germany

Calibration equation of coumarin (2012.6.15):

y=1.29x10x - 6.01x 10, R* = 0.999, MDL = 0.04 mg/L (n=7)
Calibration equation of 7-hydroxycoumarin (2012.6.15):
y=4.03x10°x-1.823x10, R? = 0.999, MDL = 0.01 mg/L (n=7)
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Chapter 4 Result and Discussion

4.1 Characterization of the assembled and reused catalysts

TEM and SEM images of assembled catalysts (Fe;04/SiO,/Ag) are
presented in Figs. 4-1to 4-4. It can be clearly seen that these
nanoparticles have observed as well-shaped spherical. The average
diameter of the Fe;04/SiO,/Ag nanoparticle is around 20-25 nm. In
addition, the catalyst after ozonation remained the same spherical
structure and particle size. Elements of qualitative and semi-quantitative
analysis of catalyst by EDS is shown in Tables 4-1 and 4-2. The atomic
percentage of O, Si, Fe and Ag are 79.09, 11.31, 7.95 and 1.65,
respectively. Even after the ozonation, the atomic percentage of the
particles did not change significantly (O, Si, Fe and Ag are 74.06, 9.03,
15.29 and 1.62%). The results of TEM, SEM and EDS indicated that
the assembled catalyst are with good chemical stability. The
field-dependent magnetizations of various composite spheres (i.e., FesOy,
Fe;04/Si0; and Fe;0,4/Si0O,/Ag ) were analyzed by using SQUID. Fig.
4-5 shows that all the structure (FesO,4, Fe304/Si0, , Fes04/SiO,/Ag and
Fes04/SiO,/Ag (reuse)) presented the superparamagnetic phenomenon at
room temperature (25°C) and the magnetization are about 77.2, 47.6, 31.7
and 25.4 emu/g. Comparison of previous studies (Feng et al., (2010), Li
et al., (2010), Wang et al., (2010) and Lu, (2011)), the particles
synthesized (Fe;0,4/SiO,/Ag) in this study are with higher magnetization
and smaller particle size than previous works (Table. 4-3), which means a

better recovery and dispersion in the system.
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Reduction of the saturation magnetization is due to the metal on the
catalyst surface are makes the dipole interaction decreased. Fig. 4-6
indicated the catalysts with good dispersion in water and can be easily

recovered using magnets.
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Fig. 4-1. TEM images of catalyst (Fes04/SiO,/AQ).
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Fig. 4-2. TEM images of catalyst (Fes0,/SiO,/AQ) after ozonation.
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NCKU 15.0kV x100k SE(UL)

Fig. 4-3. SEM images of catalyst (Fe304/SiO,/Aqg).

NCKU 15.0kV x100k SE(UL)

Fig. 4-4. SEM images of catalyst (Fe30,/SiO,/Ag) after ozonation.
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Table 4-1. Elements of qualitative and semi-quantitative analysis of
magnetic catalyst.

El AN  Series unn.C norm.C Atom.C Error
[wt. %] [wt. %] [at. %] [wt. %]
O 8 K-series 28.90 57.38 79.09 4.8
Si 14 K-series 7.25 14.40 11.31 0.4
Fe 26 K-series 10.14 20.14 7.95 0.5
Ag 47 L-series 4.07 8.07 1.65 0.2
Total: 50.36 100.00  100.00

4.0—: cp:
3.5
2.05
253
203
1.53
1.05
0.53

D.D_|||||||||||||||||||||||||||||||||||||||||||||||

Table 4-2. Elements of qualitative and semi-quantitative analysis of
magnetic catalyst after ozonation.

El AN  Series unn.C norm.C  Atom.C  Error
[wt. %]  [wt. %] [at. %] [wt. %]
O 8 K-series 49.42 48.03 74.06 6.4
Si 14 K-series 10.57 10.28 9.03 1.2
Fe 26 K-series 35.62 34.62 15.29 0.5
Ag 47 L-series 7.27 7.07 1.62 0.3
Total: 50.36 100.00 100.00

225
203
183
163
45 o
125 S Ag Fe
10
83
53
43
23
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Fig. 4-5. Field-dependent magnetization hysteresis of (a)Fes;0,,

(b)Fe304/SiO,, (c)Fes04/SiO,/Ag and (d) Fes04/SiO,/Ag (resue)
at 25°C.

Fig. 4-6. Photographs the respective catalyst dispersed in water (a)

with and (b) without external magnetic field.
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Table 4-3. The comparison of magnetic particles in different references.

Reference Particle structure Particle size  Magnetization
(nm) (emu/g)

Feng et al. Fe304/Si0,-GPTMS-Asp-Co 215 15.0

(2010)

Li et al. Fe304/Si0,/Au 130 17.1

(2010) Fe304/Si0,/Au-Ag 470 15.0

Wang et al. Fe;0,/Si0,/PbS 545 26.0

(2011)

Lu Fe304/Si0,/Co 110 6.3

(2011)

This study Fes04/Si0,./Ag 25 31.7

(2012)
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4.2 The mechanisms of silver magnetic nanoparticles catalytic

ozonation

In this study, in order to investigate the catalytic ozonation
mechanisms of decompose NOMs, coumarin (COU) was selected as
target compound to conduct the following study, while TBA will be
adapted to compare the effect with coumarin. The catalyst was a
modified magnetic silver magnetic nanoparticles (Fe;04/SiO,/Ag), which

can easily be recovered under magnetic condition.

Coumarin is one of the effective free radical scavengers, which can
be used to catch and measure the oxidation capability in ozonation
reaction. Subtract the overall ozonation to the ozone direct reaction, it
can obtain ozone indirect reaction. Normally, coumarin may react with
free radical and generate 7-hydroxycoumarin as intermediate, therefore it
be used as the probe molecule to measure the amount of free radicals in
system. Among all, tert-Butyl alcohol (TBA) also is one of the famous
« OH scavengers and with a high reaction rate (6x10° M'S™) (Ikhlaq et
al., 2012). In ozonation process, the excess amount of scavenger may

trap all « OH and push the system toward ozone direct reaction.
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4.2.1 Zeta potential and pHpzc of catalyst

In the heterogeneous catalytic ozonation systems, pH is the most
important factor which will not only affect the decomposition of ozone
but also determines the reaction of the catalyst surface. When pH of the
solution is higher than pHpzc of catalyst, the surface of catalyst is
negatively charged (no surface hydroxyl groups present). While pH of
the solution is lower than pHpzc of catalyst, the surface of catalyst is
positively charged, and pH of the solution is equal to pHpzc of catalyst,

then the surface of catalyst is neutral.

As shown in Fig. 4-7, the zeta potential of silver magnetic
nanoparticles (Fe;0.4/SiO,/Ag) decreases from 27.67 to -57.92 mV with
the pH value increasing from 3 to 11, indicating that the surface charge of
silver magnetic nanoparticles changes from positive to negative. The
PHpzc Of silver magnetic nanoparticles is found to be 3.8. The catalysts
used for heterogeneous catalytic ozonation were listed in Table 4-4. The
PHpzc Were obtained between 1.8 to 9.8, while in this case a pHpzc 3.8
was found in this study. Previous studies have confirmed that the
catalytic ozonation is only suitable in the aqueous solution at acidic
conditions. However, the reaction of ozone with organic matter on the
catalyst surface will also affect the degree of organic matter removal.
Therefore, the smaller pHpzc value of catalyst, not only the more
conducive to catalysts react with ozone, but also suitable for the catalytic
ozonation. Due to the pHpzc value of Fe304/SiO,/Ag is 3.8, the results
show that the Fez0,/SiO,/Ag is more suitable than the other catalysts

(Table 4-4) in catalytic ozonation.
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Fig. 4-7. The zeta potential values of Fe;0,4/SiO,/Ag (pH 3, 5, 7,9 and 11)

and with pHpzc of 3.8.

Table 4-4. The pHpzc of catalysts used for Heterogeneous catalytic ozonation.

Reference Target pollutant catalyst PHpzc
Lietal. Pyruvic acid CeO, 6.3
(2011) PdO/CeO, 5.4
Pocostales Pharmaceuticals v-Al,O3 (Alcoa Inc., 8.1
et al. (2011) (Sigma—Aldrich Inc.) USA).
C0304/A|203 7.9
Lu Humic acid Fe;0./Si10,/Co 1.8
(2011) (Aldrich Chemistry)
Sui et al. Ciprofloxacin MWCNTSs (Shanghai 4.7
(2012) (NICPBP, China) ANT, Co., Ltd.)
MnOX/MWCNT 4.2
MnOx 3.9
Guzman-Perez  Atrazine AC (Norit, Alfa Aesar) 9.8
et al. (2012) (Sigma—Aldrich Inc.) AC (F-400, Calgon 9.3
Carbon Corp.)
This study Humic acid Fe;04/Si0,/Ag 3.8

(2012)

(Aldrich Chemistry)
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4.2.2 Catalytic ozonation of coumarin

Catalytic ozonation of coumarin has been used to differentiate
between radical and non radical reaction. Due to the reaction of
coumarin with « OH will produce specific intermediate
(7-hydroxycoumarin) (Ikhlaq et al., 2012), therefore the amount of
7-hydroxycoumarin generation can be used to indicate the content of the
« OH. Catalytic ozonation experiments were conducted at T=25°C in a
semi-batch reactor. The pH of coumarin solution was adjusted to 3, 5, 7,
and 9. Coumarin solution (100 mg/L) was transferred to the reactor
containing 50 mg/L of the catalyst (FesO4/SiO,/Ag) and was stirred (at

500 rpm) over a period of 30 min.
4.2.3 Effect of pH

The pH of the solution will affect the reaction of ozone in water.
At low pH cases, the removal rate of both ozone alone and ozone with
Fes04/Si0,/Ag have higher value than those at high pH cases (Fig. 4-8).
While the coumarin removal rate have highest value of 98% of ozone
alone and 78% of ozone with Fe;0,/SiO,/Ag at pH 3 (Fig. 4-8 a). This
is due to massive ozone self-decomposition at high pH cases (Nawrocki
and Kasprzyk-Hordern, 2010), caused the coumarin removal rate lower

than low pH cases.
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4.2.4 Effect of catalyst doses

The presence of Fe304/SiO,/Ag caused the coumarin removal rate
reduction at all pHs cases (Figs. 4-8a to 4-8d). This is due to ozone is
decomposed by Fe;0,/SiO,/Ag leading to « OH generation. The more
coumarin removal implies the more ozone in the reactor, while the more
7-hydroxycoumarin generation indicates the more « OH exists.
Comparing the generation of 7-hydroxycoumarin under pH 3, 5 and 7, the
Fes04/SiO,/Ag improve the production of 7-hydroxycoumarin than those
without Fe;0,/SiO,/Ag cases (Fig. 4-8a’, 4-8b’ and 4-8c’).  This results
shows that the Fe;0,/SiO,/Ag can increase the « OH generation. While
due to the strong ozone self-decomposition at pH 9, leading to
Fes04/Si0,/Ag and coumarin complitively grab « OH. Therefore, the
effect of the catalyst is inhibited, making the generation of

7-hydroxycoumarin reduced (Fig. 4-8d").
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Fig. 4-8. The coumarin removal (a) pH 3, (b) pH 5, (c) pH 7 and (d) pH 9
and 7-hydroxycoumarin generation (a") pH 3, (b") pH 5, (c") pH
7 and (d") pH 9 in the catalytic ozonation under various pHs
with and without catalyst (O; concentration of 0.6 mg/L, COU
and TBA both of 100 mg/L, catalyst doses of 50 mg/L of
Fe;04/Si0,/Ag and T=25°C).
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4.2 5 Effect of TBA

By comparing the difference of 7-hydroxycoumarin generation
between ozone alone and ozone with catalyst, Fe;04/SiO,/Ag is most
effective at pH 5 (Fig 4-8). In order to further verify the presence of «
OH, 100 mg/L of TBA was added into catalytic ozonation system at pH 5.
In other words, the presence of TBA will give priority to consumption of
« OH, leading to reduced the reaction of coumarin with « OH in the
catalytic ozonation system. Fig. 4-9 indicates the 7-hydroxylcoumarin
profiles under different operation cases: ozone, ozone/catalyst,
ozone/TBA, ozone/catalyst/TBA, under initial pH of 5, O3 concentration
of 0.6 mg/L, coumarin of 100 mg/L, catalyst dose of 50 mg/L and
T=25°C. The Fe;04/SiO,/Ag may enhance the decomposition of ozone
and come out more « OH than the system without it. While the dose of
scavenger may catch free radical and reduce the output of
7-hydroxycoumarin. Among all, the system ozone/TBA came nothing
7-hydroxycoumarin out due to non « OH was found in the reactor, i.e.,
excess TBA caught all « OH. In the ozone only system, it came out
some 7-hydroxycoumarin found in Fig. 4-9. It implies there are some «
OH in the system and generate the intermediate. While system
ozone/TBA , the excess TBA consumed all « OH s in the system, i.e., no
indirect reaction occurred, therefore no 7-hydroxycoumarin was found in
it.

The sole ozone and ozone/catalyst systems indicating a significantly
difference of 7-hydroxycoumarin intermediate due to the 50 mg/L Ag

catalyst reaction. The similar difference between ozone/catalyst/ TBA
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and ozone /TBA also found in Fig. 4-9. Theoretically, the Ag catalyst
may decompose ozone to generate « OH, i.e., the more « OH s in reactor,
the more 7-hydroxycoumarin came out. The intermediate
7-hydroxycoumarin indicates the indirect reaction capability taking place
in the ozone with catalyst system and with the trend of ozone /catalyst >

ozone/catalyst/ TBA> ozone> ozone /TBA.

The online ozone monitor profiles for coumarin/ozone,
coumarin/ozone/catalyst, coumarin/ozone/TBA and
coumarin/ozone/catalyst/TBA were shown on Fig. 4-10. Since TBAis
another scavenger, which can catch « OH in the reaction and brought the

aqueous ozone level to as low as 0.2 mg/L in the system.
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Fig. 4-9. Formation of 7-hydroxycoumarin as a result of COU and TBA
in the catalytic ozonation (initial pH of 5, O3 concentration of
0.6 mg/L, COU and TBA both of 100 mg/L, catalyst doses of
50 mg/L and T=25°C).
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Fig. 4-10. Online aqueous o0zone concentration during catalytic
ozonation system, (a) deionized water, (b) ozone/coumarin,
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catalyst doses of 50 mg/L and T=25°C)
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4.2.5 Reuse of the catalyst

In order to investigate the Fe;0,/SiO,/Ag reusability, the ozone
decomposition experiments were conducted in deionized water at T=
25°C, catalyst dose of 50 mg/L and recovery Fes04/SiO,/Ag with magnet
(because the particles are magnetic materials). The results (Fig. 4-11)
showed that Fe;0,4/SiO,/Ag recovery after five times still retains the

ability of ozone decomposition.
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Fig. 4-11. Reusability of Fe;0,4/SiO,/Ag to decompose ozone (T=25°C,
initial pH of 5, O; concentration of 0.6 mg/L, catalyst doses

of 50 mg/L, Fe;04/SiO,/Ag for reuse 5 times).
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4.3 Catalytic ozonation of humic acid

To degradation of natural organic matters (NOMSs) with catalytic
ozonation, humic acid (HA) was used in this study. The typical
molecule structure of humic acid is a mixture of aromatic nuclei with
phenolic and carboxylic substituents (Chang, 2010). HA can be
analyzed by spectrophotometer (U-2800A, Hitachi Co., Japan) at
wavelength of 254 nm. While dissolved organic carbon (DOC)
concentration can be used to indicate the degree of mineralization of

organic matters (Roccaro and Vagliasindi, 2009).
4.3.1 Degradation of humic acid and effect of pH

Ozonation experiments were conducted at 25°C in a semi-batch
reactor. The pH of HA solution was adjusted to 4, 7 and 10 (acidic,
neutral and alkaline conditions). Initial HA solution of 20 mg/L was
stirred (at 500 rpm) over a period of 30 min. The removal rate constants
(Table 4-5) indicated that with the increase pH of the solution will
promote the ozone conduct indirect reaction (radical-type reaction),
which means the removal rate constant of HA will be increased.
Compare to ozone, the removal rate constant increase in the pH 4, while
in pH 7 and 10 both are decreasing. This is due to the
self-decomposition of ozone with the pH 7 and 10 (Fig. 4-12). In this
case, ozone decomposed to « OH, which occupied the surface of catalyst
and interfere the oxidation. Hence a reduction of HA removal was
found in high pH case (Li et al., 2011). Itis also indicated that in
contrast to ozonation alone system, the catalytic ozonation allows the

effective formation of « OH at a low pH (Nawrocki and
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Kasprzyk-Hordern, 2010).

Table 4-5. The first-order HA removal rate constant in catalytic ozonation

under various pH cases: 4, 7 and 10.

Ozonation system pH Kq (s R?

Ozone 4 6.0x10™ 0.881
Ozone/catalyst* 4 8.0x10™ 0.992
Ozone 7 1.0x10® 0.958
Ozone/catalyst* 7 8.0x10™ 0.866
Ozone 10 1.2x10° 0.980
Ozone/catalyst* 10 7.0x10™ 0.863

Catalyst*: Fe;04/SiO,/Ag (50 mg/L)
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Fig. 4-12. Online aqueous ozone concentration profiles during
ozonation under various pH cases: (1) 4, (2) 7 and (3) 10

(HA of 20 mg/L, O3 concentration of 1.6mg/L and T= 25°C).
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4.3.2 Effect of catalyst doses

Catalytic ozonation experiments were conducted at 25°C in a
semi-batch reactor. The initial HA solution of 20 mg/L was transferred
to the reactor containing 0, 5, 25 and 50 mg/L of the catalyst and was
stirred at 500 rpm over a period of 60 min. Fig. 4-13 indicated the
highest HA removal rate constant is at the 50 mg/L of catalyst dose case.
Normally, the catalyst in the system used to decompose of ozone for
generate free radical and enhance the oxidation capability. While in
high dose (100 mg/L) of catalyst, since there are not sufficient ozone in
the system, therefore less free radical came out than normal case,

therefore it cannot obtain high removal rate constant (Kg).
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98] E= (W] [e)]

=
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catalyst doses (mg/L)

Fig 4-13. HA removal rate constants of catalytic ozonation (initial pH of
4, O3 concentration of 1.6mg/L, initial HA of 20 mg/L, catalyst
doses of 5, 25, 50 and 100 mg/L and T= 25°C).
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4.3.3 Mineralization rate of humic acid

The mineralization rate of HA could be analyzed by TOC analyzer.

Catalytic ozonation experiments were conducted at T=25°C in a

semi-batch reactor. Initial HA concentration of 20 mg/L was transferred

to the reactor containing 0, 5, 25 and 50 mg/L of the catalysts and stirred

at 500 rpm over a period of 30 min.  The results (Fig. 4-14) showed the

mineralization rate of catalytic ozonation was more effective than

ozonation alone, while the similar results were also observed in a

previous study (Chen et al., 2011 and Sui et al., 2012). This is because

ozonation alone on organic matter mineralization capacity is limited,

while the catalytic ozonation can mineralize the organic matters based

upon the DOC profiles.
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Fig. 4-14.
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catalyst dose (mg/L)
Mineralization rate of HA based on DOC by ozonation and
catalytic ozonation (initial pH of 4, O3 concentration of
1.6mg/L, initial HA of 20 mg/L, catalyst doses of 0, 5, 25, 50

and 100 mg/L and T=25°C
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4.3.4 Kinetics of the decay of aqueous ozone

Agueous ozone decay was investigated in deionized water in the
semi batch reactor. Experiments was conducted at pH 4 (in order to
inhibit the strong self-decomposition of ozone). A solution of ozone
was prepared in water by introducing ozone (until a saturation
concentration of ozone of 1.6 mg/L) in semi-batch reactor. A 0.05¢/L of

Fes04/Si0,/Ag catalyst was stirred at 500 rpm over a period of 30 min.
Table 4-6 indicated the first-order ozone decay rate constants in

several ozonation systems. Based upon the first-order kinetics, the Ky

values were 4x10™ s™ for ozone alone and 7x10™ s for catalytic

ozonation in this study, it also indicates the K4 value of Fe;04/SiO,/Ag is
1.75 times than that of ozone alone system. The dose of Fe;0,4/SiO,/Ag
of 0.05 g/L is much lower than other catalysts (Table 4-6), however, the

Kg value is only less than the FeOOH of 9.3x10* s*.  The results

showed that Fe;0,/SiO,/Ag is an economical and efficient catalyst.

62



Table 4-6. The comparison of the first-order ozone decay rate constants
in different ozonation system with deionized water.

Reference pH Ozonation system Oscon.  Catalyst K4
(mg/L) dose (g/L) (s
Park 4 O 2 - 4.2x10™
etal., 4  O4/FeOOH 2 2 9.3x10™
(2004)
Lu (2011) 4 O 1.6 - 4.0x10™
4 Oy (Fe;04/Si0,/Co) 1.6 1 5.0x10™
Ikhlag 3 0O 15-3 - 3.8x10™
etal., 3 Oy/Alumina 153 5 6.1x10™
(2012) 3 0,4/Z25H 153 5 5.2x10™
3 0,/Z1000H 153 5 4.6x10™
3 04/Z25Na 153 5 4.7x10
3 0,/Z900Na 153 5 4.5%x10*
Thisstudy 4 O 1.6 - 4.0x10™
(2012) 4 Oy (Fes04/SiO./Ag) 1.6 0.05 7.0x10™
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Chapter 5 Conclusions and Suggestions

5.1 Conclusions

1. The catalyst (Fe;04/SiO,/Ag) synthesized in this study presented the
superparamagnetic phenomenon (easy to disperse and recovery). The
average diameter of the Fe;0,4/SiO,/Ag nanoparticle is around 20-25

nm and high magnetization of 31.7 emu/g.

2. Fe30,4/Si0O,/Ag nanoparticle is an effective catalyst for the
decomposition of ozone in catalytic ozonation. The generation of
intermediate (7-hydroxycoumarin) were indicated the effects of
hydroxyl radicals on catalytic ozonation. While the presence of TBA
(hydroxyl radical scavengers) can effectively use to differentiate

between radical and non radical mechanisms.

3. The HA removal rate constant of 6.5x10™ (s™) of catalytic ozonation,

which great than is 2.9x10™ (s™*) of ozonation at pH4 (reaction time of

60 min). The mineralization rate of 27.1% of catalytic ozonation was

more effective than 9.8 % of ozonation alone.
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5.2 Suggestions

1. Composite magnetic metal catalysts can be effective decomposition of
ozone, while the combination of support and metal will determine the
catalytic efficiency. Therefore, in order to enhance the effect of
catalytic ozonation, it can attempt to coated variety of metals on the

support surface.
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I. Particle size analysis
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