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ABSTRACT

Photocatalytic water treatment has a currently elevated electricity demand and maintenance costs, but
the photocatalytic water treatment may also assist in overcoming the limitations and drawbacks of
conventional water treatment processes. Among the Advanced Oxidation Processes, heterogeneous
photocatalysis is one of the most widely and efficiently used processes to degrade and/or remove a wide
range of polluting compounds. The goal of this work was to find out a highly efficient photocatalytic
disinfection process in superficial water with different doped photocatalysts and using three sources of
radiation: mercury vapor lamp, solar simulator and UV-A LED. Three doped photocatalysts were pre-
pared, SiZnO, N—SiZnO and F—N—SiZnO. The inactivation efficiency of each synthesized photocatalysts
was compared to a TiO, P25 (Degussa®) 0.5 g L~ control. Photolysis inactivation efficiency was 85% with
UV-A LED, which is considered very high, demanding low electricity consumption in the process,
whereas mercury vapor lamp and solar simulator yielded 19% and 13% inactivation efficiency, respec-
tively. The best conditions were found with photocatalysts SiZnO, F-N—SiZnO and N—SiZnO irradiated
with UV-A LED, where efficiency exceeded 95% that matched inactivation of coliforms using the same
irradiation and photocatalyst TiO,. All photocatalysts showed photocatalytic activity with all three ra-
diation sources able to inactivate total coliforms from river water. The use of UV-A LED as the light source
without photocatalyst is very promising, allowing the creation of cost-effective and highly efficient water
treatment plants.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In that way, alternative processes for water disinfection, such as
Advanced Oxidation Processes (AOPs) have received great attention

The use of chlorine as a disinfectant in water treatment facilities
should be investigated. Recent studies have shown that chlorine is
ineffective in eliminating epidemic agents such as Giardia sp and
Cryptosporidium sp. Furthermore, the reaction between free resid-
ual chlorine compounds and natural organic acids, such as humic
acids and fulvic acids (precursors) leads to the formation of several
byproducts. Some of these compounds can cause potentially
carcinogenic effects, as trihalomethanes and haloacetic acids are
the main products formed (Zhang et al., 2010; Dyck et al., 2015; Wu
et al., 2014).
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due to their capacity to convert pollutants into harmless chemical
species (Nickheslat et al., 2013). AOPs are oxidation processes in
which hydroxyl radicals (OH®) are generated in sufficient quantities
to serve as the main oxidizing agents (Lopes et al., 2012; Wang
et al., 2014). Among the AOPs, heterogeneous photocatalysis has
been widely studied and its principle involves the activation of a
semiconductor by sunlight or artificial light (Lopes et al., 2011;
Gulyas, 2014).

Titanium dioxide (TiO;) materials of different types and forms
have shown great potential as an ideal and a powerful semi-
conductor photocatalyst for various significant reactions due to
their chemical stability, low cost, nontoxicity, and high reactivity
(Lopes et al., 2011; Gulyas, 2014; Schneider et al., 2014; Wu et al,,
2014; Wang et al., 2014). Other semiconductors have also been
studied in photocatalysis, namely zinc oxide (ZnO), tungsten
trioxide (WO3), ferric oxide (Fe;03), zinc sulfide (ZnS), etc. (Elamin
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and Elsanousi, 2013).

There are fundamental challenges for large-scale application of
semiconductors as photocatalysts. Titanium dioxide is only acti-
vated under UV irradiation, specifically radiation with wavelengths
below 388 nm, and it can therefore not be excited using radiation in
the visible region. Therefore, methods for semiconductor modifi-
cations include structural doping by using metals, metalloids,
transition metals and no-metals (Lin et al., 2009; Estruga et al,,
2010; Tan et al, 2011; Shi et al,, 2011; Schneider et al., 2014).
Other studies report co-doping of non-metallic and metallic ele-
ments such as Pt/N and Gd/N (Huang et al., 2007; Liu et al., 2011).

The inclusion of non-metallic doping species, (N, C, F and S)
along with transition metals and metalloids (Si) improves overall
photocatalysis efficiency under visible light spectrum (Yu et al,,
2002; Umebayashi et al., 2003; Rengifo-Herrera et al., 2008;
Estruga et al.,, 2010; Tan et al., 2011).

The combination of photocatalysts doped with transition metals
and non-metallic species with ultraviolet light and visible-light has
reportedly inactivated microorganisms, such as Escherichia coli
(Rengifo-Herrera et al., 2008; Li et al., 2010; Rizzo et al., 2014),
Staphylococcus aureus (Chen et al., 2012; Ananpattarachai and
Boonto, 2015), Pseudomonas aeruginosa (Wu et al., 2009) and Ba-
cillus subtilis (Wu et al., 2008).

This study aimed to propose a highly efficient photocatalytic
disinfection process in superficial water with different doped
photocatalysts by comparing three sources of radiation: mercury
vapor lamp, solar simulator and UV-A LED.

2. Material and methods
2.1. Doped photocatalysts

The doped photocatalysts synthesis was performed as according
to Li et al. (2010). Three doped photocatalysts were prepared:
SiZnO, N—SiZnO and F—N-SiZnO.

In SiZnO synthesis, 12.0 g of zinc sulfate (ZnSO4) and 12.0 g of
silica were dissolved in 200 mL deionized water under rigorous
stirring until complete dissolution. Then, the solution was soni-
cated in ultrasonic bath for 1 h. The pH was adjusted to 7.2 with
sodium hydroxide (NaOH) to produce a white precipitate, which
stood for 12 h protected from light. The precipitate was filtered
through a 0.45 pm cellulose membrane and it was washed with
deionized water several times to remove the sulfate. Afterwards the
sample was evaporated in an oven for 10 h at 60 °C and calcined for
2 h at 300 °C. After calcination, the material was ground to obtain
the finest powder possible.

The N—SiZnO compound was prepared using the same proce-
dure used for SiZnO, but with ammonium hydroxide (NH4OH) as a
precipitator instead. In F-N—SiZnO preparation, 1.0 g of N—SiZnO
was mixed with 0.2 g of ammonium fluoride (NH4F) with 4 mL of
deionized water. The mixture was sonicated in an ultrasonic bath
for 40 min and afterwards left 10 h protected from light. Then, the
compound was evaporated in an oven for 60 °C for 12 h and
calcined for 2 h at 300 °C to obtain F-N—SiZnO. After calcination,
the material was ground to obtain the finest powder possible.

For comparison purposes, a synthesized photocatalyst TiO, P25
(Degussa®) was used, since it is widely used in photocatalytic
reactions.

2.2. Description of the experimental apparatus

Three different reactors were built to evaluate the photocatalytic
activity under different radiation sources: mercury vapor lamp, UV-
A LED and solar simulator. These reactors were equipped with a
beaker with a capacity of 450 mL and a magnetic stirrer that kept

the sample in constant agitation. The temperature and the pH
variation were monitored.

The first reactor used a mercury vapor lamp of 250 W (Avant®),
with a 365 nm wavelength, without the glass bulb. The tempera-
ture was maintained at 25 °C. The lamp was positioned at 15 cm
from the sample surface (Fig. 1A).

The reactor 2 used a SSUV 1.6 K (Sciencetech®) solar simulator
with power set at 957 W. This equipment simulates any set solar
light input without depending on weather conditions. The incident
radiance was simulated from meteorological database for the
period between 9 a.m. and 16 p.m. The sample was positioned
100 cm from the light source. The solar simulator was isolated in a
closed compartment to reduce the interference of the external
light. Fig. 1B shows a schematic diagram for this process.

The third reactor was constructed using a UV-A LED. A cylin-
drical container containing a quartz LED system was coupled to the
central annulus of the reactor. The container was placed in solution
(Fig. 1C). Each LED used was 100 mcd, A = 385 nm and 0.12 W. A
triangular bar with a 69 UV-A LED capacity was used, but only 24
LED were applied. The outside of the reactor was coated with an
aluminum reflector to improve reflectance.

The disinfection tests were carried out using 0.5 g L™! photo-
catalyst in suspension for all three sources of radiation. Preliminary
data shows that the 0.5 g L™! concentration was efficient in mi-
crobial inactivation. Besides, this concentration has been previously
established in many recent related studies by Cho et al. (2004);
Zhang et al. (2012) and Siyahi et al. (2015). Helali et al. (2014)
demonstrated that an increase in photocatalyst concentration
(above 0.5 g L) did not necessarily yield a linear efficiency in-
crease. Gogate and Pandit (2004) noted that a concentration in-
crease may as well cause particles to aggregate and result in a lower
surface area. A higher concentration can also increase medium
turbidity, thus interfering with photonic energy penetration and,
ultimately, photodegradation.

A total volume of 450 mL of each solution was treated. Experi-
mental runs were performed by irradiation in the absence of
photocatalyst (photolysis process). The radiation intensity was
measured by a radiometer (Solar Light PMA 2200) and the results
for mercury vapor lamp, solar simulator and UV-A LED were 6.8, 4.2
and 0.16 mW cm 2 respectively. Exposure times were: 0, 15, 30 and
60 min. After irradiation, the samples were filtered using a 0.45 mm
cellulose membrane (Sartorius®) to remove any photocatalyst in
suspension. The experiments were conducted in duplicate.

2.3. Water sampling

The experiments were conducted using raw water from the
Piracicaba River, located at Piracicaba, Sao Paulo, Brazil, collected at
the river bank, near the pumping system inlet of the water treat-
ment plant (Water Treatment Plant 1, Luiz de Queiroz, SEMAE,
22°42'50.54"S, 47°38'56.77"0). The samples were collected in
November 2012.

2.4. Quantitative determination of total coliforms

Total coliforms have been determined by the membrane filter
method and the results expressed as CFU 100 mL~! (colony forming
units per 100 mL) according to APHA (2005). Cultures of total co-
liforms were composed of Escherichia, Citrobacter, Enterobacter and
Klebsiella, considered to be indicators of fecal matter contamination
with natural occurrence in soil and water.

2.5. Determination of inactivation level — kinetic study

Bacterial inactivation rate was estimated by Chick's Law, which



266 E.M.T. Claro et al. / Journal of Environmental Management 177 (2016) 264—270

i (a)

(b) (©)

15em
1m

_
H
H

) 3

(]

Fig. 1. Schematic representation of photocatalytic reactors: (A) 1. Mercury vapor lamp reactor. (B) 1. Solar simulator. (C) 1. UV LED reactor. 2. Magnetic stirrer and beaker containing

sample.

states that the removal rate is directly proportional to the con-
centration of bacteria in a first-order reaction. The Equation (1)
presents this relation in linear form:

InN/No= —k t (1)

where N is the colony count of the UV irradiated sample and Ny is
the colony count of the sample before UV irradiation, k is the
inactivation constant and t is the contact time.

The constant (k) was obtained by linear regression analysis,
plotted and linearized by the OriginPro 9.0 software (OriginLab).
According to the Chick's law, the slope is negative (—k). For each
dose of irradiation light, there is a value of k. Equation (2) repre-
sents a line through central coordinates with a —k slope:

y=1InN/Ng; A = kandx =t, thereforey = Ax (2)

The radiation dose in UV inactivation is defined as the product of
the intensity of ene'rgy and the exposure time:

D=1It (3)

where D is the ultraviolet radiation dose (mW.s cm~2), I is the ra-
diation intensity (mW.cm™2) and t is the exposure time (min).

In this work, we used a 58 x 10" mW.s cm~2 dose for the three
treatments. The photocatalytic treatment using vapor lamp dura-
tion was 1.41 min (84.6 s), whereas the solar simulator treatment
duration was 2.29 min (137 s) and the UV-A LED treatment duration
was 60 min (3.60 x 10° s).

According to Equation (4), N/No is the fraction of surviving
bacteria after an exposure time t:

N/Ng =e X (4)

Thus, the inactivation percentage was calculated using the
Equation (5):

Inactivation percentage (%) = (1 — N/Ng) x 100 (5)

2.6. Experimental design

The experimental design to evaluate the efficiency of the system
was developed by using the software Minitab® 17 1.0 (Minitab Inc.)
A factorial design with 2 independent variables as photocatalysts
and irradiation source was applied according to Table 1. The con-
centration of photocatalyst used in all reactions (0.5 g L™!) was
optimized based on results of preliminary experiments and litera-
ture values. The comparison between different light sources was

Table 1
Independent variables of the factorial design of experiments.

Independent variable Factor Range
Photocatalyst A Photolysis SiZnO F—N-SiZnO
Irradiation source B Mercury vapor Solar simulator UV LED

evaluated in relation to the normalized dose (mWs cm™2), since
each light source had a different power. The dependent variable
(response) was expressed as inactivation percentage of total co-
liforms (%).

The regression curve fit was expressed by the coefficient of
determination (R?, R%adj) and statistical significance was verified
by ANOVA calculation through F-value and p-value. Model pa-
rameters were selected based on their probability values insertion
within 95% confidence levels. Hence, we evaluated the effects of
each of the factors and their interaction on the overall efficiency of
the photocatalytic process.

3. Results and discussion

The parameters from Chick's Law regression for each treatment
duration are presented in Table 2. The unit of k is min~!, since it is a
first order reaction in relation to the concentration of
microorganisms.

From Table 2, we observed that the experimental data pattern
correlates to Chick's Law, with a small offset from the model, as
evidenced by R2. Thus, the inactivation of coliforms efficiency was
calculated as expressed in Fig. 2.

As shown in Fig. 2, the UV-A LED light source for inactivation of
coliforms without photocatalysts yielded 85% efficiency with doses
of 58 x 10! mW.s cm~2. Mercury vapor lamp and solar simulator

Table 2
Inactivation constant and R? values obtained by Chick's law for inactivation of total
coliforms using different light sources and photocatalysts.

Mercury vapor Solar simulator UV LED

lamp
Dose (mWs cm™2) 58 x 10! 58 x 10! 58 x 10!
Time (min) 1.41(846s) 229 (137 s) 60 (3.60 x 10°s)

k (min~') R? k (min~!) R? k (min~') R2?
Photolysis -0.15798 0.99 -0.06258 0.97 -0.03188 0.97
TiO, -0.51934 1 -0.16124 099 -0.05734 0.94
SiZnO —0.34176 099 -0.12984 0.99 -0.06712 0.94
N—-SiZnO —0.22269 096 -0.10766 099 -0.05822 0.91
F—N-SiZnO -036154 0.98 -0.11828 097 -0.05083 0.94
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Fig. 2. Inactivation of coliforms efficiency using different photocatalytic treatments

after exposure to different light sources with dose of 58 x 10" mW.s cm 2.

photolysis reached values of 19% and 13%, respectively, with the
same light dosage.

The highest photocatalytic efficiency in the inactivation of co-
liforms was obtained by UV-A LED in the present study. Ordered by
efficiency, SiZnO with TiO, had the highest value (98%), followed by
N—SiZnO with (96%) and then F—N—SiZnO (95%) as presented in
Figs. 2 and 4. With a mercury vapor lamp, TiO, showed the highest
efficiency at 52%, followed by the photocatalyst synthesized F—N-
—SiZnO (40%) and SiZnO (38%). By using the solar simulator, the
TiO, showed a 31% inactivation ratio, followed by SiZnO with 26%.

Mercury vapor lamps have been considered as the main source
of artificial UV in microbial inactivation protocols for a long time.
However, due to damage and exposition risks, new UV light sources
have been investigated. Besides, non-toxic, cost-effective and effi-
cient alternatives are preferable (Vatansever et al., 2013).

Although Karunakaran et al. (2016), among others, have proven
high photocatalytic efficiency of mercury vapor lamps, the inacti-
vation of microorganisms in our study was more efficient with UV-
LED. According to Gongalves (2003), the major factors contributing
to reduced efficiency in mercury vapor lamps radiation are both
mercury deposition on the lamp walls and case solarization.

In this context, LED lamps have arisen as an alternative for being
a solid state semiconductor capable of transforming electrical en-
ergy into light, being able to produce more UV light than an in-
candescent lamp heat, which makes it more efficient by saving up
to 50% more energy compared to traditional sources (Chen et al.,
2005; Miller et al., 2013). This fact also explains the high perfor-
mance of UV-A LED in relation to mercury vapor lamp and the solar
simulator used for the inactivation of coliforms in this work.
However, the UV LED disinfection technology is still considered a
“work in progress technology” by most researchers and manufac-
turers (Ibrahim et al., 2014; Lui et al., 2014).

The sun is a source of ultraviolet light in all its electromagnetic
spectrum; however, the atmospheric ozone layer prevents signifi-
cant amounts of radiation in this range to reach the Earth's surface
(Galvez and Rodriguez, 2003). UV radiation levels reaches only
10—30% depending on the latitude, thus explaining the low effi-
ciency in the total coliforms inactivation when replicated by the
solar simulator applied in our work.

The inactivation percentage after photolysis was lower than
inactivation by heterogeneous photocatalysis in all of the three

radiation sources, thus demonstrating the influence of the photo-
catalyst, corroborated by statistical analysis (Figs. 3 and 4).

In this process, the combination of pairs electrons (e~) and holes
(h™) occurs by energy absorption. The pair can undergo internal
recombination or migrate to the catalyst surface. On the surface, it
can suffer external recombination or participate in redox reactions
with absorption of H,0, OH™ and O,. The oxidation reactions occur
between the gap of the valence band and water or hydroxyl ions,
producing the radical OH. The reduction reactions can occur be-
tween the electron conduction band and oxygen, producing O3,
which produces H,0; (Fu et al., 2005; Chong et al., 2010; Bak et al.,
2012; Wang et al,, 2014; Wu et al,, 2014). The higher the energy
dose, the greater the combination of pairs e—/h+. The process also
leads to higher production of OH- radicals, allowing a faster and
more efficient photocatalytic degradation.

Principal effects and interaction between treatment variables
during inactivation of coliforms are shown in Figs. 3 and 4.

The TiO, photocatalyst performed better than the other two
light sources (Fig. 3) due to their grain size, followed by the syn-
thesized photocatalyst SiZnO and F-N—SiZnO. However, when only
light is taken into account, the UV LED stood out, reaching inacti-
vation efficiencies of total coliforms in 99%, which can also be seen
in Fig. 4. As for the UV LED, all synthesized photocatalysts showed a
higher inactivation performance for microorganisms.

By incorporating no-metals, metalloids and transition metals to
synthesized photocatalysts, causes a shift towards larger wave-
lengths, hence causing an increased photocatalytic activity due
photogenerated charges (Shi et al., 2011; Ananpattarachai and
Boonto, 2015). Furthermore, Estruga et al. (2010) discovered that
silicon-doped electrodes increased catalyst surface area. However,
the TiO, has a large surface area (around 50 m%.g~!) and its com-
plex crystalline microstructure promotes better charge separation
which inhibits recombination (Lopes et al., 2011), resulting in a
better performance in degrading processes.

The high efficiency in the inactivation of total coliforms by
heterogeneous photocatalysis (Fig. 4) may be due to the combina-
tion of two processes: (i) the cell damage and degradation caused
by OH- radicals on the surface of the photocatalyst, and (ii) the
direct absorption of UV radiation by the cells, greatly contributing
to further cell inactivation. The UV LED based disinfection has been
previously demonstrated alone (Hanamoto et al., 2007; Mori et al.,
2007; Yagi et al., 2007) and in combination with UV-C (Chevremont
et al.,, 2012a, 2012b).

Hanamoto et al. (2007) tested the disinfection mechanisms of a
UV LED at 365 nm for E. coli, Vibrio parahaemolyticus and S. aureus.
They added mannitol, an antioxidant known to capture hydroxyl
radicals, and catalase, an enzyme that transforms H,0O, in water
(H20). These products significantly reduced the disinfection effi-
ciency of UV LED.

Matsunaga et al. (1985) investigated for the first time, the
antimicrobial effect of TiO, photocatalytic reaction. These authors
reported the effectiveness of the photocatalytic oxidation in water
with several microorganisms, including Lactobacillus acidophilus,
Saccharomyces cerevisiae, E. coli and Chlorella vulgaris.

Detailed studies on the bactericidal effect of heterogeneous
photocatalysis were also carried out by Huang et al. (2000); Cho
et al. (2004); Hanamoto et al. (2007) and Wu et al. (2014). Ac-
cording to these researchers, the sequence of events that leads to
bacterial inactivation start at the oxidative damage to cell walls. The
underlying cell membrane is further damaged as it progressively
increases permeability, allowing intracellular content outflow and
ultimately causing cellular death. In addition, there may be a direct
attack of cells by dispersed particles from the photocatalyst. These
particles react to intracellular components of cells with damaged
membranes, which accelerate cell inactivation. In certain doses, the
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absorption of UV radiation by the DNA can inhibit cellular ability to
reproduce, causing death or mutations. The longer the UV inci-
dence, the greater the chances of nucleotide modifications and DNA
damage. Other studies have suggested that the mode of action is
the photooxidation of coenzyme A, leading to the inhibition of cell
respiration and, as a result, death (Vohra et al., 2005).

According to Cho et al. (2004), there is a well-established linear
relationship between the amount of OH* radical and the inactiva-
tion of E. coli as primarily responsible for the inactivation of mi-
croorganisms by disinfection when TiO,/UV are applied. Ibanez
et al. (2003) also attributed the bacterial inactivation to the
radical OH* by photocatalysis with TiO,. Studies by Rincon and
Pulgarin (2004) in absence of light detected no bactericidal effect
of TiO3 in a slurry with a pure culture of E. coli K12 (ATCC 23716).

Melidn et al. (2000) studied the inactivation of coliforms using
UV lamp with TiO, and managed to reduce the microbial

concentration to 9 x 10? CFU mL~". The authors also compared the
effects of UV lamp with solar disinfection and reported that solar
disinfection is slower due to the UV radiation fraction being lower
than the actual sunlight radiation, hence corroborating results
observed in our work.

Mori et al. (2006) investigated the inactivation of E. coli and
Vibrio parahaemolyticus by using eight serial UV LED at 365 nm
wavelength. The result showed 100% inactivation for E. coli and
Vibrio parahaemolyticus in 30 min and 10 min of treatment,
respectively. These results also demonstrate the high efficiency of
UV LED induced bacterial inactivation.

Ananpattarachai and Boonto (2015) studied N-doped TiO;
nanoparticles and Ni-doped TiO, towards the inactivation of
S. aureus and E. coli using visible light. The N-doped TiO, nano-
particles were more efficient than Ni-doped TiO,, due to narrower
band gap promoted by N-doped nanoparticles.
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Despite the actual inactivation efficacy by heterogeneous pho-
tocatalysis, the practical application of photocatalysts in water
treatment still undergoes technical challenges to reduce cost in
water treatment plants. The main issue lies in the steps required for
material removal rough water filtration. These are the main causes
for increased costs of photocatalysts application. Therefore, UV LED
can be suggested as a sole disinfectant agent, according to the most
efficient results towards inactivation of coliforms in this study.

4. Conclusions

All photocatalysts used in this work showed photocatalytic ac-
tivity in a 0.5 g L~! concentration over all three radiation sources
capable of inactivating total coliforms in water from the Piracicaba
River, Sao Paulo, Brazil. Their efficiency, however, differed greatly.

Radiation by mercury vapor lamp and solar simulator in com-
bination with heterogeneous photocatalysis was effective in the
inactivation of microorganisms, but the maximum effect on inac-
tivation of microorganisms occurred when using the UV-A LED. The
results obtained with the UV-A LED showed that only the silicon-
doped photocatalyst, SiZnO, inactivation reached values of total
coliforms greater than TiO, (98%), but the efficiencies are very
similar to other synthesized photocatalysts. The photocatalysis was
more efficient than photolysis.

The use of UV-A LED as the light source without the photo-
catalyst is promising, due to its lower costs. This allows the direct
application of UV to a water treatment plant for inactivation of
microorganisms, thus reducing the need for chlorine addition and
the subsequent formation of organohalogen compounds.
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