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Abstract Photocatalysis is one of environment-friendly
and efficient methods for municipal wastewater disin-
fection. In this research, two pathogens, Staphylococcus
aureus and fecal coliform, were chosen to investigate
the disinfection effects of several TiO, photocatalysts on
sewage plant secondary treatment effluent, compared
with UV disinfection. The results show that TiO, spe-
cies and concentrations, light intensity, light time, and
pH all have significant influences on the pathogen de-
activation. It was found that the optimum operation
parameters were as follows: the P25 commercial TiO,
powder at the concentration of 0.5 g/L, the light
intensity of 40 W, and the radiation duration of
20 min. The photocatalyst performed better at either
acid or alkaline condition than neutral. The TiO,
photocatalytic deactivation to S. aureus was more
effective than the UV.

Keywords TiO, photocatalysis - Staphylococcus
aureus - Fecal coliform - UV - Reuse

1 Introduction

Wastewater recycling is one of the effective solutions for
water shortage in many water-salvage countries; how-
ever, waterborne pathogens limit the reusing by
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infecting the contacting people and threatening human
health, especially for developing countries (Rincon and
Pulgarin 2004). Pathogens in wastewater and referred
disinfections have been severely concerned and com-
prehensively researched. However, current disinfection
technologies are not always satisfied: chlorine disinfec-
tion is cheap and historical but generates carcinogenic
by-product, such as trihalomethanes and carbon tetra-
chloride; ozone disinfection is too expensive and causes
aldehyde and ketone problems; chlorine dioxide disin-
fection costs a lot and produces chlorite if overdosed;
and UV light disinfection encounters pathogen resurrec-
tion. Safe and effective disinfection technology is urgent
in wastewater reclamation. TiO, photocatalysis, as a
potential alternative disinfection, is cost-effective and
stable without producing any disinfection by-product
or secondary pollution. Aqueous TiO, suspensions have
been reported to detoxify pollutants since 1976 (Carey
et al. 1976). UV/TiO, disinfection has also been intro-
duced for almost 20 years (Feitz 1998). This technology
can eliminate microorganism and mineralize organic
matter by producing hydroxyl (-OH), superoxide anion
(Oy), and other strong oxidizing agents under UV
irradiation. However, it was still far from industrial
application owing to the photocatalytic reaction kinetics
and photoactivity ranges (Qu et al. 2013).

This research employed TiO, photocatalysis to dis-
infect secondary effluent from sewage treatment plant.
Since the crystal structure and composition of TiO,
affect the disinfection of pathogens, three kinds of
TiO, (P25, Sub-Seeley, TBD-A500) were studied in this
research. Staphylococcus aureus and fecal coliform were
used as indicators to investigate the optimum parameters
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of the pilot test. S. aureus is a type of Gram-positive
bacteria with thick and tough cell membrane containing
15 to 50 layers of peptidoglycan and teichoic acid
(Carneiro et al. 2012). S. aureus could secrete cytotoxic
chemical, enterotoxin, causing vomiting, diarrhea, and
abdominal pain (Han et al. 2011). Fecal coliform is a
type of Gram-negative bacteria with loose cell membrane
compromised of two to three layers of peptidoglycan,
which is usually used as pathogen indicator reflecting the
water quality (Elghniji et al. 2012; Hofer and Penner
2011). The different inactivation effect was also com-
pared for both pathogens.

2 Materials and Methods
2.1 Instruments and Reagents

Incubator (SPX-100B-Z) was made by Far Right
Instrument Co., Ltd. (Shanghai, China); portable elec-
tric pressure steam sterilizer (YXOGO02) was
manufactured by Andhra Medical Technology Co.,
Ltd. (Zibo, China); electronic balance (CP114) was
manufactured by Ohaus Instrument Co., Ltd.
(Shanghai, China); High-speed centrifuge (TG16-WS)
was manufactured by Gordon-centrifuge machines Ltd.
(Changsha, China); multipurpose pump circulating wa-
ter (SHK-III) was manufactured by Elcoteq
Experimental Equipment Co. (Zhengzhou, China);
electromagnetic air compressor (ACO-388D) was made
by Haley Group Co., Ltd (Chaozhou, China); optical
microscope (XSP-4C) was manufactured by Miriam
Round Optical Instrument Co. (Shanghai, China); spec-
trophotometer (UV-3200) was from the US Spectrum
Up Instrument Co., Ltd. (Shanghai, China); filter (pore
size of 0.45 pum, with a diameter of 50 mm) was
purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Malachite green, disodium hydrogen phosphate,
citric acid, magenta, sodium sulfite, ethanol, and com-
mercial TiO, (P25, Sub-Seeley, TBD-A500) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The average particle size of P25
was 21 nm (TiO,>99.5 %), consisted of 80 % of anatase
and 20 % of rutile. The Sub-Seeley was a mixture of
TiO, crystals with the average particle diameter of
10 nm (TiO,>92 %). The TBD-A500 was anatase
(TiO,>98.5 %) with the average particle diameter of
500 nm.
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2.2 Experimental Methods
2.2.1 Photocatalytic Inactivation Experiments

The quality of the raw water is shown in Table 1, sam-
pled from the second effluent from the water stations
after sand filter at Shangdong Jianzhu University. Eight
liters of raw water with certain amount of TiO, was
placed between the double layers of the reactor (shown
in Fig. 1), and the UV lamp was set in the center of the
cylinder. Compressor was started to aerate and mix
before turning on the UV lamp for the photocatalytic
reaction. The water was pumped from the bottom regu-
larly and sampled from the outlets on the sidewall. If not
specified, the concentration of TiO, was 0.5 g/L, the UV
light intensity was 40 W, the aeration rate was 0.18 L/h,
and the type of TiO, was TBD-AS500.

2.2.2 Analytical Methods

Hydroxyl (‘OH) was measured with malachite green
method (Zeng et al. 2010); (Paz 2010); S. aureus was
measured with Baird-Parker plate count method
(Szczawinski et al. 2011); fecal coliform was measured
with Quanti-Tray/2000 (IDEXX, USA) rapid method
(Hernandez-Garcia et al. 2008).

3 Results and Discussions
3.1 Effect on the Generation of Hydroxyl

As shown in Fig. 2, the generation of -OH was relatively
high when the concentration of TiO, were lower (0.01
or 0.05 g/L). It could attribute to the blockage of the
ultraviolet light when the concentration of TiO, was
high. Ineffective penetration of the UV light source led
to more electrons formed on the surface of TiO, because
of the overwhelming excitation (e—) than holes (h+)
under this situation, resulting in the lower concentration
of -OH (Wang et al. 2008). Furthermore, the impurities
in the raw water were adsorbed on the TiO, and con-
sumed much -OH through the photocatalytic oxidation
reaction. However, when the concentration of TiO, was
low, meaning of less surface area, the total ‘OH could be
insufficient to treat the large amount of wastewater. The
production of -OH, to some extent, fluctuated at the
beginning 10 min but tended to be steady after then,
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Table 1 Raw water quality

Item Staphylococcus — Fecal coliform  Total number
aureus (colonies/mL)
(colonies/mL)

Ammonia Total phosphorus UV254 COD
(colonies/mL) (mg/L)

pH  Turbidity

(mg/L) (cm)  (mg/L) (mg/L)

Concentration  10°-10* 10°-10* 10°-107

2040 0.2-1.5

0.1-02 60-90 79 1.04-1.69

indicating that the generation did not vary much when
no microbes and pollutants existed along reaction time.

3.2 The Impact of Different Type of TiO,

The results of three kinds of TiO, on fecal coli-
form sterilization are shown in Fig. 3, indicating
that all removal efficiencies were more than 97 %
with the highest of P25 and the lowest of TBD-
AS500. It has been reported that besides the crys-
tallite size and specific surface area, the crystal
structure and electron/hole distribution of TiO,
could influence the catalysis (Chong et al. 2010).
Anatase was thought to be the most
photocatalytically active modification (Hofer and
Penner 2011). The anatase content in P25 was
higher than that in Sub-Seeley, favoring the
photocatalytical disinfection. Although TBD-A500
was also mostly composed of anatase, particle size
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Fig. 1 TiO, photocatalysis reactor

was much larger than others, carrying out the
lowest removal efficiency. However, due to the
cheaper cost and easier recovery of larger crystal-
lite, TBD-AS500 was considered as the most poten-
tial sterilization catalyst for fecal coliform and
used in the following tests of this research.

3.3 Effect of TiO, Concentration

The concentration effect is shown in Fig. 4 for
inactivation of both pathogens. The remaining
number of S. aureus decreased sharply with the
increasing dosing of TiO, until 0.5 g/l when the
remaining bacteria were minimum (11 colonies/
mL) and rose slightly when overdosed. It was
explained that the light could not be effectively
utilized when less than 0.5 g/L, while the photons
saturated the catalyst when more than 0.5 g/L,
causing no significant change of active groups
produced on the catalyst surface, and the UV light
was scattered due to the increasing turbidity of
solution, resulting in the slight decrease of the
catalysis efficiency (Hu et al. 2007). The minimum
remaining of fecal coliform seemed to appear at
dosing of 0.5 g/L, but the sterilization efficiency
did not significantly shift as S. aureus. For exam-
ple, it was hard to differentiate the effect between
dosing of 0.005 and 0.5 g/L, which demonstrated
that fecal coliform was Gram-negative and sensi-
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Fig. 2 -OH production with different concentrations of TiO,
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Fig. 3 Different TiO, impact on fecal coliform inactivation
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tive to photolysis. In summary, 0.5 g/L of TiO,
was the optimum to deactivate both pathogens
synchronously in this research.

3.4 Effect of UV Light Intensity

Figure 5 shows the influence of different light
intensity on the S. aureus. The results show that
the inactivation increased with the illumination
time and the remaining number of bacteria tent
to zero after 40-min reaction. The disinfection
favored 40-W intensities, meaning that either too
high or low intensity could not assist the TiO,
photocatalytic reaction, which also matched the
previous report (Kumar and Devi 2011). Usually,
higher intensity means more photons contact with
the catalyst, resulting in high-energy electron—hole
pairs and improving photocatalysis efficiency (Li
et al. 2006). The trend of the logarithmic curves
could be explained as follows: at the beginning,
the reaction rate between generated -OH and the
pathogen was accelerated because of the high con-
centration of S. aureus; as time goes, the reaction
was slowed down due to the consumption of
bacteria.
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Fig. 4 TiO, concentration influence on two of the pathogen
inactivation (40-W UV light; 5-min irradiation)
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Fig. 5 Light intensity on the inactivation of Staphylococcus
aureus

3.5 Effect of UV Light Time

As shown in Fig. 6, the S. aureus inactivation rate was
83 % after 0.5 min, 94 % after 1 min, 99 % after 8 min,
and 99.91 % after 20 min, when the remaining bacteria
number was only 3/mL, close to complete disinfection.
For fecal coliform, the inactivation was 95 % after
1 min, 99.2 % after 5 min, and 99.9 % after 10 min,
when the remaining bacteria number is less than 2/mL.
Therefore, 20-min should be chosen as the disinfection
time to completely inactivate both pathogens.

3.6 Effect of pH Value

The pH value can influence TiO, photocatalysis in two
ways: (1) affecting the catalysts surface properties and
pollutant adsorption on the surface; (2) affecting the
formation rate of active substances and the photocata-
lytic reaction (Michael et al. 2010). TiO, is a kind of
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Fig. 6 Illumination time for both pathogen inactivation influence

diagram



Water Air Soil Pollut (2015) 226: 333

Page 5 of 6 333

300

—&— Staphylococcus aureus

—4&— Fecal coliform

250

200

150

100

Remaining bacteria (colonies/mL)

50

0

4 5 6 7 8 9 10 11
pH

Fig. 7 pH for both pathogen inactivation influence diagram

amphoteric oxide catalyst, with isoelectric point of ap-
proximately 6.6, which means that surface negative
charge TiO, or positive charge TiO," forms when pH
increases or decreases (Muneer et al. 2001).

As shown in Fig. 7, with 5-min irradiation, pH
value affected fecal coliform more than S. aureus.
The reason may attribute to the different structure
of cell membrane. Both have different ability to
attach -‘OH under different pH values, but natural
solution was not favored for either. Mechanisms
for the bactericidal disinfection of TiO,
photocatalysis were reported that the radicals oxi-
dize the lipid of cell membranes and, consequent-
ly, damage the cellular respiration and kill the
bacteria (Blake et al. 1999).
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3.7 Comparison Between TiO, Photocatalysis and UV
Disinfection

As shown in Fig. 8, TiO, photocatalytic inactivation
was better than UV disinfection for both pathogens.
Dunford reported that the ‘OH produced by TiO,
photocatalysis could directly damage DNA and pene-
trate the thick cell membrane, which could resist the
irradiation of UV (Dunford et al. 1997). The thick cell
membrane of S. aureus has certain resistance to direct
UV irradiation, but not to the ‘OH. Since fecal coliform
belongs to Gram-negative bacteria with thin cell wall,
the difference was not significant as S. aureus.

4 Conclusions

1. TiO, photocatalytic inactivation for S. aureus and
fecal coliform can be affected by the kinds and
concentrations of TiO2, UV light intensity, reaction
time, and pH value. The results showed the opti-
mum photocatalytic inactivation operation parame-
ters in this research: TiO, type P25, TiO, concen-
tration of 0.5 g/L, UV light intensity of 40 W, and
reaction time of 20 min. For both pathogens, acidic
and alkaline conditions were better than neutral for
the photocatalysis disinfection.

2. For Gram-positive bacteria such as S. aureus, UV
disinfection needs longer reaction time to achieve
the same inactivation effect as TiO, photocatalysis.
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Fig. 8 TiO, photocatalysis and UV inactivation of Staphylococcus aureus
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