Fe iS4 P FRELERL L8
FL =
Department of Agricultural Chemistry

College of Bioresources and Agriculture

National Taiwan University

Master Thesis

Ll S BRI S R
kBT RE GR AR R T ek 2 Al
The effect of halide ions on the aggregation of TiO,
nanoparticles and photocatalytic degradation of

sulfamethoxazole

E

Yi-Hsuan Lin

#13 Wi iwixn 4
Advisor: Yang-hsin Shih, Ph.D.

S EAF 107 & 7

July 2018

doi:10.6342/NTU201802870



FAREMRFRE TRLEL W F LA 2RI EEPR
PR BRAPE P AARGYEFE T AR [ELTREF RN LR
PR E R F f (7 AL Y IR e 0 BT T B LB 5 S R
ToonAGIIR k) RS AR F R ih2 (B (e
RAFT O o o SRR T DU WEE > FAP - A2d @k

-~

FHRMPA FF L 25 - BE R A RY

“r'

cERE T U E R
o H N o A X RSB R § BEREER 2 B ARARET 0 0 %
?ﬁﬁﬂﬁm%*%%ﬁ§$ow*mvmm$*$@%iﬁm#%*é& © R
BRI E R aEIE R R N E P AR B AR L ST R 2 FE
DA A A KR - 2 S o

BAHEAH19a £ AFPE L A1 FRHEIELZ FEF R
I RERE LN R R R IR TR X AT RS A LR aud
REFRDLE 2w BB AT (R

EHARET) S HHELEREFY v REL W F L A F
£ oRama > 2@ S E W FTREEL 2 BFYUE I FHE R FEYH

#-\\ p/)gz NECAL N TE; N ]’i#‘ff’ Hepsiba Tl E § ;;;i;kpg P/ /N R

g

Bk R F FHE AT EOR Y R G F k) ofe o Sk
LRFHRELBERME LRY S g 4 o LREHFEORL > - BAKRAP
AR - AT B ol W R o BB APIOE R A Y AR
ABA R k- g |

RHANC2 I 5 0Pt F R AL ESHZBE 238 EHFTT o B
P §r gt o DI g B AL B E F A B 5 A RGBT SR

Pz AL A RS R E o

doi:10.6342/NTU201802870



&

Ay "= ® ek ek (Sulfamethoxazole » SMZ) 8 _— &3 A 55 5 & 4~ %5}% ¥ rehgd & oo
SMZ it ke s £3 % 0 AP #hFEAFRGTE 2 F B RILS 20
A2 - o R E ARG B pnE B0 SMZ cho ke - o B S F
4x(titanium dioxide, TiO2) & F 3k i &£ A| 2 &5 F B4 ok B 2 4 - #
LR gy BHORET OTIO 2 NS A REFLTER

FoERm RO AR FE LA BT T g EME R T o Ra ATy

JASMZ 2. s K2 fe 2 f > HINEFRGER A a g o Kehkp2 |
f6 2 P25 ¥ 11 "% 2 75%<H SMZ > @ % i 3¢ 3 100 mM NaBr pF > & fg 45 4 45
¥ "} f% 95%¢ SMZ > H "} f2 F ik ¥ #ic: 0.0636 min™t > 1 P25 g ¥ Kk
0.0104 min™ % 6 & o F|p A& 5 ehp A B2 TiO, &7 iE 2 7 % 12 SMZ ih
BERL O BFEHAET T N F B LI TiOy k B 5 172 SMZ a1 > 735
NV R B2 MER R Flo EM X RS TS5 kA TR RFBT R T F
I > P25 + 100 mM NaBr eje b H & fg vt P25 #frds £ % > o1 NaBr iBig F

Jechkh FIEE k4 %k 7 BE o 02 coumarin fe coumarin-3-carboxylic acid (CCA) 4 %]
BlRIR R Y foif TiO, % & e»OH » % P25 chie | ¥ 7 jp| 5|t & f8.0H - fe % 4
" £ 3 NaBr g8 > Bl @2 R 3/OH > 27 Br+ ¢ £2«OH % 4 & & -

N,N-diethyl-p-phenylenediamine (DPD) ¢ 2% % %% # 7 P25 + NaBr % ¢ L&
i AT EMERSe Y b kY Ty 5 Brp A2 o d 2 Brp §
2 cyclohexene » & # # dibromocyclohexane » = ¢ £2 Brx A& 4 Bry > @ % it
PR NMRIEN A EAY  BFF BEAY AL B oV AT A

NaBr éffin™ > Brezst 4 2 F foOH & b A 4 Broitam 2 4 H & Fpdd fb

¢ 7 Broy XiEiE TIO, "% f2 SMZ> & ot F 7 e #F2 & TiOy &5 o« AF 7 ¢ 5

doi:10.6342/NTU201802870



W - AL Br i34 & P25 £ & > @ b AT SMZ ek it FE 2. 5 R
B X 2 0 DPD 2 s ¥ OMRIE BRI M or WAk R BBt g o
w14 allyl alcohol (AA) % % & B+ 3 8 (+OH ~ *Br Eﬁ)mjrp“i&j‘ » tertiary
butanol (t-buOH) 5 i3 i% @ E 423 F 83 g i S @ » P25 chk LIV F 5§ § 44
el o 2 AR R AT 0 B Ak i? 75 NaBrpF o e » AAchkE B¢ 5 224 P
Bpendrd|ia) 0 @ 4o » t-DUOH R 5 € fliledrdl 7 & P 2 0 FLF e
HE & 2o B {800 HPLC-MS 2 47 & £ > & Tk 5o ¢ 5 & SMZ ehid it A 47
LuHE AFHEARAIEY-BBro VE AFHREEREY 2 BA BREED

jY F A L S SMZ -

BEGEF 1 - F fb4r o BRIV E > BRT cRed o L3S > B SF D A

doi:10.6342/NTU201802870



Abstract

Since the widespread detection of synthetic antibiotics in aquatic environments is
raising public health concerns, there is growing interest in the development of
technologies to efficiently remove these antibiotics. Photocatalysis is a green
technology to treat the wastewater with antibiotics such as sulfamethoxazole (SMZ2),
one of the broad-spectrum antibiotics. Titanium dioxide (TiOz) is the most
well-known and promising photocatalyst. However, in natural water systems, TiO,
may be subject to the deactivation by the presence of inorganic ions, including halide
anions. The presence of halide anions can have both positive and negative influence
on the photocatalytic performance. This study aims to investigate the photocatalytic
degradation mechanism of SMZ in aqueous suspensions of P25, one commercial TiO,,
nanoparticles (NPs) with the addition of halide salts. When there were halide salts in
the solution, P25 aggregated and became larger particle agglomerates, resulting in the
decrease of surface area and active site on the surface, which reduced the
photocatalytic performance of TiO,. Therefore, the addition of NaCl slowed down the
photodegradation rate. However, the photodegradation rate of SMZ by TiO, with the
addition of NaBr increased instead of decreasing. With the addition of 2100 mM NaBr,
the photodegradation efficiency was 95% after 45 min illumination, and reached
equilibrium of 99% removal efficiency at 75 min. The photodegradation rate constant
of P25 was 0.0104 min™, increasing to 0.0636 min™ with the addition of 100 mM
NaBr. Since the increase of degradation kinetics enlarged with the increase of NaBr
concentration, the enhancement of SMZ degradation could be related to the presence
of bromide ions. The degradation of SMZ by P25 was significantly inhibited by allyl

alconol (AA) and tertiary butanol (t-buOH), two oxidant scavengers. The
\Y
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photogenerated holes on the surface of TiO, were consumed by C,0,%, resulting in
the inhibition of SMZ degradation. Under UV irradiation, gradual increases in the
fluorescence of TiO, with coumarin and coumarin-3-carboxylic acid (CCA) were
observed with the UV irradiation time, indicating that the dissolved and surface OH
increased. However, with the addition of NaBr, the generation of both surface and
dissolved *OH was totally inhibited.  Furthermore, the results of
N,N-diethyl-p-phenylenediamine (DPD) test depicted that there were reactive
bromine species generated in the system of P25 with NaBr. By the cyclohexene test,
the production of bromine on the surface of P25 with NaBr was confirmed by
dibromocyclohexane. Some Br™ even reacted with bromine to form Brs". Under UV
light irradiation, Br- was proposed to react with the photogenerated holes of TiO;
or *OH to produce <Br and reactive bromine species, accelerating the
photodegradation of SMZ. Compared to P25, surface brominated P25 (HBr-P25) had
an enhanced photocatalytic performance. Reactive bromine species generated on
HBr-P25 were also detected by DPD method and the cyclohexene test. On the other
hand, in the system of P25 with 100 mM NaBr, the degradation rate of SMZ was
significantly decreased by AA (surface-bound oxidants scavenger), but was slightly
decreased by t-buOH (dissolved oxidants scavenger), thus confirming the importance
of surface-bound oxidants. This enhanced reaction by bromide ions occurred on the
surface of TiO,. Reactive bromine species can react with unsaturated bonds and
electron-rich moieties such as aromatic rings to form halogenated products.
HPLC-MS results showed that there were two halogenated byproducts, mono and
di-brominated derivatives of SMZ, in the photodegradation process of SMZ by P25 in
the presence of NaBr and by HBr-P25.

Keywords: Titanium dioxide, photocatalytic degradation, sulfamethoxazole (SMZ2),

bromide ion, reactive halogen species (RHS)
\%
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Chapter 1 Introduction

Recently, the emergence of antibiotics and their residues in various aquatic
systems has drawn wide attention due to their potential threat to both human health
and aquatic ecosystems. As emerging persistent pollutants, though the concentration
of antibiotics and their residues in the aquatic environment is usually low, ranging
from ng L™ to pg L™, they are believed to be able to raise antibiotic resistance in
microorganisms in the long term. Sulfonamides are one of the most extensively used
antibiotics in human and veterinary medicine, and large amount of sulfonamides finds
their way into the environment every year. Among them, sulfamethoxazole (SMZ) is
the most frequently detected, with concentrations as high as 24.8 ug L™* in wastewater
treatment plant secondary effluent and 940 ng L™* in surface water (Padhye et al.,
2014). As a consequence, an intense research activity has been developed to find out
efficient technologies aimed at removing SMZ from surface water and wastewater.

Photocatalytic oxidation is one of the advanced technologies employed for the
elimination of gaseous and aqueous organic pollutants because of the efficiency in
their mineralization and ideally producing final products as carbon dioxide, water, and
inorganic ions. Widely used semiconductor photocatalyst, TiO,, shows excellent
UV-light photocatalytic activity and has been investigated extensively. TiO; is
attractive due to low cost, high stability, insoluble, safety, resistance to corrosion. Not
only commercial but also self-synthesized TiO, particles generally possess significant
diversities in their crystal structure, particle size and photoelectrochemical
characteristics, which plays a significant role in their photoactivity on organic
pollutants. Particle size also plays an important role in nanocrystalline TiO, based
catalysts chiefly through affecting the electron-hole recombination. Previous studies

1
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reported that the activity of the catalysts is dependent on its particle size and surface
area. Most of them had a conclusion that the smaller particle size of catalyst is, the
higher efficiency and activity it will be as compared to larger particles (Hao et al.,
2002; Zhang et al., 1998). However, Wang et al. (2003) proposed that the role of
interparticle charge transfers in agglomerated TiO, nanoparticles may increase the
photocatalytic efficiency. Therefore, the connection between particle size and
photoactivity of the aggregated nanoparticles needs to be investigated. On the other
hand, ionic strength (IS) and pH also influence the photodegradation of organic
compounds by TiO,. Moreover, natural organic matter (NOM) also affects the
photocatalytic performance of TiO,. Besides, these parameters are also the main
factors affecting particle size of TiO, in many studies. Consequently, it is necessary to
investigate the effect of these environmental factors on the photocatalytic efficiency
of SMZ by UV/TiO, process.

In this study, the photocatalytic degradation of SMZ in water under illumination
of UVA light with one commercial TiO, (Degussa P25) was examined. We also
investigated the effects of two kinds of halide salts (NaCl and NaBr) with different
concentrations, pH and NOM on photodegradation of SMZ under UV irradiation by
P25 aggregated NPs in suspension. To clarify where the effect of halide ions occurred,
we synthesized some photocatalysts doped Br or Cl on the surface of P25. We also
provided the results of photoluminescence of P25 with halide ions which may give an
insight into the relation between electron-hole recombination and halide ions. On the
other hand, in order to elucidate the relation between «OH and bromide ion in TiO;
photocatalytic system, different kinds of scavengers were added to eliminate the
photogenerated hole, surface-bound oxidants and dissolved oxidants. The DPD
method was used to evaluate the concentration of reactive bromine species. The

generation of Br, was confirmed by dibromocyclohexane and Br; tests. The
2

doi:10.6342/NTU201802870



byproducts of SMZ during the photodegradation process were analyzed by HPLC-MS
to further understand the photocatalytic degradation mechanism of SMZ. While TiO,
NPs are spread into the environment, the transformation and halogenation of SMZ
could occur in nature saline surface water under sunlight irradiation. These findings
may have significant technical implications for optimizing the photochemical

technologies in salt-rich wastewater treatment.
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Chapter 2 Literature Review

2.1 Introduction of sulfamethoxazole (SMZ)
2.1.1 The environmental issue of sulfamethoxazole (SMZ)

Antibiotics have been widely used in prophylaxis and therapy of human and
animal diseases and as promoters for animal growth. However, the pollution of
antibiotics in environment is growing worse, which is mainly caused by the abuse and
overuse of antibiotics due to the lack of scientific guidelines. Antibiotics residues in
water and wastewater have brought potential threat to the environment, even in low
concentrations, including antimicrobial resistance to microbes, disturbances and
perturbations in ecosystems, and potential risks to human’s health through drinking
water and the food chain (Gao et al., 2014; Kim et al., 2015).

Sulfonamides, a large group of broad-spectrum antibiotics, have been extensively
used since 1968. Their structures are characterized by a common sulfanilamide group
and a distinct five- or six-member heterocyclic ring (denoted by R in the general
structure). Sulfonamides are widely prescribed to treat human and animal infections.
In bacteria, sulfonamides inhibit folic acid synthesis by competitive inhibition of the
enzyme dihydropteroate synthetase (Zhang & Meshnick, 1991). Although previous
studies demonstrated that sulfonamides are biodegraded in sewage, these processes
are typically too slow to ensure complete elimination from treated wastewater effluent
(Ingerslev & Halling-Sgrensen, 2000; Pérez et al., 2005). As a result, detection of
sulfonamides in aquatic environment has been reported by many researchers
(Kummerer, 2009; Le-Minh et al., 2010; Sun et al., 2009). Among them,
sulfamethoxazole (SMZ) was the most frequently detected, followed by sulfadiazine

(SDZ) and sulfisoxazole (SSX). Due to its polarity and antibacterial nature, poor
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removal of sulfamethoxazole was exhibited during conventional biological
wastewater treatment (Gao et al., 2014; Gonzalez et al., 2007; Michael et al., 2013).
SMZ has been repeatedly detected with concentrations as high as 24.8 pg L™ in
wastewater treatment plant secondary effluent and 940 ng L' in surface water
(Padhye et al., 2014). Previous studies also demonstrated that SMZ cannot be
effectively eliminated during conventional drinking water treatment processes
(coagulation, sedimentation and sand-filtration). Thus, an effective elimination of
SMZ from surface water is very important for protecting human health and ecological

safety.

0
o, 0 '\I'
S\ /K)\
N
H
H,N

Figure 2-1. The chemical structure of sulfamethoxazole (SMZ).

2.1.2 The removal of SMZ by different methods

For better removal of sulfonamides, a lot of advanced water treatment methods
have been investigated, such as membrane filtration (Koyuncu et al., 2008), ozonation,
activated carbon adsorption, microbial dagradation, electrolysis, photoelectrocatalysis
(Su et al., 2016) and photocatalysis (Nasuhoglu et al., 2011; Song et al., 2017;
Xekoukoulotakis et al., 2011). Among which, photocatalysis has recently received
tremendous research attention because it’s eco-friendly and efficient.

Photocatalysis, as one kind of advanced oxidation process (AOP) which has
merits of almost completed degradation and easy to operate, is a green technology to
treat the antibiotic wastewater. Various photocatalysts including CdS, SnO,, WQOs;,

SiO,, ZnO, Nb,O3, Fe,O3 have been studied, and TiO, is the most well-known and
5
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promising among them for its high efficiency, low cost, physical and chemical

stability, widespread availability, and noncorrosive property (Carp, 2004).

2.2 Introduction of titanium dioxide (TiO,)
2.2.1 The titanium dioxide (TiO,)

TiO; has attracted great interest in a variety of applications, including water
splitting, hydrogen evolution and pollutant degradation (Nakata & Fujishima, 2012).
The photocatalytic activity of TiO, has been shown to strongly rely on its phase
structure, crystallite size, morphological characteristic, surface area and pore structure.
TiO; has three main crystal structures, rutile, anatase, and brookite. Anatase is the
most utilized given its abundance and ease of synthesis compared to brookite and its
improved photocatalytic ability compared to rutile. Even though rutile has a band gap
of 3.0 eV and anatase has a larger band gap of 3.2 eV, the former presents lower
photocatalytic performance due to faster electron—hole pair recombination. Several
papers have shown that the mixed phase-TiO,, especially P25, which contains ~70%
anatase and ~30% rutile, has photocatalytic properties that exceed either pure phase

(Hurum et al., 2003).

2.2.2 The principle of photocatalytic degradation

Upon irradiation of TiO, with light energy equivalent to or greater than its band
gap energy, electrons are excited from the valence band (VB) to the conduction band
(CB), leaving the energized holes in VB (h*vg) (reactions 2-1) (Fujishima et al., 2000).
The electron and hole can migrate to the surface of TiO,, where they are trapped by
surface titanol groups (reactions 2-2 & 2-3). However, in competition with the rapid
migration, the recombination of electron-hole pair may happen. This can occur either

in the volume or at the surface of TiO,, releasing input energy as heat and diminishing
6
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the photocatalytic activity (reactions 2-4~2-6) (Ferguson et al., 2005). Before any
chemistry begins, the photonic energy has decayed considerably to the point where
only about 4% (the quantum vyield) of active species are available at the surface to
generate redox chemistry (Serpone, 1995).

The excited electrons in CB (e cg) are trapped at Ti' sites to give Ti"'

centers,
reducing oxygen to form superoxide radical anions (O, ) (reactions 2-7), which may
self-react via disproportionation (reaction 2-14) into H,O, and O, or be further
reduced to yield H,O, (reactions 2-8). Afterwards, e ¢g and <O, can react with H,0,
to produce hydroxyl radicals (*OH) (reactions 2-9 & 2-10). Meanwhile, the trapped
h*vg oxidizes the adsorbed water (H,0) or surface-bound hydroxyl ion (OH") to yield
the surface-bound <OH radical (reactions 2-11 & 2-12). Target compounds can be
oxidized by «O, ", *OH and h*yg to form byproducts, which can be further oxidized to
CO; and H,0. Scheme 2-1 (Dong et al., 2015) depicts the mechanism of the electron—

hole pair formation when TiO; is irradiated with light of adequate energy. The light

wavelength for such photon energy usually corresponds to A <400 nm (UV-A region).

H-0, RH

Scheme 2-1. Schematic diagram illustrates the principle of TiO, photocatalysis with

the presence of water pollutant (RH) (Dong et al., 2015).
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Recombination
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h*ve +=Ti"'OH — =Ti"YOH
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Interfacial charge transfer: reactive oxygen species
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O, +H,0p, — «OH+0OH + 03
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h*vg + H,O — *OH + H”
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(2-2)
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(2-5)

(2-6)

(2-7)
(2-8)
(2-9)
(2-10)
(2-11)
(2-12)

(2-13)

(2-14)

In addition, TiO, surfaces become superhydrophilic with a contact angle of less

than 5° under UV light irradiation (Wang et al., 1997). The superhydrophilicity is

originated from chemical conformation changes of the surface. The majority of the

holes are subsequently consumed by reacting directly with adsorbed organic species

or adsorbed water, producing *OH radicals as described above. However, a small

proportion of the holes is trapped at lattice oxygen sites and may react with TiO itself,
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which weakens the bonds between the lattice titanium and oxygen ions. Water
molecules can then interrupt these bonds, forming new hydroxyl groups (Figure 2-2)
(Fujishima et al., 2000; Nakata & Fujishima, 2012). The singly coordinated OH
groups produced by UV light irradiation are thermodynamically less stable and have

high surface energy, which results in the formation of a superhydrophilic surface.

i -b” i dark H (C)

1 (0]
-+H,0
. (ml o N\
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-(TH20+TOZ)M e SRS i

® H
.0

< ._""(hf)\

».0,- (oo

. H,0

Figure 2-2. Mechanism of photoinduced hydrophilicity (Fujishima et al., 2000).

The widespread use of TiO;is to some extent limited by its wide band gap,
which requires UV irradiation for photocatalytic activation, giving rise to a very low
energy efficiency in utilizing solar light (Shu et al., 2003). Because UV light accounts
for only a small fraction (5%) of the sun's energy compared to visible light (45%), the
shift in the optical response of TiO, from UV to visible light spectral range will have a
profound improvement on the practical applications. Besides the inefficient irridation
of visible light, the practical applications are also consyrained due to the following
limitations: (1) low adsorption capacity to hydrophobic contaminants; (2) high
aggregation tendency; and (3) difficulty of separation and recovery. Moreover, in
natural water systems, TiO, may be subject to the deactivation by the presence of
inorganic ions (Wang et al., 2000), such as halide anions. lons and pH affect the
aggregation, sedimentation and dissolution of TiO,. Natural organic matter (NOM), in
natural water system, also has influence on the photodegradation efficiency of TiO,

9
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NPs. Various parameters affect the photocatalytic properties of TiO, NPs, including

particle size, surface area, ions, pH and NOM, which will be investigate in this study.

2.2.2.1 Effect of particle size

It is generally considered that a good photocatalyst must have high photon
conversion efficiency in addition to high specific surface area. In fact, the particle size
of photocatalysts determines both the specific surface area and the photon conversion
efficiency. Therefore, the particle size can affect the photocatalytic reactivity (Lin et
al., 2006). Smaller particles with larger surface area are likely to result in better
photocatalytic activity because it provides more active sites. Zhang et al. (1998)
reported that TiO, particles at 11 nm presented the highest photocatalytic activity on
the oxidation of CHCI3. Jang et al. (2001) also presented that a higher degree of
decomposition of methylene blue by the TiO, nanoparticles was observed as the
particle size decreased and as the mass fraction of anatase increased. Hao et al. (2002)
compared different sizes of TiO, particles in the photodegradation of rhodanide B,
indicating that the smaller the size of the catalyst, the higher the efficiency and
activity as compared with the larger particles. Maira et al. (2000) found the smaller
crystals of TiO, offer a larger surface area and exhibit higher trichloroethene (TCE)
degradation efficiency.

However, some photocatalytic reactions could be accelerated by large TiO,
particles. Wang et al. (2003) proposed a novel mechanism based on the observation
that three-dimensional TiO, networks indeed exist in aqueous suspensions. The novel
energy transfer mechanism, which is called “antenna mechanism”, is defined as the
energetic coupling throughout a long chain of TiO, nanoparticles that enables energy
or charge-carrier transfer from a particle where the initial photon absorption takes

place to another particle where the charge transfer finally occurs. The
10
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three-dimensional networks can act as antenna systems that improve photocatalytic
activities of aggregated nanoparticles. As shown in Scheme 2-2, even if the target
molecule is adsorbed on a photocatalyst particle at a certain distance from the
light-absorbing particle, the latter can transfer the energy from particle to particle
provided these particles are aggregated and possess the same crystallographic
orientation. Once the energy has reached the particle with the adsorbed target
molecule like methanol, the latter will act as a hole trap thus inducing the separation
of the original exciton. Thus, a long chain of TiO,-particles aligned as shown in
Scheme 2-2 will act as an antenna system transferring the photon energy from the
location of absorption to the location of reaction. The physical and energetic
interconnection among TiO, nanoparticles ensures an enhanced charge separation and

a reduced recombination, which increases the charge carrier diffusion length.

! CHOH/CH.OH

Scheme 2-2. Increased photocatalytic activity through energy/exciton transfer in

aggregated photocatalyst particles (antenna effect) (Wang et al., 2003).

This mechanism has been repeatedly invoked in the literature for justifying the
observed results, such as the oxidation of methanol with mesoporous Au-TiO; (Ismail,
Bahnemann, Bannat, et al., 2009) and Pd-TiO, (Ismail & Bahnemann, 2011), the
hydrogen production by TiO, (Lakshminarasimhan et al., 2008) and the degradation
of dichloroacetic acid (DCA) with Pt-TiO, (Ismail, Bahnemann, Robben, et al., 2009).

Despite the numerous antenna phenomena evidence, the mechanism itself has

not been appropriately tested. Park et al. (2013) investigated the interparticle charge
11
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transfer in the agglomerates of NPs, and found that the presence of bare TiO; as a
mediator that connects Dye/TiO, and Pt/TiO, NPs markedly enhanced the
dye-sensitized production of hydrogen by facilitating the charge separation through
multiple grain boundaries within the agglomerates (Scheme 2-3). The charge
recombination between the oxidized dye and the injected electron was retarded when
TiO, NPs were additionally included within the aggregates. As a result, the
photoexcitation site and the photocatalytic site can be spatially remote.

Antenna effect provides different aspect of the influence resulting from the
particle size on the photocatalytic degradation. Therefore, it is essential to investigate

the effect of particle size on the photodegradation performance of SMZ.

Mediator
nanocluster

Light absorbing
nanocluster

Catalytic
nanocluster

Scheme 2-3. Illustration of TiO, Nanoparticles Aggregate Assembly Employed for the

Dye-Sensitized Production of H, (Park et al., 2013).

2.2.2.2 Effect of pH

Both acidic (Ramjaun et al., 2011; Zhang et al., 2011) and alkaline (Jia et al.,
2012) conditions have been reported to improve degradation efficiencies of different
organic compounds. The pH is an important factor in the photocatalytic reactions as it
influences surface charge and agglomeration of catalyst suspension, speciation of
organic compounds, and degradation pathway. (Soji¢ et al., 2009; Su et al., 2016).

12
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SMZ, the target organic compound in this study, contains one basic amine group (—
NH;) and one acidic amide group (-NH-) and therefore it has two pKa values,
namely pKa = 1.83 and pK,, = 5.57. The acid-base dissociation equilibrium of SMZ
is illustrated in Figure 2-3. As shown in Figure 2-3, Kg; is the dissociation constant for
the equilibrium between the positively charged, protonated amino group of SMZ and
its electrically neutral conjugate base, while Ky, refers to the equilibrium involving the
loss of the sulfonamide proton to yield its negatively charged conjugate base (Dodd &
Huang, 2004; Lin et al., 1997). Therefore, at pH values below pK, and above pKj,
the positively and negatively charged forms of SMZ prevail, respectively, while at pH

values between pKg; and pKy, SMZ exists predominately in its neutral form.

N-O N-O -0
0, -0 0, .0 0, -0
S50 L pcHy Ko 5520 M pch, ez 522 M_p~ch,
ISR I o

+ H+

H;N H,N H,N

Figure 2-3. Acid—base dissociation equilibrium of SMZ (Xekoukoulotakis et al.,
2011).

Due to amphoteric behavior of TiO, nanoparticles suspended in aqueous solution,
the effect of solution pH on degradation rate of the compound depends on the
acid-base properties of the particle surface and can be explained on the basis of the
point of zero charge (pHzpc) (Sin et al., 2012). TiO, has a pH,pc between 5.6 and 6.8
(Kosmulski, 2011).When the pH is lower than its pHg,, the TiO, surface gets a
positive charge due to protonation, which is conducive for e ¢, to transfer to the TiO,
surface. When the pH is higher than its pHy, the surface of TiO, is negatively
charged, which is conducive for h*,, to move to TiO, surface. In other words, the
highest photocatalytic reaction rate could occur in the solution with lower or higher

pH that inhibits e ¢, and h*y, from recombination (Jia et al., 2012).

13
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TiOH + H" <> TiOH," (for pH < pHpc) (2-15)
TiOH + OH™ & TiO™ + H,0 (for pH > pHzyc) (2-16)
For some organic compounds, the acidic conditions were favorable for the
photocatalytic degradation reaction. As for the photodegradation of phenol with
immobilizd TiO,, the rate constant was low in the basic region of pH 10; however, it
increased in the acidic region of pH 3. Lee et al. (2004) suggested that the

concentration of *OH increases as the concentration of H' increases:

TiO, + OH + 2 H' ++0, — 3+OH + TiO, (2-17)
Ke (equilibrium constant) = [+«OH]* / ([*OH][H]*[*O2 ]) (2-18)
[OH][H]=Ky=1x 10" (2-19)
[«OH]® = Ke Ky[H'][*O; ] (2-20)

Xekoukoulotakis et al. (2011) reported that the photodegradation of 10 mg/L
SMZ by 500 mg/L P25 was faster at around pH 4 than at around pH 7.5 in ultra-pure
water under UV-A light irradiation. Su et al. (2016) also indicated that enhanced
photoelectrocatalytic degradation rate of SMZ by TiO,/Ti photoanode at acidic pH
may be due to a greater adsorption of SMZ at the TiO, surface. In general, the
influence of pH and salt depends on the nature of the molecules (Yuan et al., 2012).

On the other hand, several studies demonstrated that alkaline conditions were
favorable for the photocatalytic degradation of phenol and phenol removal efficiency,
and the photocatalysis kinetics increased with increasing initial pH (Jia et al., 2012).
At alkaline pH, phenol is not well adsorbed and has less chance to react with the
photogenerated holes. In this case, phenol is more favorable to react through the
homogeneous pathway, i.e. to react with the diffused hydroxyl radicals. The study of
Chiang et al. (2004) showed that for other organic compounds, at higher OH"
concentrations, a significant increase of the reaction rate of clopyralid was observed,

which can be explained by the increased *OH production due to a higher
14
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concentration of OH ions in the solution (Marotta et al., 2012; Sojié et al., 2009).
From studies above, it can be concluded that solution pH plays a significant role in

controlling of photocatalytic degradation mechanisms of organic compounds.

2.2.2.3 Effect of halide ions

Majority of the literatures illustrated that the ions in wastewater such as chloride,
nitrate and sulfate could depress the photocatalytic activity due to their compete effect
against *OH for h*yp. Inorganic halides including fluoride, chloride, bromide, and
iodide are ubiquitous in natural water, and their influences on photolysis may be
associated with several contrasting mechanisms, such as radical formation, radical
inhibition, and product effect (i.e., thermodynamically a phenomenon in which a
product inhibits a forward reaction). As for the effect of Cl, studies among others by
Caregnato et al. (2013) on the effect of CI" on AOP and by Yang et al. (2005) on the
involvement of CI ™ in the photocatalytic process showed that CI™ presented in polluted
waters under certain conditions are able to scavenge active radicals and slow down
the photodegradation rate. The results from Liang et al. (2008) indicated that the rate
of 2,3-DCP photodegradation by TiO, nanotube arrays decreased with an increased
Cl" concentration significantly, which could be attributed to the competitive
adsorption and the formation of less reactive radicals during the photocatalytic
reaction. Previous studies also elucidated that the presence of Br  could inhibit the
photodegradation of organic compounds. Luca et al. (2017) indicated that the
competition of Br for the radicals, like «OH and SO, led to a reduced
benzophenone-4 (BZ4) removal effectiveness in the UV/persulfate/Fe** system. Bu et
al. (2018) also showed that adding bromide into the system apparently decreased the
degradation rates of monochloroacetic acid (MCAA). According to the study by Li et

al. (2017), bromide ion had significant inhibitory effects against ibuprofen
15
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photodegradation. However, whether halide ions have positive or negative effects on
the photoreaction still remains controversial. Chloride may enhance the oxidation
process under conditions of high anions concentration due to the participation of

chloride radicals.

Cl” ++OH = +Cl + OH (2-21)
Cl” ++OH = +«CIOH™ (2-22)
«CIOH + H* = «Cl + H,0 (2-23)
«Cl+Cl = Cly” (2-24)

Iguchi et al. (2015) reported the applications of CI* in photocatalytic systems
being used to scavenge h*y, and improve performance. The addition of NaCl to their
system enhanced photodegradation significantly, and it was also noted that other
chloride salts such as KCI, CsCIl, MgCl, and CaCl, imparted positive influence.
Another study by Krivec et al. (2014) reported that CI that are formed as by-products
in the photocatalytic process can react with photogenerated holes and influence
oxidation. Khuzwayo et al. (2017) reported that the exclusive presence of halides in
the absence of an electron acceptor adequately facilitated the photo-oxidation process
of PCP below critical levels of anion concentration (20 mg L™ NaCl, NaBr and NaF),
where beyond the critical point the process was significantly hindered. As for Br, Jia
et al. (2015) reported synergetic effect enhanced photoelectrocatalysis, in which Fe**
and Br were used as the acceptors of photogenerated charges on TiO, nanoparticles.

During the reaction, Br, was generated as Br reacted with hyy".

Fe** +e — Fe” (2-25)
Br+h* — 1/2 Br, (2-26)
1/2 Br, + Fe** — Br + Fe** (2-27)

Antimicrobial TiO, photocatalysis can be significantly potentiated by addition of

non-toxic halide salts (Li et al., 2011). It is well known that halogen radicals are
16
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effective bactericides and can be readily produced by photocatalytic oxidation of
halide ions at illuminated TiO, (Selcuk et al., 2006). The photocatalytic production of
high concentration of halogen radicals is possible because these radicals can form
stable di-halide radical anions (*X; ) in the presence of X (Cheng & Bakac, 2008;
Merenyi & Lind, 1994). Since the effectiveness of a bactericide is highly dependent
on its killing mechanisms, the bactericidal efficiency may be benefited from the
different killing mechanisms offered by halide radicals. Wu et al. (2016) reported that
the addition of NaBr to photoactivated TiO, (P25) potentiates the killing of
Gram-positive, Gram-negative bacteria and fungi by up to three logs due to due to
generation of both short and long-lived oxidized bromine species including
hypobromite. Ng et al. (2016) also observed that at a high bromide concentration (65
mg/L, equivalent to the concentration of natural sea water), the bacterial inactivation
rate increased 2 times at pH 5 and more than 5 times at pH 8 in TiO,-UVA system.
Moreover, the bacterial inactivation pattern was shifted from the “shoulder-log” to the
“log-tail” under different bromide concentrations, suggesting the existence of bromide

altered the bacterial inactivation mechanisms.

2.3 Introduction of reactive halogen species (RHS)

Halide ions are ubiquitous in natural waters. Ordinary levels of halides in
seawater are 540 mM chloride, 0.8 mM bromide, and 100-200 nM iodide (Grebel et
al., 2010; Luther et al., 1988). Halide levels range downward in estuaries and upward
in saltier water bodies relative to typical seawater levels. Surface fresh water and
groundwater may contain up to 21 mM chloride and 0.05 mM bromide (Grebel et al.,
2010), with higher levels in some places. Even though the halides themselves do not
absorb light in the solar region, in nature they provide far more than just background

electrolytes—they participate in a rich, agueous-phase chemistry initiated by sunlight
17

doi:10.6342/NTU201802870



that has many implications for dissolved natural organic matter (DOM) processing,
fate and toxicity of organic pollutants, and global biogeochemical cycling of the
halogens. Gaseous and aqueous reactive halogen species (X', where X =Br, Cl, or 1)
play important roles in the chemistry of marine regions. Halides can undergo
sensitized photolysis and react with many secondary photoproducts to produce
reactive halogen species (RHS) (X*(aq) =X, *X; , X, and HOX), as shown in Scheme
2-4, that can participate in a variety of reactions with DOM and anthropogenic
compounds, including oxidation and incorporation of halogen. A number of important
reactions that take place on snow, ice, and solid microparticles actually occur on or
within a surface liquid layer that is often rich in salts (Pratt et al., 2013). It has also
been suggested that the photo-oxidation of halides can lead to the abiotic formation of
halogenated organic compounds in seawater and in polar snowpacks (Pratt et al.,
2013). Research on the photochemical transformation of organic compounds in
seawater has focused on freshwater-relevant pathways, including direct photolysis and
dissolved organic matter (DOM)-sensitized indirect photodegradation by
triplet-excited DOM (*DOM”) or reactive oxygen species (e.g., *OH, *O, and *OOH).
Glover and Rosario-Ortiz (2013) elucidated that halide ions increased the steady state
concentration of *DOM” by enhancing the inter-system crossing of DOM from the
singlet state to the triplet state. Parker et al. (2013) found that halide ions decreased
the quenching rate of DOM”, which led to an increase of steady state concentration
of *DOM". The underlying mechanisms for the effects of halide ions on the
photochemical processes are intricate, which needs to be further clarified. Therefore,

it is important to understand the reactions that form RHS.
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Scheme 2-4. Generation of RHS in waters through the action of sunlight (Yang &

Pignatello, 2017).

2.3.1 The formation of halogen molecules from TiO, powder

Reichman et al. (1981) used pure TiO, and platinized semiconducting n-TiO,
powder to produce halogen molecules, Cl,, Brp, and I, in oxygen-saturated aqueous
solutions containing the respective halide ion under UV irradiation. Their results
showed several points: (a) Halogen can be produced by irradiating solutions
containing pure TiO, powder catalyst, but the production rates are greatly enhanced
by using the platinized TiO, powder. (b) The rate of halogen production is in the order
I, > Br, > Cls. (c) The production rate of the halogens is dependent on the solution pH.
The chemical reactions of halogen molecules are expressed in eq. 2-28 ~ 2-30. The
half-reactions assumed are
2X +2h" — X, (2-28)
at the illuminated TiO site, and
1/2 0+ 2H" +2e” — H,0 (2-29)
at the platinized site, giving the overall reaction:

2X +1/2 0, + 2H" —>X, + H,0 (2-30)

19

doi:10.6342/NTU201802870



2.3.2 The formation of RHS from hydroxyl radicals
Regarding *OH processing of marine DOM, it is recognized that halide ions
(ICI'] ~ 0.54 M, [Br] ~ 0.8 mM), especially Br, are the most important «OH
scavengers in seawater, scavenging as much as ~93% of *OH (reaction 31) (Zafiriou,
1974; Zhou & Mopper, 1990).
«OH + Br — «Br+OH" (2-31)
Previous studies indicated that halide ions can react with «OH producing halogen
radicals, like «Br, leading to the formation of halogenated products (Grebel et al.,
2010). Reactions of «OH with halide ions (X") form RHS that include radical RHS
(«X and *X; ) and non-radical RHS (HOX, X, X3) produced as termination products
of radical RHS (Anastasio & Matthew, 2006; B. Matthew & C. Anastasio, 2006).
Halogen atoms react rapidly and reversibly with halide ion to form the dihalogen
radical anion:
X+ X =Xy (2-32)
Interconversion of halogen is possible among the reactive RHS. Some pertinent
reactions and their equilibrium constants (K¢q) and rate constants (k) are given in

Reactions 2-33 to 2-38:

HOBre +ClI 2 «BrCl' + OH™ K =9.5 k=1.9x 10 (2-33)

HOCIs +Br = «BrCl" + OH™  Kgq =330 k=1x10° (2-34)

*Br, + CI” = «BrCl + Br~ Keg=54x10° k=4.3x10° (2-35)

«Cl,” + Br 2 «BrCl + CI” Keg=3.6x10°  k=4.0x 10° (2-36)

BrCl™ + Br = +Br, +CI Keq = 1800 k=8.0x 10° (2-37)

BrCl” + CI” =2 «Cl, + Br Keg=2.8x10° k=110 (2-38)
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Radical RHS dimerize or disproportionate to give the non-radical RHS:

X+ X > X, (2-39)
20Xy — Xp+2X (2-40)
X+ X; — X+ X (2-41)

Hydroxyl radicals react with halides via the adduct HOXe to form the

corresponding halogen and dihalogen radicals:

«OH + X~ = *XOH~ (2-42)
XOH + X =X, +OH~ (2-43)
X+ X 2 X, (2-44)
X, ++OH — HOX + X~ (2-45)
HOX + hv — X +«OH (2-46)

Reactions 2-42~2-44 are fast, reversible, and dependent on [X] and [H'] (G.
Jayson et al., 1973). Reactions with bromide and iodide lie far to the right at any
normal environmental pH, while the oxidation of chloride to «Cl and <Cl, is
favorable only under acidic conditions and comparatively high halide concentrations.
For example, at pH 3, oxidation of chloride is significant whenever [CI ] is much
above a few millimolar (Pignatello, 1992). However, oxidation of chloride can be
important in aerosols, where the pH can be as low as 2. Bromide and iodide are
important «OH scavengers in seawater (Mopper & Zhou, 1990). Scavenging of «OH
does not necessarily protect other solute molecules from oxidation, as the resulting
RHS are themselves strong oxidants, albeit more selective.

The order of reactivity can be easily juxtaposed with the reduction potentials of

one-electron inorganic couples which are listed below (Isse et al., 2010):
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Table 2-1. Reduction potentials of one-electron inorganic couples (Isse et al., 2010).

Inorganic couples Reduction potentials (V)
*OH/OH 2.31
FIF 3.66
«Cl/CI" 2.59
*Br/Br 2.04
/1 1.37

2.3.3 Photocatalytic transformation of organic compounds with halide ions
Previous studies showed that halide ions were important participants in
photocatalytic transformation of organic compounds, leading to the formation of
halogenated byproducts. Understanding the halogenation mechanisms of organic
pollutants is helpful for the risk assessment of halogenated compounds due to their
higher toxicity than parent compounds (Grebel et al., 2010; Liu et al., 2009). Liu et al.
(2009) observed the formation of chlorinated intermediates in surface saline water
mostly due to the formation of «Cl, radical as a consequence of Fe (I1) irradiation.
Triplet-excited state is an important reactive intermediate in the photo-transformation
of organic pollutants due to its longer life than that of singlet-excited state (Klan &
Wirz, 2009). Jammoul et al. (2009) reported that the triplet-excited state of
benzophenone, as a proxy for an aromatic carbonyl compound in the natural sea
surface microlayer, could oxidize halide ions to produce halogen radicals.
Méndez-Diaz et al. (2014) found that reactions of DOM with photochemically
generated RHS may represent an important abiotic natural source of organobromine
and organoiodine in seawater. Calza et al. (2008, 2012) observed that photoinduced

RHS can react with phenols leading to the halogenation of phenols in seawater. Li et
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al. (2016) also reported that triplet excited sulfamethazine oxidized halide ions and
triggered the halogenation of sulfamethazine, which was confirmed by the
characterization of chlorinated and brominated intermediates.

The previous study has shown that in photoelectrochemical system, bromide ion
would be oxidized by photogenerated hole of TiO, and produced bromine (reaction
2-47). Furthermore, the tribromide ion (Brs ) may produce from the combination with
bromide ion or the hole oxidation of bromide ion (reaction 2-48 and 2-49). At pH=9,
Brs was not found in the solution, but a small amount of BrO could be detected at
pH 9 (reaction 2-50 and 2-51). Other aqueous phase reactions of bromine species are

listed in Table 2-2.

2Br +2h" - Br, (2-47)
Br,+ Br = Bry (2-48)
3Br +2h" — Brs (2-49)
Br,+20OH — Br +BrO +H;0 (2-50)
Br +20H +2h"— BrO™ + H,0 (2-51)

2.4 Introduction of natural organic matter (NOM)

Natural organic matter (NOM) consists of a heterogeneous mixture of humic
substances, hydrophilic acids, proteins, lipids, carbohydrates, carboxylic acids, amino
acids and hydrocarbons (Westerhoff et al., 2004). In NOM, 50% of dissolved organic
carbon is consisted of humic substances which are a complex of various functional
groups roughly divided two parts: carboxylic groups and phenolic groups. Based on
the different ratio of these two functional groups, humic substances can be classified
to three types: humin (not dissolved in weak acid and base), humic acid (not dissolved

in weak acid, but dissolved in weak base), and fulvic acid (dissolved in weak acid, but
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not dissolved in weak base). Humic acid contains more phenolic groups compared to
fulvic acid, and its molecule weight is also larger than fulvic acid. On the other hand,
fulvic acid has more carboxylic group, and its solubility is higher than humic acid.
The different ratio of carboxylic and phenolic groups affects the behavior and fate of
the humic substances.

In natural waters, NOM can act as a scavenger of reactive halogen species,
including HOBr and HOCI (Westerhoff et al., 2004). Because different components of
NOM may exhibit different reactivity with oxidants, it is necessary to better
understand the reaction of these NOM components with aqueous chlorine and
bromine. The literature lacks sufficient direct comparisons between bromine versus
chlorine reactivity with NOM. While it is generally accepted that bromine reacts
faster than chlorine with NOM, little direct evidence of these reactions exist. For
example, hypobromite was found to be a more complete oxidant and a faster
substituting agent than hypochlorite with resorcinol and its derivatives (Rook et al.,
1978). Most of the literature available on the formation mechanisms of halogenated
compounds was developed by adding chlorine to waters in the presence of Br (Nokes
et al., 1999). Further investigation on the respective reactivity of NOM with aqueous
bromine separate from aqueous chlorine is needed to better understand individual

reaction mechanisms.
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Table 2-2. Aqueous phase bromine reactions (B. M. Matthew & C. Anastasio, 2006).

Rxn Reaction Rate constant  Reference

# (Mstors?)

1 Br ++OH — *BrOH" 1.1 x 10% Ross et al. (1998)

Br +«BrOH — *Br, + OH" 1.9 x 10° Zehavi & Rabani

(1972)

3 Br + «Br — *Br, 1.5 x 10" Ross et al. (1998)

4 Br +Br, — Brs 9.6 x 10° Ershov (2004)

5 Br + HOBr — Br,OH" 5 x 10° Eigen & Kustin
(1962)

6 *BrOH™ + H" — «Br + H,0 4.4 x 10" Zehavi & Rabani
(1972)

7 *Br + H,O, — HBr + HO, 4 x 10° Sutton et al. (1965)

8 *Br+ OH — *BrOH" 1.3x 10% Ross et al. (1998)

9 *Br + *Br — Br, 1x10° Klaning & Wolff
(1985)

10  *Br+ HOj;* — HBr+ 0, 1.6 x 10° Ross et al. (1998)

11 *Br, + HOz¢ — Br, + HO, 4.4 x 10° Matthew et al.
(2003)

12 *Br, + «OH — HOBr + Br- 1x10° Wagner & Strehlow
(1987)

13 «Br; ++0, —»2Br +0; 1.7 x 10° Ross et al. (1998)

14  <Br, +<Br, —»Br,+2Br 3.0 x 10° Ershov (2004)

15 Br; + HO,» —<Br, + HBr+ O, 1x 10’ Ross et al. (1998)

16 Br; +<0, — «Br, +Br +0; 3.8 x 10° Ross et al. (1998)

17 Br, + <O, — «Br, + 0, 5.6 x 10° Ross et al. (1998)

18  Bry+ HO,» — +Br, +H + 0O, 1.1 x 108 Ross et al. (1998)

19 Br,OH +H"— Br, + H,0 2 x 10% Eigen & Kustin
(1962)

20 Br,OH — HOBr + Br 5 x 10° Eigen & Kustin
(1962)

21 HOBr + «OH — +BrO + H,0 2.0 x 10° Ross et al. (1998)

22  HOBr++<0, — BrOH~ 3.5 x 10° Ross et al. (1998)

23 BrO ++«OH — *BrO + OH 45 x 10° Ross et al. (1998)

24 BrO ++0, +H,0—>*Br+20H +0, 2x 10° Ross et al. (1998)

25

doi:10.6342/NTU201802870



Chapter 3 Materials and methods
3.1 Chemicals

Aeroxide® TiO, Degussa P25 and Sulfamethoxazole (SMZ) were purchased from
Evonik Industries, Germany and MP Biomedicals, LLC, France, respectively. The
commercial TiO, powder (Degussa P25) was selected in this study for its wide
popularity as a photocatalyst and because there is plenty of published data on its
photocatalytic behaviors. Sodium bromide (NaBr, 99.5%) and sodium chloride (NaCl,
99.5%) were obtained from Sigma-Aldrich. Leonardite humic acid (LHA) (IHSS code:
1S104H) and Suwannee river humic acid (SRHA) (IHSS code: 2S101H) were
purchased from International Humic Substance Society (IHSS). Double deionized (DI)
water was used for all experiments. Stoke solutions of SMZ, LHA and SRHA were
stored at 4°C in the dark, and let them reach to room temperature before use. All the

experiments were performed at room temperature (25 £ 2 °C).

3.2 Synthesis of HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25

The catalyst pretreatment method employed is based upon the technique used by
Lewandowski and Ollis (2003). Surface brominated TiO, was obtained by
impregnation of 0.3 g of P25 into 1 mL of 1 M HBr or NaBr, followed by a drying
process at room temperature in the hood for about 4 hr, and with a further 60 °C
drying in the oven for 5 days. Once the drying was completed, the catalyst samples
were ground using a mortar and pestle to break up agglomerates and to prepare the
titania for use in photocatalytic experiments. As for surface chlorination of TiO,, HCI

and NaCl were used in the same process.
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3.3 Characterization
3.3.1 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) (Zetasizer, NanoZS, Malvern Instruments)
experiments were performed to analyze the hydrodynamic diameter, size distribution,
and zeta potential of TiO,. DLS instrument utilized a laser beam at 633 nm to
determine the size by measuring the particles’ Brownian motion of the sample, and
the measurements were conducted at an angle of 173° and at 25 °C. The viscosity of
water was 0.08872 and refraction index was 1.330, while the refraction index of TiO,
was 2.50 and the adsorption was 0.01. DLS measurements were conducted by adding
1.5 mL of sample into a plastic cell. On the other hand, zeta potential measurements
were also conducted at 25 °C. TiO, suspensions were injected in folded capillary cells,
and the electrophoretic mobility was measured using a combination of electrophoresis

and laser Doppler velocimetry techniques.

3.3.2 Transmission electron microscope (TEM)

Morphologies of the samples were examined using a transmission electron
microscope (TEM, JEOL Corp. JEM2010, Japan). TEM specimens were made by
evaporating one drop of solution that dissolved TiO, in methanol onto
Formvar/Carbon film-coated 200 mesh copper grids. The average particle size (drgm)
and particle size distribution were determined by TEM images with counting more

than 100 particles.

3.3.3 Field-emission scanning electron microscope (SEM)
The morphologies and the elemental composition of the samples were
investigated by using a field-emission scanning electron microscope (SEM, JEOL

Corp. JSM-7600F, Japan) equipped with an energy dispersive X-ray spectrometer
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(EDX) for semiquantitative chemical analysis. The powder of TiO, nanoparticles was
washed by ethanol and water for three times, and then dried at 200 °C in the oven for

2 hr. The samples were stuck on the carbon conductive tape.

3.3.4 Brunauer-Emmett-Teuller (BET) surface area

The specific surface area and pore size distribution was analyzed by using
Brunauer-Emmett-Teuller (BET) N, adsorption method (Micromeritics ASAP-2020).
Samples were degassed and calcined at 373 K for 24 h before adsorption experiments
using N as the adsorbate. The relative pressure (P/Po) was within the range of 0.05 -

0.35. The average pore radius was also recorded.

3.3.5 X-ray diffraction (XRD)

The crystal structure of the particles was determined by X-ray diffraction (XRD)
synchrotron radiation at the 13A1 beam line of SRRC, Taiwan, R.O.C., using bicron
diffractometer with a wavelength of 1.02 A adjusted with Si (111) monochromator.
The samples were scanned from 10° to 60° (20) with step increments of 0.05° and
time per step of 1 s. Because the synchrotron radiation wavelength is different from
the common Cu Ka radiation, in order to compare with the database, XRD results in

this study are presented in the wavelength of 1.54 A .

3.3.6 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded by a FTIR spectrometer (Magna 860,
Thermo-Nicolet Instruments, Madison, WI, USA) at the 14A1 beam line of SRRC,
Taiwan, R.O.C. The spectra were collected in the mid-infrared range of 4000 — 400
cm™ with the co-addition of 256 scans. The samples (0.2 g KBr and 0.001 g TiO,)

were ground using a mortar and pestle to mix well, and then hydraulically pressed
28

doi:10.6342/NTU201802870



into tablets for use of FTIR experiments.

3.3.7 Raman spectroscopy

The home-built confocal Raman microscope is equipped with a monochromator
(Shamrock SR 303i-A, Andor Technology, USA), a He-Ne laser (25-LHP-928-249,
CVI Melles Griot, USA), a thermos-electric cooling CCD (DU 401-BR-DD-968,
Andor, USA) and a microscope (BX51, Olympus, Tokyo, Japan). The sample of

Raman spectroscopy was placed on a stainless steel holder and analyzed.

3.3.8 X-ray photoelectron spectroscopy (XPS)

The XPS spectra of TiO, NPs were obtained with a VG Scientific ESCALAB
250 spectrometer using Al Ka irradiation source operated at 15 kV and 200W of beam
size 650~120 um. XPS analysis was performed on TiO, NPs, which were dried from
TiO, NP suspensions. The air pressure in the vacuum chamber was below 102 Pa.
Quantitative analysis was carried out using the spherical sector analyzer with a
Multi-channeltron array, which theoretical energy resolution was 20 meV~8 eV (CAE

mode), 0.02%~2.0% (CRR mode).

3.4 Aggregation and sedimentation of TiO,

In this study, the aggregation experiments of TiO, NP suspensions were
conducted over a wide range of pH and salt concentrations. The batch experiments
were performed to investigate the effects of TiO, NPs with different salts and different
concentration including NaBr and NaCl on the aggregation of TiO,. For aggregation
experiments, DLS analysis was used to access particle size at various time points. The
sedimentation of TiO, NPs was determined according to time-resolved optical

absorbance by using an ultraviolet-visible spectrophotometer (UV-Vis, CT-2200,
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Chrom Tech, Inc., Apple Valley, MN, USA) at 300 nm.

3.5 Photodegradation experiments

All experiments, including adsorption, photolysis, and photocatalysis, were
performed in a photochemical reactor (PR-2000, Panchum) equipped with 4 UV
lamps (BW for each lamp) with an UV-A wavelength of 365 nm, a rotator and a
cooling fan. In a typical process, 200 mgL™ P25 stock solution was ultrasonicated for
30 min at first, and then 1 mL of P25 solution (final concentration: 10 mgL™) was
added into 10 mL, 10 mgL™ SMZ solution (Co = 5 mgL™) and 9 mL deionized water,
standing for 30 min to reach an adsorption/desorption equilibrium in the dark. After
that, the sample solution was exposed to the UV light irradiation at room temperature
and ambient pressure. At given time intervals, 1ImL of the suspension was taken out,
and then analyzed by high-performance liquid chromatography (HPLC) with a UV—
vis detector (VWD). Each experiment was conducted in triplicate to assure data
quality.

The photocatalytic activity of the as prepared HBr-P25, HCI-P25, NaBr-P25 and
NaCl-P25 was also evaluated by the degradation of SMZ under UV light illumination
at room temperature and ambient pressure. First, 0.006 g HBr-P25, HCI-P25,
NaBr-P25 or NaCl-P25 was added into 10 mL, 10 mgL™* SMZ solution (Co = 5 mgL™)
and 10 mL deionized water, standing for 30 min to reach an adsorption/desorption
equilibrium in the dark. The photodegradation experiments and analytic process of

HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25 were the same as those of P25.

3.6 Photoluminescence (PL)

Photoluminescence (PL) is a suitable tool to study the efficiency of charge

carrier trapping, migration, and transfer, and to understand the fate of electron—hole
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pairs in photocatalyst particles. PL spectra were obtained using a JASCO FP-6500
spectrofluorometer. The samples were excited at A = 350 nm and the PL intensity

maximum occurred at A =575 nm.

3.7 Photocurrent

Measurements of the photocurrent collected on an inert electrode (graphite)
immersed in aqueous suspension of TiO, were carried out with a CHI614D
electrochemical analyzer (CH Instruments, Inc., Shanghai). Fe**/Fe®* redox couple
was used as an electron shuttle that carries the electron from the TiO; particles to the
C electrode, and no external electron donor was added (Park & Choi, 2004; Park et al.,
2009). A graphite rod, a saturated-KCl Ag/AgCl electrode (SSE), and Pt wire were
used as a working, a reference and a counter electrode, respectively. Photocurrents
were collected in the suspension by applying a potential (+0.6 V vs SSE) to the
working electrode using a potentiostat (CH1614D) connected to a computer.

Collector electrode

Scheme 3-1. Fe®* mediated current collection on an inert C electrode immersed in

UV-illuminated TiO, suspension.

3.8 ROS measurements
3.8.1 Trapping experiments of radicals and holes

The trapping experiments will be carried out under the similar experimental
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conditions as that for photodegradation of SMZ, except that the specific scavengers
will be added into the suspension before UV light irradiation. The main oxidative
species detected by the trapping experiments will be free and surface-bound +«OH, and
holes by using tertiary butanol (t-buOH), allyl alcohol (AA) and oxalate (e.g. oxalic
acid and sodium oxalate), respectively (Barazesh et al., 2016; Rodriguez et al., 2015).

Allyl alcohol (AA; 100 mM) or tertiary butanol (t-buOH; 100 mM) were used as
selective quenchers to differentiate the importance of reactions involving adsorbed
radicals (e.g., *OHags and *Brygs) and dissolved radicals (e.g., *OH and <Br) to SMZ
photocatalytic degradation rates, respectively (Barazesh et al., 2016).

Oxalate (e.g. oxalic acid and sodium oxalate) was used as a hole scavenger to
investigate the role of photogenerated hole on the surface of catalysts. The

concentration of C,0,> was fixed at 10 mM (Lee et al., 2005; Rodriguez et al., 2015).

3.8.2 The measurements of hydroxyl radicals

Coumarin and coumarin-3-carboxylic acid (CCA) were employed for the
detection of «OH in the TiO, suspension and near the TiO, surface, respectively
(Nosaka & Nosaka, 2017; Zhang & Nosaka, 2015). Coumarin reacts with «OH to
form several OH substituted coumarins, including 7-OH coumarin (umbelliferone)
which is the only product that emits strong fluorescence (Figure 3-1a). On the other
hand, CCA can react with «OH near the surface of TiO, to form OH-CCA, shown in
Figure 3-1b. Briefly, 0.1 mM coumarin or CCA aqueous solution was added into TiO,
solution with or without 10, 100 and 500 mM NaBr. After irradiation, 2 mL of the
suspension was taken out, diluted and analyzed by fluorescence spectrometer. The
fluorescence spectra were measured using a JASCO FP-6500 spectrofluorometer with
the excitation wavelength of 332 or 340 nm for 7-hroxycoumarin or OH-CCA,

respectively. On the other hand, the emission wavelength of 7-hroxycoumarin and
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OH-CCA were 456 and 445 nm, respectively.

(@) (b)

o 0O
o0 Y0 — HO oo 0”0 7 wo 0 o
CCA

Coumarin (Cou) Umbelliferone (OH-Cou) OH-CCA

Figure 3-1. Reactions for detection of «OH with fluorescence probes, (a) coumarin,
and (b) coumarin-3-carboxylic acid (CCA), which become corresponding fluorescent
molecules to be measured with a common fluorescence spectrometer. (Nosaka &

Nosaka, 2017)

3.8.3 The measurement of chlorine and bromine species

The chlorine and bromine concentration can be determined by
N,N-diethyl-p-phenylenediamine (DPD) colorimetric method (Emerson, 1994;
Gallard et al., 2004; Moberg & Karlberg, 2000; Palin, 1975). This method uses DPD
to react with free chlorine (hypochlorous acid and hypochlorite) and free bromine
(hypobromous acid and hypobromite). If free chlorine or free bromine is present in
the sample, a magenta intermediate forms rapidly and the absorbance is measured at
515 nm (Figure 3-2). The analytically useful range of the calibration graph is 0.05-4
mgL™ (according to Standard Methods (1985), or equivalently, 0.7-56 mmolL™. The
rapidly formed intermediate fades and the end product is colorless (Figure 3-2)
(Moore et al., 1984). This fading reaction is slow in comparison with the rapidly
occurring intermediate reaction, which only requires some seconds to reach
completion. Consequently, it is important that the absorbance reading is done
immediately following the addition of the reagent and buffer solutions. Upon further
oxidation, when high concentrations of oxidizing species are present, the color at 515
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nm will disappear, i.e., the end product of this two-step oxidation is colorless.
Samples are diluted when suspected of containing high chlorine or bromine

concentrations.

H T H H Y H oM
N* N* N*
Cl,
— +
N* N* N*
7 | ~N ' ~N 7 ~
Et H Et Et Et Et Et
DPD WURSTER DYE IMINE
(colorless) (magenta - colored) (colorless)

Figure 3-2. The reaction between DPD and chlorine in water (Van London Company,
2015).

The phosphate buffer solution was prepared by dissolving 24 g anhydrous
Na;HPO,4 and 46 g anhydrous KH,POy in distilled water, and then combined with 100
mL distilled water including 800 mg/L disodium ethylenediamine tetraacetate
dehydrate (EDTA). DPD solution was prepared by dissolving 0.57 g DPD in distilled
water containing 8 mL 1 + 3 H,SO,4 and 200 mg disodium EDTA, and then dilute to 1
L. The indicator solution was prepared by mixing 1 mL of DPD solution and 1 mL of
phosphate buffer solution. After adding 20 mL of the sample into the indicator
solution and mixing, the intensity of the color was measured with the
spectrophotometer at 515 nm.

The calibration curve was made by preparing different concentrations of
potassium permanganate solutions, uniformly mixing with the indicator solution and
measuring by a spectrophotometer. Took the measured solution back into Erlenmeyer
flask, and immediately titrated the solution by 0.00282 M ferrous ammonium sulfate
solution until the red color disappeared. Calculated the equivalent chlorine

34

doi:10.6342/NTU201802870



concentration (mg/L) by eq. 3-1. Prepared the calibration curve by corresponding the
absorbance with the equivalent chlorine concentration.
Equivalent chlorine concentration (mg/L) = [(FAS conc. (M) x FAS volume

(ML))/100 (mL)] x (158/5) x (1/0.891) x 1000 (3-1)

3.8.4 The measurement of bromine by dibromocyclohexane test

To ascertain the role TiO, plays in the oxidation of bromide in aqueous system,
the dibromocyclohexane test was conducted. The product of bromination of
cyclohexene in water is trans-1,2-dibromocyclohexane (Shaw et al., 1997). In this test,
5 mg/L cyclohexene was added into the solution containing 10 mg/L P25 and different
concentration of NaBr. Irradiation was carried out in a photochemical reactor
(PR-2000, Panchum) equipped with 4 UV lamps (8W for each lamp) with an UV-A
wavelength of 365 nm, a rotator and a cooling fan. The sample solution was exposed
to the UV light irradiation at room temperature and ambient pressure. At given time
intervals, 1mL of the suspension was taken out, and then extracted by 1 mL hexane on
a vortex orbital mixer (Genie 2, G560) for 1 hr. The concentration of cyclohexene and
trans-1,2-dibromocyclohexane was analyzed by gas chromatograph (GC, Agilent
6890) equipped with electron-capture dissociation detector (GC-ECD). The column
was DB-5 (30 m x 0.32 mm) with 0.25 mm film. The carrier gas was ultra-high-purity
N, of 99.999 % and its flow rate was 6.7 mL/min. The splitless inlet temperature was
200°C. The initial oven temperature was 60°C, first ramped at 5°C /min to 70°C,
holding for 2 minutes, and then ramped at 25°C /min to 200°C, holding for 7.2
minutes. The detector temperature was 340°C. The retention time of cyclohexene and

trans-1,2-dibromocyclohexane was 4.1 and 2.4 min, respectively.
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Figure 3-3. The bromination of cyclohexene.

3.8.5 The measurement of photocatalytic sites by TBO method

The density of photocatalytic sites for the formation of surface hydroxyl and
bromine radical (i.e., =TiOH) was determined using the toluidine blue O (TBO)
colorimetric method (Barazesh et al., 2016; Chua et al., 2005; Ray et al., 2012). First,
dropped 5 mL, 200 mg/L TiO; solution on the slide glass and dried the slide glass at
60 °C for 3 days in the oven. Placed the slide glass into 20 mL water containing NaBr
or not for 15 min under UV light irradiation. Then, the slide glass was submerged in
20 mL, 0.05 mM TBO at pH 10.0 for 6 h at 30 °C to promote TBO adsorption to
surface functional groups (i.e., =TiO ). The area of the slide glass submerged in the
TBO solution was 2 cm x 2.5 cm. Excess TBO was rinsed off with 1 mL, 1 M NaOH
and adsorbed TBO was subsequently desorbed in 20 mL of 50% acetic acid for 10
min. The TBO concentration was measured by UV-vis spectrometer at 633 nm. To
calculate the density of photocatalytic sites, it was assumed that 1 mol TBO had

complexed with 1 mol of carboxyl groups.

3.8.6 Transient absorption spectra (TAS)

Laser flash photolysis (LFP) experiments were performed using a laser flash
photolysis spectrometer (LP980, Edinburgh Instruments Ltd.) equipped with a
frequency tripled Q-switched Nd:YAG laser, which provided 355 nm pulse with a
duration of 8 ns (Hui Liu et al., 2009). The average laser power was 10 mJ/pulse.
Experiments were carried out in a 1-cm quartz cuvette. The transient absorption
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spectra (TAS) were measured by an intensified charged-coupled device (ICCD). In

this study, AOD means the transient absorption change.

3.8.7 Halide ions

The concentration of bromide (Br ), bromate (BrO3 ), chloride (Cl") and chlorate
(CIO3) will be determined by ion chromatography (IC, Metrohm) with a guard
column and a Metrosep A Supp 5 column (150 mm x 4.0 mm). Hypobromous acid
(HOBr) and hypobromite (BrO) were analyzed by a DPD method (standard,
4500-Cl)(Eaton et al., 1995; Gunten & Oliveras, 1998).

In order to detect any production of bromine, we also attempted to detect the
presence of tribromide ion (Brz ) which is quantitatively formed from the reaction
between Br, and Br . Ultraviolet-visible spectrophotometer (UV-Vis, CT-2200,
Chrom Tech, Inc., Apple Valley, MN, USA) was used to analyze Br; at 267 nm (Wu

etal., 2016).

3.9 Analytical methods
3.9.1 HPLC

SMZ was analyzed by HPLC (Agilent, 1200 Series) with a UV-vis detector
(VWD). The chromatographic separation was performed using C18 column (150 mm
x 4.6 mm, 5 m). The isocratic mobile phase consisted of methanol and deionized
water with the ratio of 50:50 (v/v). The flow rate of the mobile phase was set at 0.6
mL min. The column temperature was maintained at 30 ‘C and the detection

wavelength was 267 nm. The retention time for SMZ was 4.5 min.
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Figure 3-4. The absorbance spectrum of SMZ.

3.9.2 Byproducts and mineralization efficiency

High-performance Liquid chromatography/MS (HPLC/MS) was used for the
identification of transformation products generated during the photodegradation
process. Analysis was conducted on a Bruker microTOF-QII (ESI-Q-TOF/MS)
system outfitted with a Agilent 1200 HPLC system. Separation was accomplished
using an Agilent C18 column (Zorbax, TC-C18 (2), 150 x 4.6 mm, 5 um). Separation
of analytes was achieved using a flow rate of 0.5 mL/min and a gradient method with
two mobile phases: mobile phase A was 100% methanol; mobile phase B was 100%
H,O. Mobile phase A was maintained at 50 % for the first 0.01 min, then the
percentage of phase A was increased to 90 % for 10 min. MS analyses were conducted

in positive mode electrospray ionization (ESI) over a mass range of 50 ~500 m/z.

3.10 Calculation
3.10.1 SMZ reaction rate constants

The pseudo-first-order model was used to describe the removal of SMZ using

TiO, NPs.
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dC/dt = -kC (3-2)
In (C/Cy) = -kt (3-3)

Ci=Coe™ (3-4)

where C; (mg L) was the concentration of SMZ at time t, Co (mg L™) was the initial
concentration of SMZ, k (min™) is the estimated rate constants, and t is the reaction

time (min).

3.10.2 Removal efficiency
The ratio of the concentration difference between the initial concentration of
SMZ and its final concentration to its initial concentration was defined as removal

efficiency of SMZ reacted with TiO, NPs.

Removal efficiency of SMZ = (C,-Cy)/Co (%) (3-5)

where C; (mg L™) was the final concentration of SMZ, and C, (mg L™) was the initial

concentration of SMZ.
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Chapter 4 Results and Discussion

4.1 Characterization of TiO,
4.1.1 DLS, zeta potential, TEM, and SEM-EDX

The DLS measurements, as shown in Figures 4-1a~e, revealed that the Z-average
hydrodynamic particle diameters of TiO, (P25) nanoparticles (NPs), HBr-P25,
HCI-P25, NaBr-P25, and NaCl-P25 were around 180 nm, 400 nm, 196 nm, 879 nm,
and 582 nm, respectively. According to the result of zeta potential measurements
(Figure 4-1f), the pHy, of P25, HBr-P25 and HCI-P25 were 7.03, 7.10 and 7.38,
respectively. The sizes and morphologies of P25 NPs were further examined through
TEM images in Figure 4-2a. The TEM images of P25 indicated that P25 consisted of
aggregated primary particles, and the primary particles had a mean diameter of
approximately 26.5 nm, and they were all in spherical shape. Moreover, HR-TEM
results, as shown in Figure 4-2b, depicted the interplanar spacing of 0.352 and 0.248
nm, which were indexed to the (101) plane of anatase TiO, and (101) plane of rutile
TiOy, respectively (Cheng et al., 2018; V. Li et al., 2017).

SEM-EDX was used for investigating the morphologies and the elemental
composition of P25, HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25. The synthesis of
HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25 was elucidated in Section 3.2. In
preparation, the calculated surface doping ratio of HBr-P25, HCI-P25, NaBr-P25 and
NaCl-P25 was 26.97 %, 12.15 %, 34.30 % and 19.48 %, respectively. According to
Figures 4-3a~e, HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25 displayed spherical
morphologies that formed aggregates, which were similar to P25. The EDX results of
HBr-P25 and NaBr-P25 revealed that bromine existed in the sample, as shown in

Figures 4-4a and c, respectively. Besides, from Figure 4-4b and d, it was confirmed
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that there was chorine in HCI-P25 and NaCl-P25, respectively.
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Figure 4-1. The DLS measurements of (a) P25, (b) HBr-P25, (c) HCI-P25, (d)

NaBr-P25, (e) NaCl-P25, and (f) zeta potential measurements of P25, HBr-P25 and

HCI-P25.
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Figure 4-2. (a) The TEM images and (b) HRTEM image of P25 nanoparticles.

4.1.2 BET surface area

The surface area and pore volume of catalysts dominate the adsorption of target
compound and then could affect the degradation rate. The surface area also
influences the distribution of active sites on TiO, which are related to the production
of photogenerated electron-hole pairs and reactive oxygen species. Table 4-1 lists
BET surface area, pore volume, and average pore diameter of P25 with different
concentrations of NaBr. Table 4-2 lists BET surface area, pore volume, and average
pore diameter of P25 with different concentrations of NaCl. It can be observed that
when there were halide salts in the solution, the surface area of P25 particles
decreased with the increasing concentration of halide salts. Table 4-3 lists BET
surface area, pore volume, and average pore diameter of five samples of HBr-P25,
HCI-P25, NaBr-P25 and NaCl-P25. The BET surface area of P25 was 54.9 m%g, and
HBr-P25 and HCI-P25 had similar surface area, which were 52.1 and 50.3 m?%g,
respectively. However, the surface area of NaBr-P25 and NaCI-P25 was smaller than

P25, indicating that they may have a poorer photocatalytic activity than P25.
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Figure 4-3. The SEM images of (a) P25, (b) HBr-P25, (c) HCI-P25, (d) NaBr-P25 and

(e) NaClI-P25.
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Figure 4-4. The EDX spectra of (a) HBr-P25, (b) HCI-P25, (c) NaBr-P25 and (d)

NaCl-P25.

4.1.3 XRD

The XRD was used to characterize the purity and crystallinity of TiO;
nanoparticles shown in Figure 4-5. The diffraction peaks at 26 values of 25.43, 37.99,
48.20, 54.13 and 55.34° can be indexed to (101), (004), (200), (105) and (211)

crystal planes of anatase TiO,, respectively (Kuvarega et al., 2013). On the other
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hand, characteristic diffraction peaks at 27.57, 36.57 and 41.47° indicate the
reflections of (111), (101) and (111) faces of the rutile phases (Kuvarega et al., 2014).
All of the samples had obvious peaks of anatase and rutile phases of TiO,, except
NaCl-P25. The XRD spectrum of NaCl-P25 just showed the (101) planes of anatase
TiOy, but no other peaks. It could be assumed that the crystallinity of NaCI-P25 was

not as good as other samples.

Table 4-1. The surface area, pore diameter and pore hydraulic radius of P25 with

different concentrations of NaBr.

Samples TiO, (P25) P25+10 P25+50 P25+100 P25+500
mM NaBr mM NaBr mM NaBr  mM NaBr

BET surface  54.99 44.49 + 39.49 + 2531+ 6.73+0.03

area (m?/g)  0.32 0.15 0.08 0.11

Langmuir 77.66 £ 62.09 + 55.01+ 3533+ 9.26 £ 0.15

surface area  2.16 1.63 1.27 0.97

(m?/g)

BJH 292 345 325 324 378

adsorption

average pore
diameter (A)

BJH 275 321 298 298 323
desorption

average pore

diameter (A)

MP-method 0 26 20 21 25
average pore

hydraulic

radius (A)
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Table 4-2. The surface area, pore diameter and pore hydraulic radius of P25 with

different concentrations of NacCl.

Samples TiO, (P25) P25+10 P25+50 P25+100 P25+500
mM NaCl mM NaCl mM NaCl mM NaCl
BET surface  54.99 = 49.03 = 48.18 = 45.73 £ 33.64 £
area (m*g)  0.32 0.22 0.17 0.15 0.16
Langmuir 77.66 + 68.07 + 66.76 + 63.23 + 47.10 +
surface area  2.16 1.90 1.77 1.66 1.33
(m°/g)
BJH 292 330 344 340 316
adsorption

average pore
diameter (A)

BJH 275 310 318 309 294
desorption

average pore

diameter (A)

MP-method 0 25 25 24 25
average pore

hydraulic

radius (A)

414 FTIR

Presence of functionalities on the materials was confirmed by FTIR. In Figure
4-6, peaks at 3424 cm* and 1635 cm' can be ascribed to OH stretching of the
surface hydroxyls and the OH bending vibrations of absorbed water molecules on the
TiO, nanoparticles, respectively (Kuvarega et al., 2014; Panwar et al., 2016). These
surface hydroxyl groups play an important role in the photocatalytic process because
they act as molecule adsorption centres as well as hole scavenging sites for the
generation of hydroxyl radicals with high oxidation capability (Kim et al., 2013). The
broad peak in the range 750~520 cm*, observed in all the samples, is due to

stretching vibration of Ti—O, which is consistent with previous study (Kuvarega et al.,
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2014). HBr and HCI molecules were chemisorbed on the surface of the partially
hydroxylated TiO, (P25) by a ligand substitution reaction with the surface hydroxyl
groups as follows (Minero et al., 2000):

=TiOH + X~ — =TiX + OH" (4-1)
This was confirmed by the FTIR spectra, exhibiting a significant decrease for the
band at 3424 cm™ corresponding to O-H stretching modes due to the substitution of
bromine and chlorine groups for hydroxyl groups, which is consistent with previous
study (Yuan et al., 2011). However, this phenomenon could not be observed in
NaBr-P25 and NaCl-P25. The samples of NaBr-P25 and NaCl-P25 even had stronger

peak than P25 at 3424 cm *ascribed to OH stretching of the surface hydroxyls.

Table 4-3. The surface area, pore diameter and pore hydraulic radius of different types

of TiO..

Samples TiO, (P25) HBr-P25 HCI-P25 NaBr-P25  NaCl -P25
BET surface  54.99 + 52.16 + 50.33 = 3448 + 43.30 +
area (m2/g) 0.32 0.20 0.18 0.11 0.17
Langmuir 77.66 = 73.30 70.13 = 47.908 £ 59.95 +
surface area 2.16 2.00 1.88 1.25 1.61
(m?/g)

BJH 292 245 253 290 294
adsorption

average pore
diameter (A)

BJH 275 232 237 284 278
desorption

average pore

diameter (A)

MP-method 0 23 23 26 24
average pore

hydraulic

radius (A)
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Figure 4-6. FTIR spectra of different types of TiO,.

4.1.5 Raman
Raman spectroscopy is a powerful technique for investigating various phases of
crystalline TiO, or its modified forms. The technique is capable of elucidating the

photocatalyst structural complexity as phase peaks from each material are clearly
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separated in frequency and therefore easily distinguishable. The particle size, defect,
and crystallinity are the main factors which influence the Raman shift. Four peaks
were observed for all the samples at wavenumbers of 145, 196, 397, 515, and 638
cm * and are attributed to the strong E, the medium strength B1g, the A1y, and an Eg
Raman mode, respectively (Figure 4-7). These observations are consistent with
reported fundamental Raman peaks of anatase TiO, (Dukes et al., 2012; Kuvarega et
al., 2014). In contrast, the rutile phase which consists of weak features at 142 cm ™,
320 cm™*, 357 cm!, and 826 cm™* and stronger peaks at 447 cm* and 612 cm ™t
(Kuvarega et al., 2013) could not be clearly detected, though all of the samples were
shown to have a certain percentage of the rutile phase through XRD analysis. This
can be attributed to the low percentage rutile phase in all the samples, like P25
consisting of about 75% anatase and 25% rutile. No Raman lines due to the Br or Cl
modification were observed in the HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25
samples, suggesting that the concentrations of these dopants on the surface of TiO,

were too low to be detected in Raman spectra.

—P25
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——HCI-P25
—— NaBr-P25
——NaCl-P25
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Figure 4-7. Raman spectra of different types of TiO..
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4.1.6 XPS

In order to clarify the elemental components and surface chemical states of P25
and the as-synthesized HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25, samples were
further analyzed by XPS. The peak positions in all the XPS spectra were calibrated
with C 1s at 284.6 eV. As shown in Figure 4-8a, all relevant elements, including O
and Ti, are clearly observed in P25, HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25.
Moreover, Br can be observed in HBr-P25 and NaBr-P25. The scanned XPS spectra
of O 1s and Ti 2p are displayed in Figure 4-8b and c, respectively. Figure 4-8b
showed a wide and lightly asymmetrical peak observed in the sample’s O 1s signal,
which could be divided into two peaks at 529.7eV and 532.6eV resulting from the
lattice oxygen and surface hydroxyl oxygen, respectively (Cheng et al., 2018; Deng
et al., 2018). From Figure 4-8c, the two major peaks at 458.5 and 464.3 eV
corresponded to Ti 2ps2 and Ti 2py orbits of the Ti** in the sample, respectively
(Deng et al., 2018; Geng et al., 2017; Wang, 2017). It could be observed that the Ti
2ps2 peak of HBr-P25 shifted to a higher binding energy compared to that of P25.
This might result from the Ti-Br bonds on the surface of HBr-P25, affecting the
chemical states of Ti. As displayed in Figure 4-8c, a single peak at binding energy of
68.2 eV was detected in the Br 3d, which was assigned to the presence of Br  (Cui et
al., 2018; Wang, 2017; Zhang et al., 2017). Besides, a single peak at 62.1 eV was
detected in Na 2s, which confirmed the presence of Na*, according to NIST X-ray
Photoelectron Spectroscopy Database and previous study (Tissot et al., 2015).
Therefore, XPS results provide good evidence that Br was successfully decorated
onto the surface of P25 NPs. On the other hand, there was no CI detected, which

could be due to the low concentration of decorated Cl onto the surface of P25 NPs.
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Figure 4-8. XPS full spectra (a), high-resolution XPS spectra of O1s (b) and Ti2p (c)

for different TiO,. High-resolution XPS spectra of Br 3d (d) for HBr-P25 and

NaBr-P25.

4.2 Aggregation and sedimentation of TiO,

Many reports have confirmed the significant effects of the particle size on the

photocatalytic activity (Amano et al., 2013; Lin et al., 2006; Yurdakal et al., 2007). It

is inevitable that there will be particle aggregation in aqueous solutions due to some

factors such as the charge density/potential of the particle surfaces and van der Waals

forces. Therefore, there is a need for studies on the effect of aggregation on the

photocatalytic reactions. Sedimentation behavior is also important for TiO, because it
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impacts on how many particles still exist in solutions for the reactions. The
aggregation and sedimentation experiments of TiO, were conducted using DLS and
UV-vis spectrometer at 300 nm, respectively.

The average hydrodynamic size of suspended TiO, nanoparticles measured via
DLS can be determined as a function of time. The changes of particle size were
measured by DLS and showed in the following paragraph with different conditions of
aqueous solution in SMZ photodegradation. On the other hand, the UV-vis data
provides the rate of disappearance of TiO, in the solution. The method of
sedimentation experiment was established by measuring the absorbance of the
suspension at 300 nm, and presented as a simple expression of C/C,.

4.2.1 The effect of TiO, concentration
Figure 4-9 showed that the particle size of P25 did not change with the increase
of TiO; from 10 ppm to 100 ppm, which meant that P25 NPs were stable in the

solutions with SMZ.
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Figure 4-9. Aggregation kinetics of different concentrations of P25 in the solutions

with 5 mg/L SMZ.
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4.2.2 The effect of sodium halides

Electrolytes are common in the environment and affect the particle size (Peng et
al., 2017; Peng et al., 2015). The degradation kinetic process is affected in a complex
way by not only particle size but also aqueous composition. Therefore, it is important
to investigate how the electrolytes affect the aggregation and sedimentation of TiO..

Figure 4-10 showed the particle sizes of P25 changed with time as a function of
NaCl concentrations. P25 remained in small size (about 180 nm) without NaCl
addition and were well-dispersed. With addition of different concentrations of NaCl
(10, 50, 100 and 500 mM), the particle sizes of P25 increased quickly within 3 min
and exceeded 1000 nm after 15 min. The measured average sizes of P25 increased
continuously with time during the experiments. Figure 4-11 showed that some P25
nanoparticles in water slightly settled down but still about 70% TiO, evenly dispersed
in aqueous solutions within 3 hr.

The effect of NaBr on the aggregation and sedimentation behaviors of TiO, NPs
was also investigated. Figure 4-12 showed the particle sizes of P25 changed with
time as a function of NaBr concentrations. P25 remained in small size (about 180 nm)
without NaBr addition and was well-dispersed. With addition of different
concentrations of NaBr (10, 50, 100, 250 and 500 mM), the particle sizes of P25
increased quickly within 3 min and exceeded 1000 nm after 15 min. The measured
average sizes of P25 increased continuously with time during the experiments. Figure
4-13 showed that the particle concentrations of P25 in water slightly decreased but
still about 75% TiO, evenly dispersed in aqueous solutions within 150 min.

With the increase of NaBr or NaCl concentration, the particle size increased and
particles aggregated obviously during the degradation experiments. The increase in
ionic strength resulted in the compression of the electrical double layer (EDL) and

therefore EDL repulsive energy decreased, bringing particles to easily aggregate.
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Hsiung et al. (2016) indicated that in the presence of electrolytes, TiO, NPs
aggregated but not settled down instantly until the density of agglormates increased.
Consequently, the aggregation and sedimentation occurred in the solution of TiO;

with NaBr or NacCl.

4.2.3 HBr, HCI, NaBr and NaCl modified TiO,

As shown in Figure 4-14, the initial hydrodynamic diameter of P25, HBr-P25
and HCI-P25 at 300 mg/L in SMZ solution was 300, 250 and 180 nm, respectively.
They were stable in solution within 75 min. On the other hand, the initial
hydrodynamic diameter of 300 mg/L NaBr-P25 and NaCI-P25 in SMZ solution was
1160 and 590 nm, respectively, as shown in Figure 4-15. NaCl-P25 kept stable within
120 min, NaBr-P25, however, had some change in the hydrodynamic diameter. The
particles size of NaBr-P25 decreased from 1160 nm to about 900 nm, and then

remained for 60 min.
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Figure 4-10. Aggregation kinetics of 10 mg/L P25 with different NaCl concentrations

in 5 mg/L SMZ solutions.
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Figure 4-11. Sedimentation kinetics of P25 with different NaCl concentrations in

SMZ solutions (P25: 10 mg/L; SMZ: 5mg/L).
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Figure 4-12. Aggregation kinetics of 10 mg/L P25 with different NaBr concentrations

in 5 mg/L SMZ solutions.
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Figure 4-13. Sedimentation kinetics of 10 mg/L P25 with different NaBr

concentrations in 5 mg/L SMZ solutions.
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Figure 4-14. Aggregation kinetics of 300 mg/L photocatalysts in 5 mg/L SMZ

solutions.
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Figure 4-15. Aggregation kinetics of 300 mg/L photocatalysts in 5 mg/L SMZ
solutions.
4.2.4 The effect of NOM

Humic acid (HA), a major component of NOM and a typical representative of
humic substances, may interact with TiO, NPs via electrostatic attraction and ligand
exchange (Yang et al., 2009). Its adsorption would increase the electrostatic repulsion
and steric hindrance between individual nanoparticles, thereby enhancing their
dispersion and stability (Chen et al., 2012). In this study, two kinds of HA,
Leonardite humic acid (LHA) and Suwannee River humic acid (SRHA), were used to
investigate the stable dispersion of P25 by HA.

Figure 4-16 and 4-17 showed that P25 exhibited good stability in both LHA and
SRHA at tested concentrations, which was illustrated by their aggregate sizes
remaining constant over 150 min. LHA and SRHA can drastically increase the
stability of TiO, NPs even in the presence of 100 mM NaBr due to the combined
effect of increased electrostatic and steric repulsions. Previous study showed that at

low pH, the surface charge was increased by the surface-adsorbed SRHA, leading to
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increased electrostatic repulsions between TiO, NPs (Jayalath et al., 2018). Increased
electrostatic repulsions increase stability of the NPs by minimizing the agglomeration.
In the case of steric stabilization, HA molecules adsorbed or bound to the particle
surface create a protecting network, which could prevent particles from aggregation

(Segets et al., 2011).
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Figure 4-16. Aggregation kinetics of 10 mg/L P25 at 2.5 and 5 mg/L LHA with or

without 100 mM NaBr in 5 mg/L SMZ solutions.
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Figure 4-17. Aggregation kinetics of 10 mg/L P25 at 2.5 and 5 mg/L SRHA with or

without 100 mM NaBr in 5 mg/L SMZ solutions.
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4.3 Photocatalytic degradation of SMZ by TiO,
4.3.1 The effect of TiO, dosage on the removal of SMZ

SMZ absorbs light within the range between 240 and 310 nm (Abellan et al.,
2009), which means that it cannot be assured if its degradation is due to the
photocatalysis or due to the photolysis process, as shown in Figure 4-18. Therefore,
for the photocatalytic degradation of SMZ, UV-A light (A = 365 nm) was used in the
following experiment. The TiO, bandgap energy of 3.2 eV corresponds to photons
with A < 387.5 nm, which is still longer than the wavelength we used (A = 365 nm).

The adsorption amount of organic compounds on the catalyst surface may
influence the removal efficiency (Sojic et al., 2009). However, no adsorption of SMZ
on TiO; in dark was found (Figure 4-19). The result revealed that the adsorption
amount of SMZ was negligibly small after the system was balanced in the dark for 30
minutes.

The heterogeneous photocatalytic degradation usually increases with the
photocatalyst concentration towards a limit at high catalyst concentrations. As shown
in Figure 4-19, the positive effect of increasing TiO, dosage on the percentage of
SMZ degradation was clearly indicated. The addition of more TiO, enhanced the
removal efficiencies of SMZ. This could be attributed to the increasing light
absorption by TiO, and the higher generation of reactive oxygen species (ROS) on
active surface sites of TiO, (Abellan et al., 2009; Ding et al., 2013; Hu et al., 2007).
Since the main objective was to evaluate the mechanisms of photocatalytic
degradations of SMZ by P25 in the presence of NaBr or NaCl. Therefore, 10 mg/L

P25 was selected for use in the following experiments.
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Figure 4-18. The photocatalytic degradation of SMZ by different concentrations of

P25 under UV-C light. (UV light: A = 253.7 nm, 32W; SMZ: 5 mg/L)

Table 4-4. The pH and SMZ photodegradation rate constant of different

concentrations of P25 under UV-C light.

pH Before experiment After experiment Rate constant
(min™)
SMZ 5.56 5.54 0.0103
SMZ + NaBr 5.34 5.10 0.0103
10 ppm P25 5.50 4.89 0.0262
50 ppm P25 541 5.24 0.0458
10 ppm P25 + NaBr 5.34 5.55 0.0569
50 ppm P25 + NaBr 531 5.05 0.144
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Figure 4-19. The photocatalytic degradation of SMZ by different concentrations of

P25 under UV-A light. (UV light: A = 365 nm, 32W; SMZ: 5 mg/L)

Table 4-5. The pH and SMZ photodegradation rate constant of different

concentrations of P25 under UV-A light.

pH Before experiment After experiment Rate constant
(min™)
SMZ 5.66 5.63 -
10 ppm P25 5.69 4.86 0.0106
25 ppm P25 5.82 4.67 0.0447
50 ppm P25 5.59 4.72 0.161
100 ppm P25 5.30 4.61 0.214

4.3.2 The effect of the initial SMZ concentration on photodegradation
The influence of the initial SMZ concentration on the photodegradation was
studied with a P25 dosage of 10 mg/L. Figure 4-20 showed that the SMZ

concentration had no obvious change when it was not irradiated by UV light. This
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result indicates that SMZ would not adsorb to P25 particle surface within 150 min.
Consequently, SMZ concentration change caused by adsorbing on TiO, particle
surface during photodegradation can be ignored.

As observed in Figure 4-20, the degradation rate decreased as the concentration
of SMZ increased from 0.5 mg/L to 10 mg/L. At a higher initial concentration, two
factors could hinder the degradation of the SMZ. First, an increased amount of SMZ
may occupy a greater number of TiO, active sites, which subsequently suppresses the
generation of the oxidants and results in lower degradation rates. Secondly, a higher
concentration of SMZ absorbs more photons, and consequently decreases
the photons available to the active TiO,. Thus, a shortage of photons at the active
TiO; surface essentially retards the degradation of SMZ at high initial concentrations.
Hence, the overall reaction rate was lower with a higher initial SMZ concentration.
This has been observed in many photochemical reactions
where activation by photon absorption is typically the first step for the reaction (Guo

etal., 2013).

4.3.3 The effect of sodium halide concentration on the removal of SMZ
Electrolytes are common in the environment and affect the particle size of
nanoparticles in many studies. As a result, it is important to explore whether the
particle size or salt concentration affects the degradation efficiency of organic
compounds. This study aims to investigate the influence on SMZ photodegradation

with aggregated TiO, NPs in the presence of halide ions.
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Figure 4-20. The photocatalytic degradation of different concentrations of SMZ by

10 mg/L P25 under UV light. (UV light: X = 365 nm, 32W)

Table 4-6. The pH and SMZ photodegradation rate constant of P25.

pH Before experiment After experiment Rate constant
(min™)
SMZ 5.55 5.68 -
SMZ (dark) 5.67 5.10 -
0.5 ppm SMZ + P25 5.80 5.73 0.00791
1 ppm SMZ + P25 5.70 5.31 0.0106
5 ppm SMZ + P25 5.29 4.86 0.0759
10 ppm SMZ + P25 5.35 491 0.144

4.3.3.1 The effect of NaCl concentration on the removal of SMZ

The analysis of SMZ concentration in P25 suspensions at different NaCl
concentrations in the dark was conducted. Figure 4-21 showed that the SMZ
concentration had no significant change when it was not irradiated with UV light.
This result indicates that SMZ would not adsorb to P25 particle surface within 30
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min. Besides, from Figure 4-20, it is concluded that SMZ concentration change
caused by adsorbing on TiO; particle surface during photodegradation is negligible.
Photodegradation kinetics of SMZ by 10 mg/L P25 at different NaCl
concentrations is shown in Figure 4-21. In the blank experiment, when SMZ was
irradiated with UV in the absence of P25, the change in SMZ concentration was
found to be insignificant. The photocatalytic degradation efficiency of SMZ by P25
was 77% after UV light irradiation for 3 hr, and the rate constant was 0.0134 min™.
The SMZ degradation rate was reduced by the presence of NaCl under UV irradiation.
This reduction enlarged as the chloride concentration was increased, which can be
observed through comparing the rate constant, as shown in Figure 4-22 and Table 4-7.
When there were halide salts in the solution, P25 NPs aggregated and became larger
particle agglomerates (Figure 4-10 and 4-11), resulting in the decrease of surface area
(Table 4-2) and active site on the surface, which reduced the photocatalytic
performance of TiO, (Figure 4-23). Yang et al. (2005) reported that under certain
conditions ClI~ are able to scavenge active radicals and slow down the
photodegradation. Moreover, Liang et al. (2008) also indicated that the rate of
2,3-DCP photodegradation by TiO, nanotube arrays decreased with an increased CI”
concentration significantly, which could be attributed to the competitive adsorption
and the formation of less reactive radicals during the photocatalytic reaction. In
general, aggregation has negative influence on the photocatalytic performance.
Considering the sedimentation of P25 with NaCl (Figure 4-11), the dosage of 7.5
mg/L P25 was performed to avoid the sedimentation effect. With the addition of 10
mM NacCl, the photodegradation kinetic seemed to be slightly faster than 7.5 mg/L
P25. Some previous studies showed that the addition of Cl~ could enhance
photodegradation performance significantly (Iguchi et al., 2015; Krivec et al., 2014),

but in this study, only the addition of 10 mM NaCl seemed to enhance the
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photodegradation. Yuan et al. (2012) indicated that the chloride ion was found to
have a dual effect on both the dye decoloration and mineralization in UV/TiO,
system due to different mechanisms involved. Chloride ion has a higher affinity for
the holes than «OH, and thus further inhibits the electron-hole pair recombination. As
a result, the conduction band electrons and valence band holes can then migrate to
catalyst surface and react chemisorbed O, or OH /H,O molecules to generate
reactive oxygen species (ROS), which can attack dye molecules and the degradation
intermediates. Liu et al. (2009) also found that bisphenol A could be degraded by

Cl,™, which was yielded from CI~ under simulated solar light irradiation. In this
study, chloride ion has a negative effect on photodegradation of SMZ by P25, except

for the addition of 10 mM NacCl.
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Figure 4-21. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 at

different NaCl concentrations under UV light. (UV light: A = 365 nm, 32W)
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Figure 4-22. The relationship between SMZ degradation rate constant and NaCl
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Figure 4-23. The relationship between SMZ degradation rate constant and P25 particle

size in the presence of different concentrations of NaCl.

66

d0i:10.6342/NTU201802870



Table 4-7. The pH, SMZ photodegradation rate constant, and final particle size at

different concentrations of NacCl.

NaCl concentration Initial pH Final pH Size (nm) Rate constant
(mM) (min™)
Control (w/o P25) 5.66 5.63 - -
0 5.50 5.10 186 0.0134
0 (7.5 mg/L) 5.08 4.91 173 0.00921
10 5.38 4.81 1810 0.0103
50 5.39 4.89 1972 0.00832
100 5.38 4.97 2043 0.00665
500 4.92 4.89 2413 0.0058

4.3.3.2 The effect of NaBr concentration on the removal of SMZ

The effect of NaBr concentration on the degradation of SMZ solution by P25
was investigated under UV irradiation (Figure 4-24). In the control experiment, when
SMZ was irradiated with UV light in the absence of P25, the changes in SMZ
concentration was insignificant, indicating that no adsorption of SMZ on TiO; in dark.
The photocatalytic degradation efficiency of SMZ by P25 was 72% after UV light
irradiation for 2 hr, and the rate constant was 0.0104 min™,

When there was NaBr in the solution, TiO, aggregated and became larger
particle agglomerates (Figure 4-12 and 4-13), resulting in the decrease of surface area
(Table 4-1) and active site on the surface. However, the photodegradation rate of SMZ
by TiO, with the addition of NaBr increased instead of decreasing. Figure 4-24
illustrated that the SMZ degradation rate was accelerated by the presence of NaBr
under UV irradiation. This enhancement enlarged as the bromide concentration was
increased, but lessened when the bromide concentration exceeded 100 mM. With the
addition of 100 mM NaBr, the photodegradation efficiency was 95% after 45 min, and

reached equilibrium of 99% removal efficiency at 75 min. The photodegradation rate
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constant of P25 was 0.0104 min, increasing to 0.0636 min™ with the addition of 100
mM NaBr, as shown in Figrue 4-25 and Table 4-8.

The relationship between SMZ degradation rate constant and P25 particle size is
shown in Figure 4-26. It can be observed that there is no good correlation between
SMZ degradation rate constant and P25 agglomerate particle size, implying that the
antenna effect has insignificant influence on SMZ degradation in the presence of
different concentrations of bromide ions. The SMZ degradation rate constants at
different NaBr concentrations with different P25 particle sizes are compared in Table
4-8. In view of this, the main factor affecting SMZ degradation rate constant may be
NaBr concentration instead of TiO, particle size. Moreover, Figure 4-24 showed that
the increase of SMZ degradation rate was significant even in low concentration of
NaBr (10 mM) with 96% removal at 2 hr. Therefore, it may be possible that the
increase of SMZ degradation rate was related to the presence of bromide ions. The
enhanced degradation of SMZ in the UV/TiO; process could be achieved by reactive
bromine species generated from bromide ions. According to previous studies, the
photocatalytic production of high concentration of bromide radicals is possible
because these radicals can form stable di-halide radical anions (‘Br;") in the presence
of Br (Cheng & Bakac, 2008; Merenyi & Lind, 1994). Wu et al. (2016) also reported
that the addition of NaBr to photoactivated TiO, (P25) potentiates the killing of
Gram-positive, Gram-negative bacteria and fungi by up to three logs due to the

formation of reactive bromine species from Br oxidation.
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Figure 4-24. The photocatalytic degradation

of 5 mg/L SMZ by 10 mg/L P25 at

different NaBr concentrations under UV light. (UV light: A = 365 nm, 32W)

Vikesland et al. (2013) indicated that free bromine species are a much more

effective halogenating agent than free chlorine species. Moreover, the oxidation

potential of chloride ion is higher than bromide ion, indicating that reactive chlorine

species is more difficultly formed than reactive bromine species. That may be the

reason why bromide ion has more significant enhancement effect than chloride ion on

photocatalytic degradation of SMZ. Although in theory the reaction of *OH with

chloride may also generate chlorine radicals

during UV processes (G. G. Jayson et al.,

1973; Liao et al., 2001), such effects generate less reactive chlorine species and

appear to be not strong enough to increase SMZ photodegradation rates under the

conditions of this study.
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Figure 4-26. The relationship between SMZ degradation rate constant and P25 particle

size in the presence of different concentrations of NaBr.
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Table 4-8. The pH, SMZ photodegradation rate constant and final particle size at

different concentrations of NaBr.

NaBr concentration Initial pH Final pH Size (nm) Rate constant
(mM) (min™)
Control (w/o P25) 5.66 5.63 - -
0 5.50 5.10 182 0.0104
10 5.37 5.61 2040 0.0320
50 5.37 5.52 2318 0.0426
100 531 5.55 2388 0.0636
250 5.45 5.60 1758 0.0383
500 5.52 5.72 2345 0.0362

4.3.3.3 The effect of pH on the removal of SMZ in the presence of 100 mM Br

The degradation rate may vary with the pH due to the ionic nature of the target
compound, the surface properties of the photocatalyst, and the type of intermediates
arisen along the reaction. SMZ, the target compound in this study, has got two
protonated states, varying with pH. The different ionic states of the substances have a
remarkable effect on its reactivity, and the values of the corresponding pKj's are
important for the elucidation of their photochemical behavior according to the pH.
The pK,values of SMZ are: pKy =1.83 and pKy, =5.57, which means that the
sulfamethoxazole has a cationic form at pH < 1.83, and an anionic form at pH > 5.57
(Dodd & Huang, 2004; Lin et al., 1997). These forms can be related to the positive
charge of TiO, at pH <6 and negative at pH > 6. Since the TiO, has amphoteric
nature, it has a point of zero charge between 5.6 and 6.8 (Kosmulski, 2011).
Xekoukoulotakis et al. (2011) studied the effect of pH on the degradation of SMZ
with P25, and reported that the photodegradation of 10 mg/L SMZ by 500 mg/L P25

was faster at around pH 4 than at around pH 7.5 in ultra-pure water under UVA light
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irradiation. Therefore, a series of experiments were carried out to study the influence
of the pH on the process in the presence of 100 mM Br . The initial pH was adjusted
with 0.05 N NaOH and 0.1 N HBr, and the rest of parameters remained constant.

Figure 4-27 showed the photocatalytic degradation of 5 mg/L SMZ by 10 mg/L
P25 with NaBr at acidic pH under UV light. Acidic pH was adjusted by HBr, and the
concentration of Br (NaBr and HBr) was fixed at 100 mM. It could be observed that
the degradation rate at pH 4 was as fast as original pH (pH 5.5). When the reaction
solution became more acidic (pH 3 and 2.5), the degradation kinetics became slower,
but still faster than pure P25. It could be assumed that at acidic pH, Br, generated
from Br~ in the UV/TiO; system would vaporize, and thus the enhancement lessened
compared to the degradation at original pH.

On the other hand, in neutral and alkaline system, the photocatalytic degradation
of SMZ was slightly inhibited with increasing pH, as shown in Figure 4-28. However,
the degradation of SMZ by P25 with 100 mM Br at alkaline pH was still faster than
pure P25. At neutral and alkaline pH, both SMZ and P25 surface are negatively
charged, resulting in the enhanced repulsion between them. Therefore, the
photo-adsorption of SMZ onto P25 surface is expected to be reduced
(Xekoukoulotakis et al., 2011). This may explain the decreased photocatalytic activity,

compared to original pH, observed at neutral and alkaline pH.
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Figure 4-27. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with
NaBr at different pH under UV light. HBr and NaOH are used for adjusting pH, and
the concentration of Br~ ion is fixed at 100 mM. (UV light: A = 365 nm, 32W)

(Original pH: 5.5)

Table 4-9. The pH measurements and rate constants of the degradation of SMZ in the

presence of 100 mM Br~ at acidic pH.

pH Before experiment After experiment Rate constant
(min™)
SMZ 5.48 5.69 -
pH 2.5 2.48 2.70 0.0271
pH 3 3.09 341 0.0553
pH 4 4.16 4.49 0.0671
pH 5.5 5.50 5.15 0.0960
73

doi:10.6342/NTU201802870



5 0.6 [ —e—Control
O —=—pH55
0.4 | —&—pH 6
pH 7
02 r —*—pH 8
—o—pH?9

O 1
0 15 30 45 60 75 90 105 120 135 150
Time (min)
Figure 4-28. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with
NaBr at different pH under UV light. HBr and NaOH are used for adjusting pH, and

the concentration of Br™ ion is fixed at 100 mM. (UV light: A = 365 nm, 32W)

(Original pH: 5.5)

Table 4-10. The pH measurements and rate constants of the degradation of SMZ in the

presence of 100 mM Br~ at alkaline pH.

pH Before experiment After experiment Rate constant
(min™)
pH 5.5 5.46 5.62 0.0960
pH 6 5.93 6.02 0.0602
pH 7 7.12 6.95 0.0600
pH 8.5 8.88 741 0.0527
pH9 8.93 7.38 0.0504

4.3.4 Photocatalytic degradation of SMZ by surface modified TiO,
The effect of surface modified P25 on the degradation of SMZ solution was

investigated under UV irradiation. The results were shown in Figure 4-29. In the
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absence of photocatalysts, the SMZ concentration was not changed obviously,
indicating that no adsorption of SMZ on P25 in dark was found. The photocatalytic
degradation efficiency of 5 mg/L SMZ by 0.3 g/L P25 was 99 % after UV light
irradiation for 30 min. Compared to pure P25, the photocatalytic degradation of SMZ
with HCI-P25 was slightly inhibited. As for the effect of HBr-P25, the
photodegradation rate constant increased to 0.511 min™, which was about 3 times
greater than that of P25, as shown in Figure 4-29 and Table 4-11. This could indicate
that surface bromination of P25 can enhance the photodegradation process under an
acidic condition. The pretreatment introduced bromide anion groups into P25 surface
structure. Under photocatalytic conditions, these bromide groups could be converted,
via photogenerated hole (h") attack, into bromine radicals, which could then react
with adsorbed hydrocarbon species (e.g., via hydrogen abstraction), potentially
producing rate enhancements. The increase of photodegradation rate by HBr-P25 also
implied that the surface reaction has significant effect on the enhancement resulting
from the addition of NaBr (Figure 4-24).

As for NaBr-P25 and NaCl-P25, they both had reduced effect on the
photodegradation of SMZ, as shown in Figure 4-30 and Table 4-12. This could be
explained that Br and CI may not decorate on the surface very well. Seen from Table
4-13, the IC results showed that the initial released Br and CI  concentration of
NaBr-P25 and NaCl-P25 were much greater than those of HBr-P25 and HCI-P25,
respectively. If all the solutions, including HBr, HCI, NaBr and NaCl, we added to
P25 powder introduced all Br or Cl onto P25 surface in the pretreatment process, the
residual Br or Cl on the surface of HBr-P25, HCI-P25, NaBr or NaCl was 26.89%,
12.12 %, 33.84%, and 19.14 %, respectively, after abstracting the released ions.
However, these were calculated residual contents. In fact, the real ratio of Br or ClI

decorated on the surface still remained unclear. Moreover, after photocatalytic
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degradation process, the concentrations of Br and CI in the solution were almost the
same for all the samples, indicating that the residual Br or Cl was firmly decorated on
the surface. On the other hand, from Table 4-3, it could be observed that the BET
surface area values of HBr-P25 and HCI-P25 were 52.16 m%g and 50.33 m?/g,
respectively, which were similar to that of P25 (54.99 m?g). As for NaBr-P25 and
NaCl-P25, their BET surface area values were 34.48 m?/g and 43.30 m?g,
respectively, which were lower than HBr-P25 and HCI-P25. Therefore, NaBr-P25 and

NaCl-P25 had reduced photocatalytic performances than HBr-P25 and HCI-P25.
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Figure 4-29. The photocatalytic degradation of 5 mg/L SMZ by 0.3 g/L P25, HBr-P25

and HCI-P25 under UV light.
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Table 4-11. The pH and SMZ photodegradation rate constant of P25, HBr-P25 and

HCI-P25 powder.

pH Before experiment  After experiment  Rate constant (min™)
SMZzZ 5.60 5.64 -

P25 (powder) 5.16 4.76 0.178
HBr-P25 (powder) 3.92 3.90 0.511
HCI-P25 (powder) 4.52 4.40 0.125

1 —e > < 3
0.8
—o— Control
5 06 + —=— P25 (powder)
D % NaBr-P25 (powder)
04 r —4—NaCl-P25 (powder)
0.2 r
0
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Figure 4-30. The photocatalytic degradation of 5 mg/L SMZ by 0.3 g/L P25,

NaBr-P25 and NaCl-P25 under UV light.
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Table 4-12. The pH and SMZ photodegradation rate constant of P25, NaBr-P25 and

NaCl-P25 powder.

pH Before experiment ~ After experiment ~ Rate constant (min™)
SMZ 5.46 5.52 >
P25 (powder) 5.18 4.65 0.178
NaBr-P25 (powder) 5.27 5.24 0.0211
NaCl-P25 (powder) 5.81 6.15 0.0650

Table 4-13. The released halide ions in solutions from HBr-P25, HCI-P25, NaBr-P25
and NaCl-P25 powder before and after photodegradation experiments detected by IC.
([Br Jo and [CI ]o: the concentrations of halide ions before the photodegradation

experiments)

[Brlo [Br] [CI"]o [CI']

(mg/L) (mg/L) (mg/L) (mg/L)
HBr-P25 12.70 13.37 HCI-P25 4.75 5.59
NaBr-P25 68.06 64.30 NaCl-P25 50.73 48.23

4.3.5 The effect of NOM on the removal of SMZ

Natural organic matter (NOM) is often considered to be the most important
non-target water constituent that affects photocatalytic processes because of its
capacity to interfere with adsorption of the target compounds to TiO, surfaces, absorb
photons, scavenge -OH and other reactive species including Br, and HOBr, and
generate photochemical reactive intermediates which can also react with the target
pollutants. As an important fraction of NOM, humic acid (HA) is ubiquitously present

in both surface water sources and wastewater treatment plant secondary effluent.
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Therefore, we investigated the effect of two different HA, Leonardite humic acid
(LHA) and Suwannee river humic acid (SRHA), on the removal of SMZ by P25 with
or without 100 mM NaBr.

As shown in Figure 4-31, with the addition of 2.5 and 5 mg/L LHA, the
photodegradation of SMZ by P25 was obviously inhibited. However, in the system of
P25 containing 100 mM NaBr with the addition of LHA, the degradation rate of SMZ
was still faster than pure P25 although it decreased with the addition of LHA as
compared to that with P25 and NaBr. HA can play two contrasting roles during the
photochemical reaction process. On the one hand, HA may inhibit the
photodegradation of target compounds due to competition for the light energy and
reactive species, and shielding target compounds from irradiation and reactive species.
On the other hand, HA can act as a photosensitizer to induce generation of radical
species and promote the degradation of target compounds. A plausible explanation of
the inhibition in this experiment would be that the inhibitory effects of LHA
outweighed the promoting effects, and thus the reaction rate decreased. The evidence
is that the inhibition increased with the increase of LHA (Figure 4-31).

Figure 4-32 presented the photocatalytic degradation of 5 mg/L SMZ by 10 mg/L
P25 with 100 mM NaBr and SRHA under UV light. With the addition of increasing
concentraion of SRHA (2.5 and 5 mg/L), the photodegrdation rate of SMZ by P25
was drcreased, consistent with previous study (Hu et al., 2007). Besides, the
degradation kinetic pattern shifted from “log-tail” to “shoulder-log”, suggesting that
there was a time requirement for the degradation of SMZ due the competition of
reactive oxygen species (ROS) by SRHA. In the system of P25 containing 100 mM
NaBr with the addition of SRHA, the photodegradation of SMZ was at first inhibited,
and then increased compared to the P25 only system. The degradation kinetic pattern

also shifted from “log-tail” to “shoulder-log”. This phenomenon could be assumed
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that during the photocatalytic degradation, SRHA at first consumed ROS and RHS,
resulting in the decrease of the SMZ photodegradation, and then after 1 hr, the
weakened inhibition of SRHA resulting from the changed surface properties of SRHA
made the enhancement by reactive bromine species dominate the photocatalytic
reaction. Westerhoff et al. (2004) reported that bromine reacted with NOM on the
order of seconds, and the halogen consumption exhibited two reaction stages: (1)
rapid initial consumption followed by (2) slower consumption. They also indicated
that the cross-over between reaction stages occurred < 15 s for bromine. With the
increase of SRHA to 5 mg/L (Figure 4-32), the cross-over time extended to 2 hr.

The different effects on photocatalytic performance resulting from LHA and
SRHA may cause by the difference of HA structures. In Table 4-13, some selected
characteristic of LHA and SRHA was listed. According to Table 4-13, LHA has fewer
carboxylic and phenolic groups than SRHA but much more aromatic carbon (Hakim
& Kobayashi, 2018; Ritchie & Perdue, 2003). Hakim and Kobayashi (2018) also
reported that LHA is more hydrophobic than SRHA. Under UV light irradiation, Br~
reacts with photogenerated holes and «OH on P25 surface, and forms reactive bromine
species (RBS) which have been reported to preferentially react with electron-rich
moieties. Therefore, LHA, which has higher electron-rich moieties than SRHA, could
be attacked more by RBS and then result in a larger inhibition on SMZ degradation.
This is consistent with the result reported by Criquet et al.(2015), indicating that the
electrophilic aromatic substitution (% Br-incorporation) for the reaction of bromine

with LHA was slightly higher than SRHA.
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Figure 4-31. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with 100

mM NaBr and LHA under UV light. (UV light: X =365 nm, 32W)
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Figure 4-32. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with 100

mM NaBr and SRHA under UV light. (UV light: A =365 nm, 32W)
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Table 4-14. The pH and SMZ photodegradation rate constant of P25 with different

concentrations of LHA in the presence of 100 mM NaBr.

pH Before After Rate constant
experiment experiment (min™)
Sppm LHA 5.64 5.65 -
P25 5.22 5.02 0.00970
P25 + 2.5ppm LHA 5.42 5.08 0.00231
P25 + 5ppm LHA 5.50 5.10 0.00152
P25 + NaBr 5.46 5.61 0.0510
P25 + NaBr + 2.5 ppm LHA 5.32 5.38 0.0284
P25 + NaBr + 5 ppm LHA 5.36 5.30 0.0200

Table 4-15. The pH and SMZ photodegradation rate constant of P25 with different

concentrations of SRHA in the presence of 100 mM NaBr.

pH Before After Rate constant
experiment experiment (min™)
5ppm SRHA 5.64 5.83 -
P25 5.32 5.13 0.0122
P25 + 2.5ppm SRHA 5.56 5.57 0.00681
P25 + 5ppm SRHA 5.70 5.44 0.00200
P25 + NaBr 5.46 5.62 0.0511
P25 + NaBr + 2.5 ppm SRHA 5.37 5.64 0.0294
P25 + NaBr + 5 ppm SRHA 5.48 5.51 0.0194

Table 4-16. Some selected characteristics of LHA and SRHA reported by IHSS.

(Criquet et al., 2015; Hakim & Kobayashi, 2018; Ritchie & Perdue, 2003)

HA from IHSS Carbon Carboxylic Phenolic Aromatic
content (%) groups groups carbon (%)
(wiw) (meqg/g-C) (meg/g-C)
LHA 63.81 7.46 2.31 58
SRHA 52.63 9.13 3.72 31
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4.4 The Mechanism of photocatalytic degradation
4.4.1 The effect of different scavengers on the removal of SMZ
4.4.1.1 The effect of oxidants’ scavengers on the removal of SMZ by TiO,

The role of «OH scavengers during the photocatalytic degradation of SMZ was
studied. Allyl alcohol (3-propenol, AA; 100 mM) or tertiary butanol (t-buOH; 100
mM) were used as selective quenchers to differentiate the importance of reactions
involving adsorbed radicals (e.g., *Brags and *OH.s ) and dissolved radicals
(e.g., *OH, <Br) to photocatalytic degradation rates, respectively (Barazesh et al., 2016;
Nosaka & Nosaka, 2017). Allyl alcohol was useful for probing surface-bound
oxidants (K aa.on = 7.5 x 10° Mt s (B. M. Matthew & C. Anastasio, 2006; Ross,
Bielski, et al., 1998), k aargr = 3.4 x 10° M 57! (Guha et al., 1993; B. M. Matthew &
C. Anastasio, 2006)) because the interaction of its m-orbitals with the positively
charged surface and the high reactivity of the allylic carbon with oxidants allows it to
react at the surface. In contrast, saturated alcohols (i.e., t-buOH) do not react near the
surface, yet react rapidly with dissolved oxidants (*OH and *Br). The t-buOH reacts
rapidly with powerful one electron oxidants such as *OH and *C1 (K t-puon/-on = 6 X 108
Mt s (Buxton et al., 1988), K wouon~ci = 7 x 108 M 57! (Gilbert et al., 1988)) (Wu
et al., 2017; Yu et al., 2014). Although the rate constant for reaction of bromine free
radicals and t-buOH (K t.buon/-Br) 1S NOt known, it is likely to be large when K t-pyomn-ci IS
considered.

As shown in Figure 4-33, the addition of AA and t-buOH almost inhibited the
degradation of SMZ by illuminated P25, suggesting that in the pure P25 system, both
adsorbed and dissolved «OH radicals were important for the SMZ photodegradation.
In the system of P25 with 100 mM NaBr, the degradation rates of SMZ were
significantly decreased by AA but were slightly decreased in the presence of t-buOH,

thus confirming the importance of surface-bound oxidants (i.e., *Brygs). Barazesh et al.
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(2016) showed that surface-bound reactive bromine species (i.e., *Brags) possibly

contributed to oxidation of SMZ by electrolysis with the addition of chloride and

bromide ions.
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Figure 4-33. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with 100
mM scavengers (AA and t-buOH) under UV light. (UV light: A =365 nm, 32W)
(Allyl alcohol (AA): scavenger of surface-bound OH and Br radicals.

Tertiary butanol (t-buOH): scavenger of dissolved OH and Br radicals.)

Table 4-17. The pH and SMZ photodegradation rate constant of P25 with 100 mM

scavengers (AA and t-buOH) in the presence of 100 mM NaBr.

pH Before After Rate constant

experiment experiment (min™)

Control 5.50 5.62 -
P25 5.33 5.12 0.0106

P25 + AA 4.98 4.70 -

P25 + t-buOH 5.43 5.40 -
P25 + NaBr 5.37 5.58 0.0693
P25 + NaBr + AA 4.95 5.70 0.00300
P25 + NaBr + t-buOH 5.34 5.63 0.0421
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4.4.1.2 The effect of photogenerated hole scavengers on the removal of SMZ by
TiO;

Many studies have used oxalate (e.g. oxalic acid and sodium oxalate) as a hole
scavenger to investigate the role of photogenerated hole on the surface of catalysts
(Lee et al., 2005; Savory et al., 2010). While oxalate reacts relatively slowly with both
hydroxyl radicals and hydrated electrons (k = 1.5 x 10’ M s® and k = 3.5 x 10’
M™s™), once adsorbed on TiO,, it is oxidation by h*,, to CO, through the following
reactions (Rodriguez et al., 2015):

C,044 +h*yp — C,04” — CO, ++CO;y~ (4-2)
*CO;” +0; — COy++0y” (4-3)
Because the reactivity and specificity of oxalate toward hydroxyl radical is relatively
low, oxalate could be utilized as a good hole scavenger in the solution containing
TiO,.

SMZ degradation Kkinetics by TiO, with 100 mM NaBr and different
concentration of sodium oxalate is shown in Figure 4-34. The addition of Na,C,0,
slightly reduced the degradation of SMZ in the pure P25 system. As the previous
results (Figure 4-24), when the solution contained 100 mM NaBr, the degradation of
SMZ was obviously accelerated. However, when the solution contained 100 mM
NaBr and 10 mM Na,C,0,, the degradation of SMZ was inhibited.

The addition of Na,C,04, however, slightly changed the pH condition of the
photocatalytic system. To eliminate the effect of the difference of pH, Na,C,0, was
mixed with H,C,0, to be used as the hole scavenger, and the concentration of C,04>
was fixed at 10 mM. Figure 4-35 depicted that the addition of 10 mM C,0,*
significantly reduced the degradation of SMZ in the pure P25 system. On the other
hand, the degradation of SMZ was totally inhibited by the addition of 10 mM C,0,*

in the system containing P25 and 100 mM NaBr.
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The inhibition of the photodegradation by addition of oxalate was because the
photogenerated holes on the surface of TiO, particles were consumed by C,0.%, and
there were a little *OH and *Br left to provide degradation ability. From another
perspective, since the reaction in the system of P25 with 100 mM NaBr was inhibited
more significantly than that of P25, the photogenerated hole may have significant

effect on bromide oxidation (eq. 4-4~4-6).

h*yp + Br~ — «Br (4-4)
*Br+Br~ — *Br,” (4-5)

h+vb +Br, — Bn (4-6)

——SMZ ——P25
=& P25 + Na,C,0, —>—P25 + NaBr
—¥#—P25 + NaBr + N32C204,

1 o o o
v g g

12 r dark
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Figure 4-34. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with 100

mM NaBr and 10 mM Na,C,0, (hole scavenger) under UV light.
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Table 4-18. The pH and SMZ photodegradation rate constant of P25 with 10 mM

Na,C,0, (hole scavenger) in the presence of 100 mM NaBr.

pH Before After Rate constant
experiment experiment (min™)
Control 5.44 5.48 -
P25 5.31 4.73 0.0107
P25 + Na,C,0,4 7.18 7.53 0.00520
P25 + NaBr 5.26 5.46 0.0694
P25 + NaBr + Na,C,04 7.12 7.44 0.00390
12 v dark ; Iigﬂ; C,0,Z 152 + NaBr

—#*—P25 + NaBr + C,0,2

O 1 1 1 1 I 2k \
0 15 30 45 60 75 90 105 120 135 150

Time (min)

Figure 4-35. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with 100
mM NaBr and Na,C,0, mixed with H,C,0, (as hole scavengers and the concentration

of C,0,°~ was fixed at 10 mM) under UV light. (UV light: A =365 nm, 32W)
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Table 4-19. The pH and SMZ photodegradation rate constant of P25 with 10 mM

C,0,% (hole scavenger) in the presence of 100 mM NaBr.

pH Before After Rate constant
experiment experiment (min™)
Control 5.34 5.02 -
P25 5.28 4.81 0.0107
P25 + C,04* 4.93 5.20 0.00180
P25 + NaBr 5.18 4.46 0.0583
P25 + NaBr + C,0,~ 4.81 5.08 -

4.4.2 Photoluminescence of TiO;

Understanding the charge recombination process of a photocatalyst is crucial
because it significantly influences the photochemical properties and photodegradation
performance. Photoluminescence (PL) is a suitable tool to study the efficiency of
charge carrier trapping, migration, and transfer, and to understand the fate of electron—
hole pairs in photocatalyst particles because PL emissions result from the
recombination of free carriers. TiO, will absorb the incident photons with sufficient
energy equal to or higher than the band-gap energy, which produces photoinduced
charge carriers. In addition, the recombination of photoinduced electrons and holes
releases energy in the form of PL emission spectra. Hence, a lower PL intensity
indicates less charge recombination (Lim et al., 2015). According to the “antenna
effect” proposed by Wang et al.(2003), the interparticle charge transfer takes place in
the agglomerates of TiO, NPs, which ensures an enhanced charge separation and a
reduced recombination. Therefore, PL spectra were investigated.

The PL spectra of anatase and rutile TiO, have been previously reported for both
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bulk and nanocrystalline samples. Tang et al. (1994) observed visible PL of bulk
anatase crystals and assigned it to radiative recombination of a self-trapped exciton.
The near-IR emission of bulk rutile was reported by Ghosh et al. (1969) and in both
bulk and nanocrystalline phases by Nakato et al. (1983) and Tsujiko et al. (2000). The
latter have assigned the rutile PL, which peaks at about 850 nm, to recombination of
conduction band electrons with surface-trapped holes localized on triply coordinated
oxygen atoms on (100) and (110) surfaces. Despite the ~25% rutile content of P25,
no rutile emission is seen in P25. Knorr et al. (2008) speculated that the rutile
emission is absent in P25 because the luminescent rutile surfaces (i.e., the (100) and
(110) planes) are covered by the anatase phase.

Excitation of TiO, at 350 nm creates electrons in the conduction band and holes
in the valence band which are rapidly trapped at defect sites. Figures 4-36a and b
show the PL spectra of P25 and P25 with different concentrations of NaBr or NaCl,
respectively. The samples were excited at A = 350 nm and the PL intensity maximum
occurred at A = 575 nm. With the addition of different concentration of NaBr, the
decrease in the intensity of peaks compared to P25 can be observed, which depicts the
changes in the surface morphology that imparted extended lifetime to the excited
states compared to P25. P25 showed a higher PL intensity due to the rapid
recombination of photoinduced charge carriers, while the PL intensity decreased with
the addition of different concentration of NaCl. As shown in Figure 4-36¢, the peak of
HBr-P25 was similar to that of P25. HCI-P25, on the other hand, showed visible PL

but expending farther to UV-C region.

89

doi:10.6342/NTU201802870



(@)

)]
ol

— P25
—— P25+10mM NaBr
50 [ ——P25+50mM NaBr
> ——P25+100mM NaBr
= —— P25+250mM NaBr
& 45 I p25+500mM NaBr
3
= 40
-
[a
35
30 1 1 1 1 1 1 1 1 1 1 1 1

500 510 520 530 540 550 560 570 580 590 600 610 620 630
Wavelength (nm)

(b)
% —
= P25+10mM NaCl
50 |——P25+50mM NaCl
2 —— P25+100mM NaCl
B g5 |—— P25+250mM NaCl
3] ~———P25+500mM NaCl
=10
_
a
35
30 1 1 1 1 1 1 1 1 1 1 1 1
500 510 520 530 540 550 560 570 580 590 600 610 620 630
Wavelength (nm)
(©)

600 ——P25(s)
>\500 - ’ ———HBr-P25(s)
S 400 | HCI-P25(s)
c
5]

E 300
_1 200 r
[a
100
0 1 1 1 1 1

300 350 400 450 500 550 600
Wavelength (nm)

Figure 4-36. The PL spectra of P25 and P25 with different concentration of NaBr (a),

NaCl (b), and P25, HBr-P25 and HCI-P25 at 300 mg/L (c). (Aex =350 nm)
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4.4.3 Photocurrent measurements

The above photocatalytic reactions of SMZ and oxalate that mainly involve the
hole transfer should be accompanied by the concurrent electron transfer on TiO,. To
investigate the photogenerated electron transfer behavior on TiO, particles and how
this behavior is affected by the presence of bromide, the generation of the
photocurrent (Ipn) in UV light irradiated suspensions of P25 was monitored in the
presence and absence of bromide. We employed an electrochemical method that
utilizes the redox couple of (Fe**/Fe**) as an electron shuttle as illustrated in Scheme
3-1.

Figure 4-37 compares the time profiles of the photocurrent generation in the
suspensions of pure P25 and with 100 or 500 mM NaBr. The photocurrent for P25
with 100 and 500 mM NaBr was lower than that observed for pure P25, which
indicated that the addition of NaBr inhibits the interfacial electron transfer process.
Because Br, was generated under UV light irradiation, it could be explained that Br;
reacted with electrons in the CB by hindering the electron transfer from the CB to the
electron acceptor in the solution (i.e., oxygen). Therefore, the recombination of Br;
with the reduced oxide surface under illumination would result in poorer overall
photocurrent efficiencies (eq. 4-7~4-8) (Sheridan et al., 2018). As for P25 with 500
mM NaBr, the photocurrent was higher than P25 with 100 mM NaBr. This could be
assumed that in the system of P25 with 500 mM NaBr, higher concentration of Br;

was generated, and quickly vaporized, resulting in the weakly hindered electron

transfer.
Br,+2e”~ — 2Br 7, rapid 4-7)
2TiO;, (e7) + Br, — TiO, (0) + 2 Br—, recombination (4-8)
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Figure 4-37. Time profiles of the generation of Fe**-mediated photocurrent (Ion) In
suspensions of P25 and P25 with different concentration of NaBr. Experimental
conditions: [P25] = 0.5 g L™, [Fe**] = 0.5 mM, [NaBr] = 100 and 500 mM, A= 365

nm, and the applied potential to the working electrode = + 0.6 VV SCE.

4.4.4 Radical measurements
4.4.4.1 The measurement of hydroxyl radicals by coumarin and CCA method

To study the mechanism, we evaluated the generation of *OH and asked whether
the enhanced photocatalytic performance of P25 in the presence of Br~ could be
caused by increasing the concentration of «OH. Moreover, whether the oxidation of
bromide could result from ROS formed during TiO, photocatalysis, including *OH,
was also questioned. Coumarin (Zhang & Nosaka, 2013) and coumarin-3-carboxylic
acid (CCA) (Zhang & Nosaka, 2014) were used for the detection of hydroxyl radicals
(*OH). Coumarin carries no charge and is not adsorbed on the surface of TiO, but can
detect dissolved (free) *OH in TiO, suspension. It reacts with «OH to form several OH

substituted coumarins. Among them, only 7-hroxycoumarin (umbelliferone) emits
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strong fluorescence (Zhang & Nosaka, 2013). On the other hand, CCA possesses a
—COOH group which adsorbs at the terminal OH of TiO,, so can detect *OH near the
TiO; surface, reacting with «OH to form OH-CCA (Newton & Milligan, 2006).

The relationship between TiO,, NaBr concentration and the generation amounts
of dissolved <OH radicals was investigated using coumarin (Figure 4-38a). No
fluorescence was detected in dark. Under UV irradiation, gradual increases in the
fluorescence of coumarin were observed with the UV irradiation time in the system of
P25 without NaBr. However, with the addition of NaBr, the generation of
dissolved *OH radicals was almost totally inhibited.

The relationship between TiO,, NaBr concentration and the generation amounts
of near-surface «OH radicals was investigated using CCA, as shown in Figure 4-38b.
No fluorescence was detected in dark. Under UV irradiation, gradual increases in the
fluorescence of CCA were observed with the UV irradiation time in the system of P25
without NaBr. However, with the addition of NaBr, the generation of adsorbed «OH
radicals was almost totally inhibited.

These results were consistent with previous studies showing that larger TiO;
particles produce less *OH radical due to the lower surface area of the catalyst. From
another perspective, since the addition of NaBr significantly inhibited the
fluorescence of coumarin and CCA, the bromide oxidation may be caused by *«OH.
The «OH has a redox potential (+ 2.31 V) that is more than enough to oxidize bromide
(- 0.78 V). Therefore, bromide ions would be oxidize by «OH to form other reactive
bromine species, which would also react with «OH (eq. 4-9~4-16) (B. M. Matthew &
C. Anastasio, 2006). However, Wu et al. (2016) reported that there was no quenching
of hydroxyphenyl fluorescein (HPF) , a fluorescent probe to detect «OH, and only
minor quenching of singlet oxygen sensor green (SOSG), a fluorescent probe to detect

'0,, in the system of 10 mM TiO, with 10 mM NaBr irradiated by UVA light,
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indicating that the oxidation of bromide was caused by a direct oxidation arising from
the photoactivated TiO, rather than oxidation by an intermediate ROS, including *OH
and '0,. Jiang et al. (2016) also reported that the loss of para-chlorobenzoic acid
(pCBA, the probe compound for «OH detection) was not detectable during Fe (VI)
oxidation of bromide-containing water in both borate and phosphate buffers,
indicating an insignificant role of «OH in bromide oxidation. On the other hand,
Huang et al. (2016) reported that there was obvious quenching of HPF and SOSG in
the 1 mM TiO, with 10 mM KI irradiated by UVA light, showing that the oxidation of
iodide was relevant to *OH and 'O,. However, Salimi (2016) reported that CCA had
some advantages compared to HPF in detection of *OH radicals in fibroblast cells,
including higher measured values, repeatability, and stability of measurements. From
studies above, it could be concluded that whether the bromide oxidation could result
from «OH generated during TiO, photocatalysis was still controversial. Nevertheless,
in this study, the bromide oxidation could be caused by *OH, confirmed by the results

of coumarin and CCA measurements.

“OH+Br —> OH +Br (4-9)
-OH + Br = *BrOH" (4-10)
“BrOH +Br = +Br, +OH" (4-11)
*Br + Br = +Bry (4-12)
*Br, ++*OH — HOBr + Br (4-13)
HOBr + «OH — BrO- + H,0 (4-14)
HOBr — H' +BrO~ (4-15)
BrO ++OH — BrOs+OH (4-16)
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Figure 4-38. The dissolved and near-surface OH radicals measured by fluorescence

probe molecule (a) coumarin and (b) coumarin-3-carboxylic acid (CCA), respectively.

(Coumarin and CCA concentration: 0.1 mM)
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4.4.4.2 The measurement of reactive bromine species by DPD method

The photocatalytic degradation process results in holes being trapped by Br,
presumably to yield *Br, which could conceivably yield Br, and its hydrolysis
products HBrO and BrO, known as reactive bromine species (RBS). Therefore,
analyses were undertaken for the potentially generated long-lived reactive bromine
species using DPD method.

It can be seen from Figure 4-39 that the concentration of total reactive bromine
species increased to about 0.3 mg/L in 60 min irradiation for P25 with 500 mM NaBr.
After 120 min irradiation, the concentration of total RBS reached to 0.23 mg/L for
P25 with 50, 100 and 500 mM NaBr. These results suggested that RBS was generated
in the UV/TiO, process in the presence of Br . Reactive bromine species enhanced the
photocatalytic degradation of SMZ by P25 under UV light irradiation.

As shown in Figure 4-40, the concentration of total reactive bromine species of
HBr-P25 increased to about 0.69 mg/L during 45 min of irradiation and then gradually
declined. On the other hand, the concentration of total reactive chlorine species of
HCI-P25 was lower than the concentration of total RBS of HBr-P25, which is
consistent with the above more SMZ degradation enhancement by HBr-P25 than
HCI-P25. However, free bromine species seem more effective than free chlorine
species (Vikesland et al., 2013). Moreover, the production of reactive chlorine species
was lower than that of reactive bromine species. These may be the reason why there
was also some reactive chlorine species generated in the system, but bromide ion has
more significant enhancement effect than chloride ion on photocatalytic degradation

of SMZ.
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Figure 4-39. The DPD results of P25 with different concentration of NaBr.
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Figure 4-40. The DPD results of HBr-P25 and HCI-P25.

4.4.4.3 The measurement of bromine by dibromocyclohexane test

Fox and Pettit (1985) reported their investigation of the system: the oxidation of
bromide on TiO, powder in oxygenated acetonitrile containing cyclohexene. They
used cyclohexene as a probe to propose a mechanism in which the photoexcited TiO,
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carried out a one-electron oxidation of adsorbed bromide, producing surface-bound
bromine atoms. These potentially could abstract hydrogen from cyclohexene to
initiate autoxidation or could migrate along the semiconductor surface, producing
bromine (Br;), which migrates into solution where it is rapidly trapped in
conventional electrophilic addition to form trans-1,2-dibromocyclohexane. Zabicky
and Nutkovltch (1986) also reported that when cyclohexene was added to aqueous
bromine solutions, bromohydrin and dibromo adduct would yield, and their ratio in
the final product depends on the olefin feed rate. Shaw et al. (1997) showed the
bromination of cyclohexene in water, too. Therefore, we used cyclohexene as a probe
to explore the mechanism of bromide oxidation in UV/TiO, aqueous system
containing cyclohexene.

For the dibromocyclohexane test, all samples contained 5 mg/L cyclohexene as
the reactant. In the dark, there was no dibromocyclohexane generated. As illustrated
in Figure 4-41, in the system containing only cyclohexene or P25, there was no
dibromocyclohexane generated under irradiation for 2 hr. On the other hand, in the
system containing P25 and different concentration of NaBr, especially 500 mM,
trans-1,2-dibromocyclohexane quickly generated once upon irradiation. Within 1 min
of irradiation, the concentration of dibromocyclohexane generated increased rapidly
to 20 nM in the system containing P25 and 500 mM NaBr. In the system containing
10 mM NaBr, there was no dibromocyclohexane generated under irradiation for 1 hr,
either, indicating that cyclohexene would not react with bromide ions. However, in the
system containing 100 mM and 500 mM NaBr, there was a little dibromocyclohexane
around 2~3 nM generation during the photocatalytic experiment. Previous study
showed that the bromination of cyclohexene in water either in the presence or absence
of light produced trans-1,2-dibromocyclohexane as the only product (Shaw et al.,

1997). As for P25 and HBr-P25, Figure 4-42 indicated that there was no generation of
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dibromocyclohexane in the dark by 300 mg/L P25 and HBr-P25. As for P25 under
UV light illumination, there was still no dibromocyclohexane generated. However, in
the system of HBr-P25, large amounts of dibromocyclohexane formed once upon
irradiation, and the concentration of dibromocyclohexane increased with the
irradiation time, finally reaching 410 nM at 60 min of irradiation. The generation of
trans-1,2-dibromocyclohexane implies that at least a quantity of photogenerated
bromine atoms become detached from the surface as bromine molecules and can be
trapped in normal electrophilic addition sequences although our work does not

unambiguously demonstrate whether this desorption occurs as *Br, *Br; , or Bra.

30 —&— Cyclohexene only —8—P25 500 mM NaBr
—>—100 mM NaBr —#=10 mM NaBr P25 + 500 mM NaBr
25 P25 + 100 mM NaBr P25 + 10 mM NaBr
20 -[ T T T
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=
ol

(&3]

O " e N
0 3 6 9 12 15
Time (min)

Figure 4-41. The result of dibromocyclohexane test by P25 with different

concentrations of NaBr.
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Figure 4-42. The result of dibromocyclohexane test by 300 mg/L P25 and HBr-P25.

4.4.4.4 The measurement of tribromide ion

In order to detect any production of bromine, we attempted to detect the presence
of tribromide ion (Brs ) which is quantitatively formed from the reaction between
bromine (Br,) and Br~ (eq. 4-17), and the reaction rate constant is 9.6 x 10® (Ershov,
2004).
Br, + Br — Brs (4-17)

As shown in Figure 4-43, we measured the absorbance of Br;™ at 267 nm, and the
results showed that there was production of Br, by P25 with 100 and 500 mM NaBr
under UV light illumination. However, we did not observe Br, production in the
system of P25 with 10 mM NaBr under UV light irradiation. That may be due to the
lower concentration of Br which was not enough to react with Br, and generate Brs ,
or the concentration of generated Br; was lower than detection limit of UV-vis
spectrometer. On the other hand, we did not detect the presence of Brs in the system

of HBr-P25, either. Since at 500 mM NaBr, less Br; was observed compared to 100
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mM NaBr, indicating *Br or Br, could form on TiO; surface and not diffuse into
solutions a lot or Br, gas could vaporize out of water. Especially, compared to

dibromocyclohexane results, most RHS could be generated and adsorbed on TiO,

surface.
0.18
=m0 min
0.16 15 min
0.14 30 min
0.12 = 60 min
A 01 = 90 min
@) = 120 min
< 0.08
0.06
0.04
0.02
0

P25 + 500 mM P25+ 100 mM P25+ 10 mM NaBr HBr-P25
NaBr NaBr

Figure 4-43. The Br; absorbance test (Amax =267 nm) of 10 mg/L P25 with different

concentration of NaBr under UV light irradiation.

4.4.4.5 The measurement of photocatalytic sites by TBO method

The density of photocatalytic sites for the formation of surface hydroxyl and
bromine radical (i.e., =TIOH) was determined using the toluidine blue O (TBO)
colorimetric method (Barazesh et al., 2016; Chua et al., 2005; Ray et al., 2012).

As shown in Figure 4-44, with addition of 100 mM NaBr, the density of
photocatalytic sites on P25 surface increased instead of decreasing, indicating more

sites generated which could be resulted from bromide oxidation as discussed above.
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Figure 4-44. The results of TBO test.

4.4.4.6 Transient absorption spectra (TAS)

Jing et al. (2012) concluded that the TAS signals at 450 nm and 800 nm are
assigned to relaxed photoholes and photoelectrons in TiO,, respectively. The transient
absorption spectra are given in Figure 4-45. Neither the TAS signals at 450 nm and
800 nm of P25 with 100 mM NaBr nor those of P25 with 500 mM NaBr could be
observed. Therefore, P25 with 1 M NaBr was chosen to conduct the experiments. The
TAS of pure P25 solution and P25 with 1M NaBr both showed typical absorption at A
= 450 nm, corresponding to photogenerated holes in TiO,, as shown in Figure 4-45a.
However, AOD of P25 with 1M NaBr did not have difference from pure P25. On the
other hand, Figure 4-45b illustrated that both pure P25 solution and P25 with 1M
NaBr had TAS signal at 800 nm, related to photoexcited electrons in TiOs.

Nevertheless, AOD of P25 with 1M NaBr did not have difference from pure P25.
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Figure 4-45. Transient absorption spectra of photoelectrons of TiO, and TiO, with 1

M NaBr. (a) TAS signals: 450 nm (b) TAS signals: 800 nm.

4.4.5 Byproducts measurements

To fully understand the photocatalytic degradation process of SMZ by P25 with

NaBr under UV light irradiation, HPLC/MS analyses were further performed to

identify the oxidation byproducts of SMZ. Table 4-20 listed the susceptible oxidation

byproduct in the photocatalytic degradation process. Figure 4-46 illustrated the
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brominated byproducts of SMZ by P25 with NaBr under UV light irradiation. Figure
4-47 presented the brominated byproducts of SMZ by HBr-P25 under UV light
irradiation. The molecular structures, formulas, m/z ([M+H]") and error possibility of
the oxidation byproducts were summarized in Table 4-21. The molecular formulas of
the oxidation byproducts were assigned by software-based mass assignments using
their exact masses and isotope patterns. The theoretical m/z values were within less
than 1 ppm error compared with the observed m/z values, indicating strong
confidence in the assignments.

In photocatalytic degradation of SMZ by TiO,, numerous byproducts can be
formed since *OH does not exhibit a high degree of functional group selectivity. From
LC/MS spectrum, one susceptible byproduct was detected but not well identified. The
susceptible byproduct was 3-amino-5-methylisoxazole with m/z = 99.055 for [M+H]".
Further confirmation was still needed to identify this byproduct. Byproduct
3-amino-5-methylisoxazole should be generated due to the hydroxyl radical attack.
The hydroxyl radical attack on the sulfonamide bond results in the cleavage of the S—
N bond. Subsequent abstraction of a hydrogen by the cleaved nitrogen results in the
formation of 3-amino-5-methylisoxazole, sulfanilic acid, and hydroxysulfanilic acid
(Hu et al., 2007).

For the effect of bromide addition on the transformation of SMZ, two
brominated byproducts were detected. Moreover, in the photodegradation process of
SMZ by HBr-P25, the same two brominated byproducts were also observed. The
corresponding MS spectra were shown in Figures 4-46 and 4-47. For byproduct Al
(m/z = 331.96 for [M+H]"), an ion at m/z of 331 with a bromine isotopic peak at 333
was detected shown in Figure 4-46a and 4-47a. Moreover, for byproduct A2 (m/z =
412.86 for [M+H]"), an ion at m/z of 411 with two bromine isotopic peaks at 409 and

413 was detected shown in Figure 4-46b and 4-47b. The photodegradation of SMZ by
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P25 with the addition of bromide yielded Br,, HOBr/OBr™ and other reactive bromine
species (e.g., *Br, *Bry’). Hypobromous acid can react with unsaturated bonds and
electron-rich moieties such as aromatic rings to form halogenated products, yielding
mono and di-brominated derivatives of SMZ, Al and A2, respectively. The Al was
identified as N-brominated SMZ or another byproduct that the electrophilic
substitution with bromine occurred at the aniline moiety. In A2, electrophilic
substitution with bromine occurred at the aniline moiety. The exact position of two
bromine substituents could not be determined just based on the obtained LC/MS
spectra. Though further analysis was required to confirm the real structure of
brominated byproducts Al and A2, we discovered the brominated derivatives of SMZ
that were reported by few papers, and this was the first time that these brominated
byproducts were discovered in the photocatalytic degradation of SMZ by TiO, under
UV-A light irradiation.

The LC peak of SMZ byproduct which was generated and photodegraded by P25
with NaBr or by HBr-P25 under UV irradiation was shown in Figure 4-48 and 4-49.
The peak of SMZ byproduct in UV/TiO; system in the presence of 100 mM NaBr first
generated at 5 min irradiation and did not decrease until 60 min. At 120 min, the peak
of byproduct was eliminated to low intensity, and the concentration of it was less than
1 mg/L. On the other hand, the peak of SMZ byproduct in UV/HBr-P25 system first
generated within 5 min and then kept decreasing. After irradiation for 30 min, the
byproduct’s peak was almost diminished. Previous study indicated that chlorinated
organic compounds were considered to be more toxic than parent compounds, and the
brominated organic compounds were even toxic than chlorinated organic compounds.
Since the formation of brominated derivatives of SMZ declined in the following
process of photodegradation, the photocatalytic reaction by P25 NPs with Br or by

HBr-P25 may not cause further problems of toxic byproducts.
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Figure 4-46. Mass spectra for byproducts of SMZ photocatalytic degradation by TiO,
with 100 mM NaBr: (a) brominated SMZ and (b) dibrominated SMZ. Spectraa and b

were both obtained by LC/MS-ESI".
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Figure 4-47. Mass spectra for byproducts of SMZ photocatalytic degradation by
HBr-P25: (a) brominated SMZ and (b) dibrominated SMZ. Spectra a and b were both

obtained by LC/MS-ESI".

Table 4-20. The structure and m/z ([M+H]") of susceptible byproduct.

Molecule structure  Formula m/z ((M+H]")  IUPAC name

o . .
N—" C4HsN-O 99.055 3-amino-5-methylisoxazole

L/

NH
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Table 4-21. The structure and m/z ([(M+H]") of brominated byproducts.

Molecule structure Formula m/z Error Products
(IM+H]")  (ppm)
o) N—C
N A
< U\
H
Br\\N
H C1oH10N3O3SBr 331.96 0.3 Al
0\ /O [7/0
AN
HoN X
Br
N—"C,

2

(Br),

O\S/OU\ C10H10N3035(Br)2 412.86 0.5 A2
~

IR

HoN X

Intensity (a.u.)

8 8.25 8.5 8.75

7.25 7.5 iy

Time (min)

Figure 4-48. LC pattern of SMZ byproduct which was photodegraded by P25 NPs

aggregates with 100 mM NaBr within 120 min.
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Figure 4-49. LC pattern of SMZ byproduct which was photodegraded by HBr-P25

within 30 min.
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Chapter 5 Conclusion

The particle size of P25 was around 26.5 nm confirmed by TEM and the
hydrodynamic diameter of P25 was about 180 nm. The values of total surface area of
P25, HBr-P25, HCI-P25, NaBr-P25 and NaCl-P25 were 54.9, 52.1, 50.3, 34.9 and
43.3 m?g, respectively. The SEM-EDX and XPS results of HBr-P25, HCI-P25,
NaBr-P25 and NaCl-P25 revealed that bromine or chlorine element existed. The
morphologies of P25, HBr-P25, HCI-P25 and NaBr-P25 were crystalline anatase and
rutile phase presented by XRD pattern, except NaCl-P25. It only showed the (101)
planes of anatase TiO».

The particle size of P25 increased with time progressively with the increasing
concentrations of NaCl or NaBr. With more than 10 mM NaCl or NaBr, the particle
sizes of P25 increased quickly within 3 min and exceeded 1000 nm after 15 min. The
particle slightly settled down, resulting in 25~30% particle lost in the suspension
within 3 hr.

The amount of SMZ adsorbed to P25 surface was negligible. When there were
halide salts in the solution, TiO, NPs aggregated and became larger particle
agglomerates, resulting in the decrease of surface area and active site on the surface,
which reduced the photocatalytic performance of TiO,. Therefore, the addition of
NaCl diminished the photodegradation rate. The degradation rate of SMZ slightly
decreased with any concentration of NaCl but slightly increased with 10 mM NaCl.
However, the photodegradation rate of SMZ by TiO, with the addition of NaBr
increased instead of decreasing. A significant enhancement effect, which was
promoted by adding bromide ions, was observed in the process of SMZ

photodegradation using TiO, NPs aggregates under UV irradiation. This enhancement
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enlarged as the bromide concentration was increased but lessened when the bromide
concentration exceeded 100 mM. The observed degradation rate constant of SMZ in
the presence of 100 mM NaBr was 6-fold greater than that observed in the absence of
bromide. The enhanced degradation of SMZ in the UV/TIO, process could be
achieved by reactive bromine species generated from bromide ions.

SMZ degradation rate was accelerated by the presence of NaBr, and the
concentration had much more effect on the degradation rate even in a low
concentration. As a result, it may be possible that the enhancement of SMZ
degradation was related to the presence of bromide ions. According to the “antenna
effect” proposed by Wang et al.(2003), there was the interparticle charge transfer in
the agglomerates of TiO, NPs. Therefore, the photoluminescence and photocurrent
were investigated. With the addition of different concentration of NaBr, the decrease
in the intensity of PL peaks compared to P25 was observed, which depicted less
charge recombination compared to P25. The photocurrent for P25 with NaBr was
lower than that observed for pure P25, which indicated that Br, may be generated in
the system, and the recombination of Br, with the reduced oxide surface would result
in poorer photocurrent efficiencies.

In this study, the enhancement mechanism of SMZ photodegradation with
aggregated P25 NPs in the presence of bromide ions was studied. The degradation of
SMZ by P25 was significantly inhibited by AA and t-buOH, two oxidants scavengers.
The photogenerated holes on the surface of TiO, were consumed by C,04%, the hole
scavenger, resulting in the inhibition of SMZ degradation. The photogenerated holes
possessed ability to produce radicals like *OH and reactive bromine species, and
dominated SMZ degradation. On the other hand, under UV irradiation, gradual
increases in the fluorescence of P25 with coumarin and CCA were observed with the

UV irradiation time, which indicated dissolved and surface *OH generation,
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respectively. However, with the addition of NaBr, the generation of both surface and
dissolved *OH was totally inhibited, elucidating that bromide ion could react
with *OH radicals. To gain insight into the effect of reactive bromine species in
photoreaction, the detection of reavtive bromine species and SMZ degradation
byproducts analysis were conducted. The results of DPD test depicted that there were
reactive bromine species generated in the system of P25 with NaBr. Bromine can not
only react with cyclohexene to form dibromocyclohexane, but also react with Br™ to
form Brs . Therefore, through dibromocyclohexane and Brs test, it could be
confirmed that there was production of bromine on the surface of P25 with NaBr.
Under UV light irradiation, Br reacts with the photogenerated holes of TiO, or *OH
to produce *Br and reactive bromine species, accelerating the photodegradation of
SMZ. Compared to P25, HBr-P25 had an enhanced photocatalytic performance. There
were also reactive bromine species generated in the system of HBr-P25, indicating
that this reaction occurs on the surface of TiO,. Furthermore, in the system of P25
with 100 mM NaBr, the degradation rate of SMZ were significantly decreased by AA
(surface-bound oxidants scavenger), but were slightly decreased by t-buOH (dissolved
oxidants scavenger), thus confirming the importance of surface-bound oxidants.

Reactive bromine species can react with unsaturated bonds and electron-rich
moieties such as aromatic rings to form halogenated products. HPLC-MS results
showed that there were two halogenated byproducts, mono and di-brominated
derivatives of SMZ, in the photodegradation process of SMZ by P25 in the presence
of NaBr and by HBr-P25.

In summary, under UV irradiation, the photogenerated holes on the surface of
TiO, may interact with bromide ions and produce reactive bromine species, including
radical reactive bromine species (*Br and <Br,) and non-radical reactive bromine

species (HOBTr, Br,, Brs etc.). Reactive bromine species were stronger electrophiles
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and longer half-life oxidants than «OH. Therefore, in the photocatalytic degradation of
SMZ by P25, reactive bromine species were generated, resulting in the enhancement
of degradation rate. Photocatalytic degradation of SMZ by TiO, nanoparticles in a
high concentration of halides is an example which could be considered as an efficient
and cheap method for the treatment of organic wastewater. These findings may have
significant technical implications for optimizing the photochemical technologies in

salt-rich wastewater treatment.

vAg
<Qn>

& H.0,
0y C
Ti02 «OH a \ack N’O
. . . o_,0
Reactive bromine species {——=-Br NP |
) Br attack /©/ S u )\%

attackl \
N- Br_

UV light

O
A= - H0—"VB S—Br

[e]
S.
N e
o
H,N

2

Scheme 5-1. The mechanism of SMZ photocatalytic degradation by TiO, NPs

aggregates in the presence of bromide ions.
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Appendix

The light intensity of each UV lamp is 882 lux at maximum and 832 lux at

minimum.

The adsorption and desorption of nitrogen gas isotherms of P25, HBr-P25,

HCI-P25, NaBr-P25 and NaCl-P25 are shown in Appendix 1 — 5, respectively.
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Appendix 2. Adsorption and desorption of nitrogen gas isotherms of HBr-P25.
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Appendix 3. Adsorption and desorption of nitrogen gas isotherms of HCI-P25.
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Appendix 4. Adsorption and desorption of nitrogen gas isotherms of NaBr-P25.
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Appendix 5. Adsorption and desorption of nitrogen gas isotherms of NaCl-P25.

Another sample of surface brominated TiO, with higher Br concentration was
synthesized by impregnation of 0.3 g of P25 into 1 mL of 4 M HBr, followed by a
drying process at room temperature in the hood for about 4 hr, and with a further 60
°C drying in the oven for 5 days. Once the drying was completed, the catalyst samples
were ground using a mortar and pestle to break up agglomerates and to prepare the
titania for use in photocatalytic experiments. As for surface chlorination of TiO, with
higher CI" concentration, 4M HCI was used in the same process.

The FTIR spectra of 4M HBr-P25 and HCI-P25 were shown in Appendix 6.
Peaks at 3400 cm™* and 1635 cm™* can be ascribed to OH stretching of the surface
hydroxyls and the OH bending vibrations of absorbed water molecules on the TiO,
nanoparticles, respectively. The broad peak in the range 750~520 cm ™, observed in
all the samples, is due to stretching vibration of Ti—O. HBr and HCI molecules were
chemisorbed on the surface of the partially hydroxylated TiO, (P25) by an

ion-exchange reaction between the bromine, chlorine and hydroxyl groups,

respectively. Yuan et al. (2011) explained the chemisorption by FTIR spectra,
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suggesting that there was a significant decrease for the band at 3424 cm™
corresponding to O-H stretching modes due to the substitution of bromine and
chlorine groups for hydroxyl groups. However, this phenomenon could not be

observed in 4 M HBr-P25 and 4 M HCI-P25.
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Appendix 6. FTIR spectra of different types of TiO..

The effect of surface modified P25 with higher Br and CI™ concentration on the
degradation of SMZ solution was investigated under UV irradiation. The results were
shown in Appendix 7. In the absence of photocatalysts, the SMZ concentration was
not changed obviously, indicating that no adsorption of SMZ on P25 in dark was
found. The photocatalytic degradation efficiency of 5 mg/L SMZ by 0.3 g/L P25 was
99 % after UV light irradiation for 30 min. As for the effect of 4 M HCI-P25, the
photodegradation of SMZ was similar to P25 but slightly inhibited in the beginning.
Compared to pure P25, the photocatalytic degradation of SMZ with 4 M HBr-P25 was
significantly enhanced with a steep slope. Within just 5 min of irradiation, SMZ

degradation efficiency increased sharply to 99 %, and reached equilibrium at 10 min.
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The increase of photodegradation rate by 4 M HBr-P25 implied that the surface

reaction has significant effect on the enhancement.
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Appendix 7. The photocatalytic degradation of 5 mg/L SMZ by 0.3 g/L P25, 4 M

HBr-P25 and 4 M HCI-P25 under UV light.

Cation does not affect the photocatalytic degradation of SMZ. As shown in
Appendix 8, the cation, K" or Na’, did not have the influence on the enhanced
photodegradation of SMZ by P25 with the addition of Br .

Bromide ions are ubiquitous in natural waters. An ordinary level of bromide in
seawater is 65 ppm (Luther et al., 1988). The bromide level range downward in
estuaries and upward in saltier water bodies relative to typical seawater levels.
Surface fresh water and groundwater may contain up to 0.05 mM bromide (Grebel et
al., 2010), with higher levels in some places. As for the ordinary condition in seawater,
the photocatalytic degradation of SMZ by P25 with 65 ppm NaBr was conducted
(Appendix 9). Considering the sedimentation of P25 with NaBr (Figure 4-12), the

dosage of 7.5 mg/L P25 was performed to avoid the sedimentation effect. However,
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the photodegradation rate of SMZ by P25 with 65 ppm NaBr was still slightly slower

than the rate by 7.5 mg/L P25.
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Appendix 8. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with

addition of 100 mM KBr and NaBr under UV light irradiation.
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Appendix 9. The photocatalytic degradation of 5 mg/L SMZ by different

concentrations of P25 with NaBr under UV light irradiation. (UV light: A = 365 nm)
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The effect of NaBr on the aggregation and sedimentation behaviors of 25 mg/L
P25 NPs was also investigated. Appendix 10 showed that P25 remained in small size
(about 180 nm) without NaBr addition and was well-dispersed. With addition of 10,
50 and 100 mM NaBr, the particle sizes of P25 increased quickly within 3 min and
exceeded 1000 nm after 15 min. However, with addition of 0.5 and 1 mM NaBr, the
particle sizes of P25 almost kept the same as pure P25.

The effect of NaBr concentration on the degradation of SMZ solution by 25
mg/L P25 was investigated under UV irradiation (Appendix 11). In the control
experiment, when SMZ was irradiated with UV light in the absence of P25, the
changes in SMZ concentration was insignificant, indicating that no adsorption of
SMZ on TiO; in dark. The photocatalytic degradation efficiency of SMZ by P25 was
99 % after UV light irradiation for 90 min, and the rate constant was 0.0297 min™.
When there was NaBr in the solution, TiO, aggregated and became larger particle
agglomerates (Appendix 10), resulting in the decrease of surface area and active site
on the surface. However, the photodegradation rate of SMZ by TiO, with the addition
of NaBr increased instead of decreasing. Appendix 11 presented that the SMZ
degradation rate was accelerated in the presence of 10, 50 and 100 mM NaBr under
UV irradiation. With the addition of 100 mM NaBr, the photodegradation efficiency
was 99 % after just 15 min illumination, and reached degradation equilibrium. The
photodegradation rate constant of 25 mg/L P25 was 0.0297 min™, increasing to 0.300
min™ with the addition of 100 mM NaBr. On the other hand, in the presence of 0.5
and 1 mM NaBr, the photodegradation was slightly inhibited. The photodegradation

rate of SMZ by 25 mg/L P25 with 0.5 mM NaBr decreased to 0.0092 min™.
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Apeendix 10. Aggregation kinetics of 25 mg/L P25 with different NaBr

concentrations in 5 mg/L SMZ solutions.
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Appendix 11. The photocatalytic degradation of 5 mg/L SMZ by 25 mg/L P25 at

different NaBr concentrations under UV light. (UV light: A =365 nm, 32W)
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Sunlight is composed of about 5 % UV light, 45 % visible light and 50 %
infrared. Among the UV light, sunlight consists of approximately 98.1 % of UV-A
light (A = 400 ~ 315 nm), 1.1 % of UV-B light (A = 315 ~ 280 nm) and little UV-C
light (A = 280 ~ 230 nm). Although sunlight has little UV-C light, the intensity of
sunlight is very high, suggesting that the effect of UV-C light could not be easily
ignored. Besides, in full daylight, the illuminance of sunlight can raise up to 100,000
lux.

Appendix 12 illustrated that the photocatalytic degradation of 5 mg/L SMZ by 10
mg/L P25 with different concentrations of NaBr under sunlight irradiation. It can be
observed that there was a little degradation of SMZ in the control group, i.e. the pure
SMZ solution. The experiment was conducted on a scorching hot day with 100,000
lux of illuminance, indicating that UV-C light may have the influence on the
photodegradation. Moreover, SMZ can absorb light within the range between 240 and
310 nm. Therefore, the degradation of the control group could be explained that SMZ
absorbed the UV-C light of sunlight, and then degraded by photolysis process.

Under sunlight irradiation, the addition of Br still increased the
photodegradation rate of SMZ by P25. This enhancement enlarged as the bromide
concentration was increased. With the addition of 100 mM NaBr, the
photodegradation efficiency was 99 % after 20 min illumination, and reached
degradation equilibrium. Moreover, in the presence of 500 mM NaBr, the removal

efficiency of SMZ was 99 % after just 10 min of irradiation.
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Appendix 12. The photocatalytic degradation of 5 mg/L SMZ by 10 mg/L P25 with
different concentrations of NaBr under sunlight irradiation. (Light intensity: 100,000

lux, temperature: 34.4 °C)

Figure 4-41 showed the result of dibromocyclohexane test under 15 min
illumination, while Appendix 13 was presenting the result of dibromocyclohexane test
under 120 min illumination. There was no dibromocyclohexane generated under
irradiation for 2 hr in the system containing only cyclohexene or P25. Once upon
irradiation, trans-1,2-dibromocyclohexane quickly generated in the system containing
P25 and 500 mM NaBr. Within 1 min of irradiation, the concentration of generated
dibromocyclohexane increased rapidly to 20 nM, and then reached the equilibrium.
However, in the system containing 500 mM NaBr, there was a little
dibromocyclohexane formed in the beginning. After 60 min, the concentration of
dibromocyclohexane increased to 15 nM, exceeding the dibromocyclohexane

concentration in the system containing P25 and 100 mM NaBr.
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Appendix 13. The result of dibromocyclohexane test.

Oosting and Reijinders (1980) reported that after bromide is oxidized, the
liberated bromine reacts with fluorescein to yield the intensively colored eosin. Other
studies also elucidated that bromine can react with fluorescein (Jennings & Elia, 1996;
Marczenko & Balcerzak, 2000). Garcia-Figueroa et al. (2017) described the chemical
reactions involved as follows:

4 Br; + fluorescein — eosin + 4 Br- 1)
If there is bromine existed in the system, the fluorescein will react with bromine and
thus the fluorescence intensity will decrease. Therefore, the fluorescence intensity of
fluorescein was measured, and then the concentration of fluorescein was calculated.
The excitation and emission wavelengths of fluorescein were set at 470 and 513 nm,
respectively.

From Appendix 14, it can be observed that the concentration of fluorescein
declined under UV light irradiation. In the system of P25 with 100 and 500 mM NaBr,

the decrease of fluorescein concentration was larger than fluorescein only, indicating
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that there may be some bromine generated. However, in the system of P25, the
decrease of fluorescein concentration was almost the same as that of P25 with NaBr.
This can be explained that the fluorescein also reacted with «OH. Ou et al.(2002; 2001)
used fluorescein as a fluorescent probe to detect «OH radicals. As a result, the
decrease of fluorescein concentration in the system of P25 could be attributed to

the «OH radicals.
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Appendix 14. The result of fluorescein experiment under UV light irradiation. (UV

light: A = 365 nm, 32W; Initial concentration of fluorescein: 0.02 mM)

The electron paramagnetic resonance (EPR, or electron spin resonance, ESR) is a
powerful tool to detect photogenerated electron-hole pairs on the surface of TiO..
Some radicals such as reactive oxygen species (ROS) and reactive halogen species
(RHS) could also be captured by specific probe molecules and then detected by EPR.
Here we tested several conditions to investigate the generation of RHS by P25 with

the halide ion addition under UV light irradiation.

140

doi:10.6342/NTU201802870



The photoinduced charge carriers were examined by an EPR spectrometer
(Bruker ELEXSYS series E-580) working at X-band frequency. A 400 W Hg arc lamp
(Oriel Instruments, Model 66021) was used as the light source, positioned at a fixed
distance from a sample cavity. The measurements were conducted at 77 K either in
the dark or under irradiation. The instrumental conditions were set at a center field of
3400 G and a sweep width of 200.0 G. The microwave frequency was 9.50 GHz and
the power was 8.0 mW. The alpha-phenyl-N-tert-butyl nitrone (PBN) was used as a
probe to trap bromide radicals. The initial concentration of PBN was 100 mM.
Subsequently, 1 mL sample solution mixed with 1 mL PBN was delivered into a
quartz capillary tube and analyzed the spin-trapped adducts under irradiation at 77K.

Appendix 15ab presented the EPR results of 10 mg/L P25 with 100 and 500 mM
NaBr, respectively. In the system of P25 with 100 mM NaBr, there was a signal
detected after 10 min illumination. The intensity of the signal increased with the
irradiation time. As for P25 with 500 mM NaBr, the signal could be detected once
upon UV light irradiation, and the intensity of the signal increased with the irradiation
time. Moreover, the intensity of the signal was stronger than that of P25 with 100 mM

NaBr.
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Appendix 15. The EPR results of (a) 10 mg/L P25 with 100 mM NaBr, and (b) 10
mg/L P25 with 500 mM NaBr.
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