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ABSTRACT

In this study, ultraviolet (UV) irradiation followed by chlorination was employed for
reclaimed water disinfection. In order to reduce trihalomethanes (THMs) from reclaimed
water, suspended TiO, (10 mg/L) was added as photocatalyst in UV process to enhance the
removal of THM precursors. Reduction of UV absorbance in 254 nm (UV,s4), dissolved
organic carbon (DOC), and THMs formation was analyzed under different experimental
conditions (exposure time, pH, TiO, doses, and TiO, forms). Excitation—emission matrix spec-
tra technology was also used to investigate the changes of dissolved organic matters proper-
ties during UV and UV-TiO, process. Expansion of irradiation time resulted in a remarkable
decrease in UV;54 and THM yields, but showed few influence on DOC removal. THMs yield
decreased more than 50% with pH increased from 5 to 9 and rise in TiO, dosage also pre-
sented a positive effect on photocatalytic disinfection. In addition, a dramatic increase in
removal rates of UV,54, DOC, and THMs was observed when TiO, doses were increased from
3 to 15 mg/L. In terms of TiO, form, suspended TiO, exhibited a better removal capacity on
UV3s4, DOC, and THMs by contrast with TiO, coated on granular active carbon.
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1. Introduction

Continuous growth of population and economic
development cause severe water scarcity issues. Tradi-
tional sources such as surface water and ground water
can no longer meet future water demand [1]. Thus,
reclaimed water is used as one of the most important

*Corresponding author.

resources in arid zones and urban areas to flush toilet,
restore water channel, cool pavement, and irrigate
plant to tackle water shortage [2]. However, wastewa-
ter contains plenty of bacteria, pathogens, natural
organic matters (NOM), and other hazardous sub-
stances which make disinfection process indispensable
to reduce transmission risk of waterborne infectious
disease during water reuse.
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Recently, use of chlorination in reclaimed water
draws increasing attention since it is inexpensive and
efficient [3]. Sufficient residual chlorine can also pre-
vent the regrowth of bacteria in reused water distribu-
tion system. However, chorine disinfection is found to
be ineffective to some waterborne microbial pathogens
in recent studies [4,5]. Thus, many researchers consid-
ered ultraviolet (UV) irradiation to be essential in pre-
disinfection processes to inactivate microorganisms [6].

UV irradiation can interact with nucleic acids and
other vital cellular compounds, such as proteins and
lipids, and then effectively inactivate a wide range of
pathogens [7,8]. Recently, UV irradiation has become a
prevalent disinfection method because of its efficiency,
safety, and economical advantage [9]. However, UV
irradiation does not have residual disinfect effect
which means bacteria could regenerate after UV pro-
cess. As a result, UV irradiation coupled with other
accesses was required in disinfection process [5].
Ballester and Malley used UV irradiation as the pri-
mary treatment combined with free chlorine as disin-
fectant in their study. They found both prevented
microbial regrowth and synergetic effect in
disinfection process [10].

In chorine disinfection process, dissolved organic
matters (DOM) would be converted into hazardous
byproducts such as trihalomethanes (THMs) and
haloacetic acids (HAAs) [11]. It has been reported that
THMs and HAAs could cause DNA damage in drink-
ing water. HAAs were also demonstrated to be muta-
genic in Salmonella and Chinese hamster ovary cells
[9]. Furthermore, UV exposure at disinfection doses
was speculated to split the NOM structure rather than
destroy the aromatic matter [12]. NOM molecule is
more likely to be split to lower molecular weight acids
by UV irradiation, which means the reactivity of
NOM with chlorine would be changed. Some
researchers have reported that the employed UV
would increase the DBPs in latter chlorination [13]. As
a result, applications of UV exposure and chlorination
hybrid process should be improved so as to avoid the
increase in DBPs formation.

Recently, use of advanced oxidation process in
removal of DBP precursors has undergone investiga-
tion processes such as photo-Fenton treatment, UV/
H,0,, Ozone/UV, and UV /TiO, [14-17]. In UV/TiO,
oxidation process, TiO, is added as a photocatalyst.
An electron is excited from the valence band to con-
duction band when TiO, is illuminated at the wave-
length of light less than 388 nm, leaving an electronic
vacancy called the hole (h™) in valence band. This hole
could react with OH™ and H,O molecules to produce
hydroxyl radicals (OH"), which is proved to be one of
the most powerful oxidants [18]. These generated OH'
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radicals trigger the degradation of aromatic com-
pounds by attacking aromatic rings directly. The h*
may also initiate direct oxidation of molecular
absorbed on the surface of TiO, and produce radical
cations which subsequently interact with oxygen-con-
taining species [19]. Therefore, UV/TiO, process has
shown greater potential to degrade stubborn NOM
compounds (e.g. trichloroethylene, THMs, pesticides,
and polychlorinated biphenyls) into nontoxic com-
pounds [20]. Kent and Montreuil used UV /TiO, treat-
ment to induce photocatalytic oxidation of DBP
precursors in surface water, and the results indicated
that the formation of THMs and HAAs was greatly
reduced [21].

It is well known that DBPs formation during chlo-
rination after UV and UV/TiO, treatment in drinking
water and surface water can be well explained [21,22].
However, the mechanism of DBPs formation in UV/
TiO, of reclaimed water was still unclear, and a fur-
ther investigation was required. Compositions of
DOM in reclaimed water are more complex and dis-
tinctly different as compared with those in drinking
water. The photocatalysis of DOM and reaction
between chlorine and DOM in postchlorination of
reclaimed water would be more complicated. There-
fore, the objective of this work will be focused on (i)
the effect of TiO, on DOM degradation and removal
of DBPs precursors and (ii) the feasibility of sequential
use of UV/TiO, and chlorination in reclaimed water.
Effects of different photocatalysis factors on THMs
removal were also evaluated in this work.

2. Materials and methods
2.1. Water sample

Samples were collected from the secondary effluent
of Jinan urban wastewater treatment plant in which
A?/0 and oxidation ditch were used as the principal
treating process. In order to satisfy the requirement of
reclaimed water, original water samples were pre-
filtered through 0.45-um micromembranes before UV/
TiO, photocatalytic oxidation experiment. UVys4, pH,
and DOC of these samples were analyzed before/after
UV/TiO, treatment, THMs formation during chlorina-
tion of UV/TiO,-treated water was also detected, and
the optimum condition for the DBP precursors
degradation was evaluated.

2.2. Water quality analysis

Dissolved organic carbon (DOC) of those samples
was analyzed wusing a Shimadzu TOC-VCPH
analyzer, UV,s4, was measured by UV-754 UV/VIS
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spectrophotometer at 254 nm. The pH and bromide
ion were measured by pH meter (Luogite, China)
and ion chromatogram (Dionex, USA), respectively.
Raw water quality indexes including pH, UVys,, tur-
bidity, DOC, SUVA, and bromide ion concentration
were presented in Table 1.

2.3. TiO; coating procedures

Synergistic effect was observed when activated car-
bon was coupled with TiO, in photocatalytic process
for female hormone degradation [23]. As a result, the
degradation effect on DOMs by TiO, laden granular
activated carbon (GAC) was investigated in this work.
The coating procedures were as follows: 50 g GAC
was added into boiled water for 5 min and then ultra-
sonic cleaning for 30 min. Thereafter, GAC was
immersed into the diluted hydrochloric acid and sus-
pended for 2 h to remove active groups on surface of
GAC. GAC was then filtered and washed repeatedly
until pH of filtrate achieved about 7. The clean GAC
was dried at 105°C for 2 h and stored in a desiccator
for future use [24].

Precursor solution for TiO, coating was prepared
as follows: 20 mL of tetrabutyl orthotitanate was drip-
ping into 60 mL of ethanol and the mixture was stir-
red vigorously for 20 min after titrating with 4 mL of
glacial acetic acid. Thereafter, 23 mL of prepared
HNOjs—ethanol solution (2 mL HNOj;, 20 mL ethanol,
and 1mL deionized water) was gradually dripped
into the tetrabutyl orthotitanate—ethanol mixture, stir-
ring slowly for 1 h to form stable colloidal solution.

Dip-coating method was employed for film
preparation. Twenty gram of pretreated GAC was
immersed into 50 mL of newly prepared colloidal
solution for 5 min. The mixture was then dewatered
in a drying oven for 2h at 105°C. These two steps
were repeated for three times to ensure enough TiO,
to be loaded on GAC. Afterward, this new mixture
was put into a muffle at 500°C for 4 h by purging with

Table 1
Raw water quality used for UV/chlorine and UV-TiO,/
chlorine

Analyte Units Value

pH 7.54-7.96
UVs4 em™! 0.117-0.141
Turbidity NTU 2.56-4.06
DOC mg/L 4.78-6.21
SUVA L/mgm 2.01-2.56
Br mg/L 0.76-0.91
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nitrogen. The composite catalyst (laden TiO,) was then
obtained on the surface of GAC, forming a white layer
with mass percentage of 5.94%.

2.4. UV irradiation with the addition of TiO;

UV irradiation experiment was conducted using
standard collimate beam test. The photoreactor used
in this study was custom-made in previous study with
some minor modifications [25]. Suspension TiO, was
applied in the whole study except the TiO, form
experiment where two kinds of UV/TiO, treatments
were applied. For suspension TiO, experiments, a
stock solution was prepared by adding 1.0 g of ana-
tase titanium oxide (Analytical Reagent) nanopowder
into 200 mL of deionized water with continuously
stirred.

The schematic diagram of the photocatalytic
experimental rig in this study is shown in Fig. 1. The
main component of the system was the reactor with a
circulation water tank. Water in the system was driven
by a peristaltic pump. The effective volume of the
whole system was 4 L. A 15-W UV lamp positioned
inside a quartz tube was placed in the middle of the
reactor. The wavelength range and the peak wave-
length of the UV lamp were 200-275nm and
253.7 nm, respectively. Water sample (300 mL) was
taken from the reactor after photocatalytic oxidation
process in each experiment and filtrated through
0.45-pum membrane to remove suspension TiOs.

2.5. Excitation-emission matrix fluorescence spectroscopy
analysis

Excitation-emission matrix (EEM) spectra measure-
ments were conducted using a luminescence spec-
trometry (F-4500 FL spectrophotometer, Hitachi,
Japan). The EEM spectra were collected with corre-
sponding scanning emission spectra from 250 to
550 nm at 5-nm increments by varying the excitation
wavelength from 200 to 400 nm at 5-nm sampling
intervals. The EEM spectra normalized to 1mg/L
DOC are plotted as contours.

Fluorescence regional integration (FRI) technique
was used to quantify EEM data [26]. The EEM spectra
were divided into five regions which represented
specific components of DOM (Table 2). Fluorescence
response of DOM with similar properties in each
region was calculated as following equations:

(Di:// I(;“ex;bem)diexd;“em (1)
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Table 2
Excitation and emission wavelength boundaries and chemical descriptions used in FRI technique [26]
Region Excitation (nm) Emission (nm) Description
Region I 200-250 250-330 Aromatic proteins I
Region II 200-250 330-380 Aromatic proteins II
Region III 200-250 380-550 Fulvic-like acids
Region IV 250-400 250-380 Soluble microbial-like products
Region V 250-400 380-550 Humic-like acids
for 50°C, balance time for 30 min, take headspace gas
®;,, = MF;®;

where, ®@;,, is the normalized EEM volume at region i,
Al is the excitation wavelength interval, Ale, is the
emission wavelength interval, and I(lexdem) is the flo-
rescence intensity of each excitation-emission wave-
length pair; MF; is the multiple factor applied to the
secondary or tertiary responses at longer wavelengths.

2.6. Chlorination

In order to prevent photodegradation of chlorine
and light-induced algal growth, chlorination of test
water was conducted in dark brown bottles. Three-
day reaction time (72 h) was selected for estimating
the concentration of THMs precursors in water sam-
ples [27]. Before chlorination experiments, a chlorine
demand preliminary study was conducted using a ser-
ies of chlorine dosages (10, 15, 20, and 40 mg/L of
Cl,) to determine the 72-h chlorine demand of raw
water. The average 72-h chlorine demand for raw
water was evaluated to be 18.74 mg/L. Thus, the chlo-
rine dosage in this study was selected as 20 mg/L.
After 72-h chlorination, the average free chlorine
residual in the raw water was 2.37 mg/L.

In the chlorination experiment, chlorine dosing
solution (1 mL) with specific concentration was added
into 200 mL of water sample to provide initial chlorine
of 20 mg/L. These samples were then sealed with
PTFE-lined screw caps and then kept in darkness for
72 h. After chlorination, 1 mL of sodium thiosulfate
solution (0.1 mol/L) was added into each bottle to
neutralize chlorine residue.

2.7. THMs analysis

THM concentration was analyzed for each sample
according to headspace method by gas chro-
matograph, GC-ECD (Shimadzu, Japan). The GC-ECD
operation conditions were as follows: (1) The condi-
tion of headspace bottle: the equilibrium temperature

for measurement, and sampling volume 100 pL. (2)
Chromatographic column: RTX-1 (30m in length,
0.32 mm in inner diameter, 0.25 pm in film thickness);
detector temperature: 200°C, injector temperature:
120°C; carrier gas: high purity nitrogen, flow rate:
3 mL/min. THMs were measured in forms of chloro-
form (CHCl;), dichlorobromomethane (CHCI,Br),
detection for CHCl;, CHCl,Br, CHCIBr,, and CHBr;
were 1.0, 1.50, 2.34 and 1.98 pg/L, respectively.

3. Results and discussion

3.1. Comparison of DOM properties after UV and UV/
TiO, treatment

UV3s4 and DOC of water samples exposed to UV
and UV/TiO, were shown in Fig. 2(a). It was obvious
that both UV irradiation and UV/TiO, treatment
could decrease UV,s4 of reclaimed water. Removal of
UVsys4 by UV exposure was about 17% which was
lower than that of UV/TiO, treatment (23%). How-
ever, removal efficiency of DOC with UV irradiation
and UV/TiO, treatment were less than 5%. These
results indicated that UV and UV/TiO, process could
degrade polycyclic aromatic hydrocarbon into inter-
mediates but play less roles in mineralization of DOC
compounds [28]. This was consistent with former
research investigating photocatalytic oxidation of
DBPs precursors in surface water using UV with TiO,
in low dose [21]. A high degree of removal of THMs
precursor compounds was also achieved using higher
TiO, doses [29]. Philippe indicated THMs precursors
can be removed as a result of absorption using
1,000 mg/L TiO, [28].

THMs formation in chlorinated water samples
which were treated by UV and UV/TiO, treatments
was shown in Fig. 2(b). CHCl; was the major THMs
in all water samples, whereas no CHBr; was detected
due to the low bromide concentration in raw water
(Table 1) [30]. TTHMs concentration in water samples
with UV process was higher than that in raw water,
indicating that UV irradiation process can increase
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THM formation reactivity of DOM. Similar result was
also observed in previous study, in which the DBPs
formation in four organic waters was evaluated [13].
These results could be explained by the photochem-
istry fundamentals of UV irradiation. Many organic
compounds—especially the compounds containing
ring structures—were capable to absorb UV radiation
at 254 nm (wavelength of radiation emitted by Hg
lamp in water disinfection) [31]. UV irradiation could
affect the character of organic substances through
either direct or indirect reactions [32]. Magnuson et al.
[33] found that UV irradiation resulted in the change
of mass spectra of NOM at the UV dose ranged from
20 to 160 mJ/cm®. These changes might alter the reac-
tivity of NOM with chlorine and affect the formation
of DBPs in subsequent chlorination. In addition, UVC
irradiation can split large NOM molecules to lower
molecular organic acids [34]; this might suggest that
refractory compounds in original water sample would
be degraded into more tractable one, and as a result,
it was easier to react with chlorine to form THMs.

As shown in Fig. 2(b), THMs compounds were
restrained by UV/TiO, treatment as compared to UV
process. However, the THMs after UV/TiO, treatment
were still higher than those in raw water. This result
indicated the addition of TiO, in UV irradiation could
offset the bad side effect caused by UV radiation. The
difference on THMs yield between UV exposure and
UV/TiO, can be explained by the extent of pho-
todegradation. Hydroxyl radical, which was formed
by the reaction between water molecules with light-
formed electron-hole pair, was found capable to
induce NOM degradation [4,35]. Therefore, more
THMs precursors in UV /TiO, process were degraded
than those in UV process; this was also consistent with
the result of UVys4 (Fig. 2(a)). As a result, the forma-
tion of intermediates that contributes to TTHMs was
finally decreased [36].

3.2. Effect of exposed time on TiO, photocatalysis
performance and THMs formation

A positive correlation has been found between UV
dose and exposure time [37]. In this study, UV expo-
sure time was ranged from 10 to 40 min for adjusting
the UV dose. As shown in Fig. 3(a), the value of UVjs4
dramatically decreased when the exposure time was
extended from 10 to 30 min; UV,ys4 was then kept
almost constant in 30-40 min. DOC concentration was
practically unchanged with the variation of exposure
time. Thus, it was presumably that polycyclic aromatic
hydrocarbon was progressively degraded into inter-
mediates by photocatalysis as the UV dose increased,
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resulting in the reduction of UVyss. We should point
out that the slightly fluctuant of DOC concentration in
these four selected exposed times was caused by sys-
temic error. Therefore, there is no obvious mineraliza-
tion of DOC compounds with extension of exposure
time at relatively low TiO, dose.

Fig. 3(b) illustrated the formation of THMs during
chlorination of samples treated by UV /TiO, with differ-
ent radiation time. With the exposure time increased,
THMs significantly increased in the first 20 min and
then, they were gradually decreased. The initial
increase of total THMs was based on the halogenations
of intermediate degradating products that were formed
in initial rapid breakdown of large NOM compounds.
The DBPs formation potential of these degradating
products was higher than that of original DOM. After
the premier increase, there was a reduction in THMs
possibly due to the further degradation of these inter-
mediate products with UV dose increased [38]. In this
process, the intermediate products were probably
destructed and lost the high reactivity with chlorine.
Other studies on transformation of DOM during ozona-
tion showed similar trends with this study [39].

Considering the inactivation rate of bacteria and
pathogens, UV dose used in municipal wastewater
disinfection should not be less than 15 mJ/cm? (GB/T
18918-2002). In this study, the standard was met when
UV exposure time was not less than 20 min with a
15-W Hg lamp (approximately 25 mJ/cm?). As shown
in Fig. 3(b), THMs reduction of reclaimed water by
UV/TiO, treatment occurred when UV irradiation
time was over 20 min. This means UV contact time
above 20 min was required for UV/TiO, treatment to
meet GB standard as well as decrease THMs forma-
tion. Soltermann found that DBPs (N-nitrosamine and
chlorinated dimethylamine) increased dramatically
when UV dose was lower than 500 mJ/cm” and a sig-
nificant decrease in DBPs was obtained only at UV
dose higher than 1,500 mJ/cm? [40]. Since UV dose
was the major cost in UV exposure process, the addi-
tion of TiO, in UV irradiation may provide a more
cost-effective and energy-saving way to disinfect
reclaimed water.

3.3. Effect of pH on TiO, photocatalysis and THMs
formation

Water pH is an important factor which influences
the photocatalytic process [31]. In pH experiment, pH
(range from 5 to 9) was adjusted by HCl (0.1 and
1 mol/L) and NaOH (0.1 and 1 mol/L) solutions. The
water samples were readjusted to raw water pH value
before chlorination. UV,54 and DOC of water samples



Q. Han et al. | Desalination and Water Treatment 57 (2016) 9136-9147

with different pH were plotted in Fig. 4(a). UVas4
removal efficiency represents a downtrend as the pH
was adjusted from 5 to 9, while the concentration of
DOC remains almost stable. These results indicated
that the concentration of hydrogen ion in the water
sample had no significant effect on the removal of
DOC compounds with low TiO, concentration.

In order to investigate pH effect in UV/TiO, pro-
cess, the pH of water samples was readjusted to that of
raw water before chlorination. It was clear that THMs
concentrations were gradually decreased as the pH
increased from 5 to 9 (Fig. 4(b)). The pH has a signifi-
cant effect on the electrostatic charge of TiO, surface;
this may determine the density of TiO,H" groups and
photogenerated holes. The surface became positively
charged when pH value was lower than PZC (point of
zero charge, 6.5) of titania, and it was the opposite for
pH >PZC, according to the following equilibria:

pH< PZC: TiOH + H" « TiOH; 3

pH > PZC: TiOH + OH™ < TiO™ + H,O 4)

Under alkaline conditions, the photogenerated hole
(h*) was more likely to be transferred onto the surface
of organic matters and oxidize OH and H,O into
OH' radical which could degrade organic substances
into intermediates or even mineralize them with

Fig. 1. Experimental setup for photocatalytic reaction. The
description was as follows: (A) photocatalytic reactor; (B)
quartz tube; (C) UV lamp; (D) sample port; (E) porous
filter plate; (F) outlet; (G) peristaltic pump; (H) water
circulation tank.
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Fig. 2(b). THMs percentages and concentration of different
species in treated water after UV and UV-TiO, disinfection
(reaction condition: chlorine dosage =20 mg/L, contact
time = 72 h).

strong oxidation capacity [41]. As a result, the absorp-
tion of organic matter by TiO, as well as the photocat-
alytic reactivity of TiO, was dependent of pH [20].

3.4. Effect of TiO; dose on TiO, photocatalysis and THMs
formation

UV3s4, DOC, and TTHMSs removal were investigated
under four different TiO, dosages, and the results were
illustrated in Figs. 5(a) and 5(b) respectively. As the
dosage of TiO, increased, UVys4 of treated water was



9142
0.16 7
Uy,
0.14 - VY741 DOC de
0.12 7 7
45
0.10 -
144
% 0.08 £
> 8
5 438

0.06

0.04

0.02

20min 30min 40min

10min

Fig. 3(a). UV;,s54 and DOC concentration of treated water after
UV-TiO, disinfection under different exposed time (error
bars represent of the data range of two independent samples)
(reaction condition: TiO, concentration = 10 mg/L).

100

90 | -—io

80 |-

70

TTHMS concentrati

8 60
k) L
=)
§ 50 |-
g L
ﬁ 40 -
E L
30 -
3 [ cHBral
20 CHBICI,
10 | R CHClI,
10min 20min 30min  40min
3b(1)

Fig. 3(b). THMs percentages and concentration of different
species in treated water after UV-TiO, disinfection under
different exposed time (reaction condition: chlorine
dosage = 20 mg/L, contact time =72 h).

progressively decreased. DOC also showed an apparent
downtrend with the increasing TiO, concentration.
These results indicated that the amount of TiO, in the
water samples was essential to the degradation of
NOM. The increased amount of TiO, provided more
hydroxyl radicals and photogenerated holes which
strengthened the oxidation capability of the whole sys-
tem. Therefore, a large amount of aromatic compounds
were degraded into intermediates, and some of the
NOM was mineralized. This result was also consistent
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Fig. 4(a). UV35, and DOC concentration of treated water
after UV-TiO, disinfection under different pH (error bars
represent of the data range of two independent samples)
(reaction condition: exposed time = 30 min; TiO, concentra-
tion = 10 mg/L).
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Fig. 4(b). THMs percentages and concentration of differ-
ent species in treated water after UV-TiO, disinfection
under different pH (reaction condition: chlorine
dosage = 20 mg/L, contact time = 72 h).

with the work of Liu using higher TiO, doses [29]. In
contrast, TiO, concentration was quite low in this study,
so the potential adsorption of organic onto TiO, surface
could be ignored [21].

Fig. 5(b) presented changes of THMs yield after
UV/TiO, treatment with different TiO, doses. As
shown in Fig. 5(b), TTHMs were dramatically
decreased from 303 to 150 ug/L when the TiO, dose
was increased from 3 to 15mg/L. CHCl; was the
major THMSs species, followed by CHCLBr and
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Fig. 5(a). UVys4 and DOC concentration of treated water
after UV-TiO, disinfection under different TiO, concentra-
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pendent  samples) (reaction  condition:  exposed
time = 30 min).
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Fig. 5(b). THMs percentages and concentration of different
species in treated water after UV-TiO, disinfection under
different TiO, concentration (reaction condition: chlorine
dosage =20 mg/L, contact time =72 h).

CHCIBr,. The concentration of CHBr; in the water
samples was below the detection limit. The decrease
in TTHMs concentration after photocatalytic treatment
was connected with the removal of UV,5, and DOC.
Although complete mineralization could not be
achieved, the photocatalytic oxidation induces chemi-
cal structure changes of THMs precursors which
generate organic chemicals with less sensitive to chlo-
rine [21]. As a result, TTHM formation was decreased
with increased TiO, dosage.
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dent samples) (reaction condition: exposed time = 30 min;
TiO, concentration = 10 mg/L).
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Fig. 6(b). THMs percentages and concentration of different
species in treated water under different TiO, morphology
(reaction condition: chlorine dosage =20 mg/L, contact
time = 72 h).

3.5. Comparison of different TiO, forms on TiO,
photocatalysis and THMs formation

Fig. 6(a) showed the effects of different forms of
TiO, in UV/TiO, treatments on UV,54 and DOC. Sus-
pension TiO, settlement represented slight higher
removal efficiency on UVys4 and DOC than TiO,/
GAC settlement. The same result was also found in
THMs analysis shown in Fig. 6(b). These findings sug-
gested that coated TiO, was a less efficient catalyst for
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Fig. 7(a). EEM spectra of raw water, UV-treated water, and
UV-TiO,-treated water.

degradation of NOM and THMs precursors than sus-
pended TiO,. Lower removal of NOM and THMs pre-
cursors by coated TiO, was presumably associated
with mass transfer limitations. Since the particles in
the suspension were spread thorough out the sample,
10 mg/L of TiO, suspension had a higher surface area
to contact with the sample than TiO,/GAC
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Fig. 7(b). FRI results for raw water, UV-treated water, and
UV-TiO,-treated water. ®;, is the cumulative fluorescence
of DOM in each region.

configuration. Although the TiO,/GAC complex was
expanded all over the reactor using peristaltic pomp,
the fluidity was still limited. The loaded TiO, had a
very high surface area due to granular carbon mor-
phology; NOMs in water samples would first transfer
to the surface of TiO,/GAC in order to be exposed to
the oxidants. These oxidants were generally short-
lived and would not immigrate too far from the sur-
face of TiO,/GAC [21]. However, combined UV and
TiO,/GAC treatment still has wide application pro-
spects due to its easy separation from reaction system
[42]. In this study, TiO,/GAC was effectively sepa-
rated from treated water by porous filter plate (Fig. 1).
It is reported that TiO,/GAC degradation efficiency
maintains above 90% after five cycles reused [43]. The
TiO,/GAC blocked in particle separation device could
be collected for reutilizing. Moreover, TiO,/GAC com-
plex may have a better performance when the coating
condition was optimized.

3.6. EEM spectra of DOM in water samples after UV and
UV/[TiO, treatment

DOM in secondary effluent of urban wastewater
was complex and may lead to production of most
majority of chlorination byproduct. Therefore, it is cru-
cial to clarify the changes of DOM characteristics in
detail during UV and UV/TiO, treatment as well as
investigate the influences of DOM sources and chemi-
cal compositions on THMs formation. Figs. 7(a) and
7(b) show the EEM spectra and FRI results of raw
water, UV, and UV/TiO,-treated water, respectively.
Region V exhibited the highest ® value, accounting
for more than 35% of the total cumulative fluorescence
intensities for the three DOM samples. This indicated



Q. Han et al. | Desalination and Water Treatment 57 (2016) 9136-9147

COOH
OH
" H
Dissolved organic matter
(Y
irradiation
COOH
H
Low weight matter
Chlorination
X
X Other Disinfection
B ducts
H yYpro
Trihalomethanes
Disinfection by products

9145

COOH

Dissolved organic matter

o
\f
me TiO:

Ly

Low weight matter

Chlorination

Other Disinfection
—X
Byproducts
H
Trihalomethanes
Disinfection by products

Fig. 8. Scheme for DOM degradation after UV and UV-TiO, treatment and reaction pathways of DBPs during

chlorination [44,45].

that humic-like acids were the most abundant compo-
nents in all water samples. Soluble microbial-like
products was the second most abundant fluorescent
substance in these three water samples, which repre-
sented over 30% of total fluorescent DOM. For raw
water, the cumulative fluorescence intensities of DOM
were in the order of: Region V > Region IV > Region

II > Region I > Region III. After UV exposure, the FRI
value (@) represented a decrease in Region I and
Region II, while it showed a higher value in Region III
and Region V. In UV/TiO,-treated water, the FRI
value of DOM was in the order of: Region V > Region
IV >Region III > Region II > Region I. Compared to
UV/TiO,-treated water, raw water and UV-treated
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water contained much larger aromatic proteins I and
aromatic proteins II. Lee et al. [23] found that simple
aromatic proteins (aromatic proteins I) were important
THMSs precursors which exhibited the highest chlorine
reactivity. However, UV-treated water and UV /TiO,-
treated water represented larger amount of humic-like
acids than raw water. Humic acids have been found
to exhibit higher chlorine reactivity than fulvic acids
which dominate the formation of DBPs among the
fluorescence organics contained in DOM; this indi-
cated that UV exposure would increase humic-like
acids and the added TiO, could dramatically decrease
aromatic proteins. As a result, the yields of THMs
increased after UV irradiation while they showed a
downtrend with the TiO, addition. The pathways of
DOM degradation after UV and UV/TiO, are illus-
trated in Fig. 8 [44,45].

4. Conclusion

In this study, UV irradiation coupled with chlo-
rination was employed for reclaimed water disinfec-
tion. The treated water was available to reuse as
nonpotable water. UV exposure could increase the
yield of THMs in subsequent chlorination due to the
increasing humic-like acids in water sample. The addi-
tion of TiO, in UV could offset the bad side effect
caused by UV irradiation by dramatically decrease of
aromatic proteins. Increased exposure time, pH, and
TiO, dose could improve the removal of UV,ss and
THMs, whereas only a rise of TiO, concentration
could lead a downtrend of DOC.

Coated TiO, used in this study was less effective
than the suspended one However, considering the
wide application prospect due to its easy separation,
the degradation pathway of DBPs precursors using
optimized GAC-TiO, was still a promising approach
which was worth a further study in the future.
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