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Abstract In this study, the validity of TiO,-based photo-
catalysts anti-algal effects was examined with Chlorella
vulgaris. Cu-modified TiO, (without N dopants) showed
clear anti-algal effect under white LED light. N-doped
TiO, (both with and without Cu modification) and Cu-
modified TiO, (without N dopants) showed clear anti-algal
effects when UV light was used together with white LED
light. S-doped TiO, had no anti-algal effects and even
promoted the growth of algae. The degree of the anti-algal
effect differed depending on the dopants, surface modifi-
cations, and irradiation light. Photocatalysts create several
active spices during their photocatalytic processes. Of
these, the effects of superoxide radical (O3 ) and hydrogen
peroxide (H,O,) on algae growth were examined. Photo-
catalysts with high anti-algal effect produced hydrogen
peroxides effectively, while there was no correlation
between productivity of superoxide radical and anti-algal
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effects. Thus, the ability to produce hydrogen peroxide is a
plausible factor for determining the efficiency of the anti-
algal effect of a photocatalysts.
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1 Introduction

Environmental problems, ongoing food crises, and short-
ages of resources are becoming global issues. These
problems are strongly correlated and an efficient concept
and technological system that solves them is in high
demand. One potential candidate that has attracted great
interest is the hydroponic plant factory. This is a highly
controlled system that creates agricultural products all year
round, facilitates mass production with a minimal footprint,
and is independent of the natural environment. However,
contaminants originating from increased fungi and algae
growth become prominent after multiple operations in a
circulation-type hydroponic system. Algae adhered to
growth equipment and absorb nutrients from the cultivation
liquid, resulting in the poor growth of products [1]. Some
algae contain poisonous substances that cause growth
suppression and/or diseases, leading to a decrease in both
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quality and quantity of the products. Therefore, introducing
the cultivation liquid purification system is indispensable
for improving production efficiency.

Photocatalysts have attracted great interests as sanitizers
since the discovery of the Honda—Fujishima effect in 1972
[2]. Photocatalysts produce highly oxidative active species,
which are useful for processes such as the decomposition
of pollutants and sterilization [3]. Photocatalysis is less
harmful to human health than chemical sanitization and
photocatalysts are inexpensive to produce, which is desir-
able for practical applications. Systems using photocata-
lysts for cultivation liquid purification have been actively
researched and developed. For example, a circulation sys-
tem with TiO, filters exposed to solar light has been
studied for the purification of cultivation liquid [4], and a
purification apparatus with TiO, filter and equipped UV
light has been developed [5].

Although these purification systems are effective for
sterilization and decomposition of organic compounds in
the circulating cultivation liquid, they are less effective for
preventing algae growth attached to the equipment. Indeed,
various types of alga proliferate in our hydroponic plant
factory that uses a purification system similar to that
mentioned above. Photocatalytic reactions are surface
reactions and the cleaning effects are diminished for areas
far from the photocatalysts. Direct interaction between the
photocatalysts and algae should be considered for pre-
venting algae adhesion.

Unmodified TiO,- [6-9] and ZnO [10]-based composites
have been mainly studied as photocatalysts to prevent algae.
Anion-doped and/or metal-modified TiO, are more attrac-
tive because they absorb a wider range of light toward vis-
ible light [11]. Visible light-driven photocatalysts should be
more suitable sanitizing photocatalysts in hydroponic plant
factories because solar light or artificial white light is used as
the light source. In this study, we examined the anti-algal
effects of photocatalysts that could be directly coated on the
growth equipment. We investigated Cu-modified TiO,,
S-doped TiO,, N-doped TiO,, and Cu-modified N-doped
TiO, as well as unmodified TiO, (both rutile and anatase).
Chlorella vulgaris is an alga that generates in the actual
hydroponic plant factory and was chosen as a test alga
because it is tolerant to environmental stress, and it is easy to
cultivate. We gained insight into the properties of suit-
able photocatalysts for the removal of algae.

2 Experimental
2.1 Materials

Commercially available TiO,-based photocatalyst powders
were mostly used in this study. ST-01 (Ishihara Sangyo
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Kaisha, Ltd) and MT-150A (TAYCA Corporation) were
used as anatase (denoted hereafter as A_TiO,) and rutile
(denoted hereafter as R_TiO,) TiO, powders, respectively.
Cu-modified TiO, (LUMI-RESH) was acquired from Showa
Denko KK [denoted hereafter as Cu(m)_TiO,]. S-doped
TiO, was obtained from Pialex Technology Corp (denoted
hereafter as S_TiO,). N-doped and Cu-modified/N-doped
TiO, were personally provided [denoted hereafter as
N_TiO; and Cu(m)_N_TiO,, respectively]. The absorption
peaks of the modified/doped powders were widened to the
visible light region (Fig. S1). Cu(m)_TiO, has a rutile phase
and its particle size is bigger than the other powders
(100-200 nm). The other photocatalysts have an anatase
phase with similar particle size (ca. 50 nm) (Figs. S2, S3).
Photocatalytic performance measured by the decomposition
of acetaldehyde is summarized in Fig. S4. Anion-doped
samples [S_TiO,, N_TiO,, and Cu(m)_N_TiO,] had stron-
ger photocatalytic activity than unmodified materials
(A_TiO, and R_Ti05), and this enhancement did not occur
with Cu modification alone (Cu_TiO,).

Chlorella vulgaris (NIES-227) was purchased from the
National Institute for Environmental Studies (NIES). The
alga was cultivated under a fluorescent light inside a
chamber at 25 °C. The cultivation was conducted with
sterilized equipment and medium inside a clean bench.
Liquid C medium [12] was used for the cultivation
processes.

2.2 Measurement of photocatalytic anti-algal effects

The photocatalysts were tested using an environment that
simulated a hydroponic plant factory, with a common
cultivation liquid (Hoagland solution) and light sources.
Prepared Hoagland solution was sterilized in an autoclave
at 120 °C before use. 1/10 Hoagland solution (10 mL) was
added to an autoclave-sterilized sample tube and C. vul-
garis added to give 80 x 10* cells mL™'. Photocatalyst
(0.01 g), sterilized by UV light, was added and exposed to
white LED light (10,000 Lx) (Fig. S5) or white LED light
(10,000 Lx) + UV light (352 nm; 0.3 mW crnfz). Sam-
ples without photocatalysts were also prepared as
references.

Aliquots of the mixtures (2 mL) were occasionally taken
and placed in microtubes (2.5 mL). The samples were
centrifuged for 10 min at 15,000 rpm, and the supernatant
(1.7 mL) was removed. Methanol (1.0 mL) was added to
each sample tube and the tubes shaken for 1 h by vortex
mixer to extract chlorophylls. The extraction mixture was
centrifuged again. The supernatants (250 pL) were trans-
ferred into a 96-well microplate, and the absorbance of
chlorophyll (665 nm) was measured with a microplate
reader (Multiskan GO ver. 1.00.40). A calibration curve
between cell concentration and absorbance was prepared
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using control samples (without photocatalysts) and used to
determine the relative cell concentration in the tubes with
photocatalysts.

2.3 Analysis of super oxide generated
from photocatalysts

Tetrazolium salt WST-1 (5 mg) was dissolved in 1/10
Hoagland solution (12 mL) and used as a standard solution.
Each photocatalyst powder (0.05 g) was dispersed in the
standard solution and irradiated under UV light (352 nm;
20 mW cm2) for 2 h or white LED light (10,000 Lx) for
24 h. WST-1 can be used to selectively detect the con-
centration of super oxide because it reacts with super oxide
(O,7) and does not react with xanthine oxidase and
hydrogen peroxide [13]. When WST-1 reacts with super
oxide, it forms a formazan, which has a maximum
absorption at 450 nm [14] (Fig. S6). The absorption
spectrum of the tested solutions was used to estimate the
relative amount of super oxide generated.

2.4 Effect of hydrogen peroxide on anti-algal effect

1/10 Hoagland solution (10 mL) was charged to a sterilized
(autoclave) sample tube. C. vulgaris (80 x 10% -
cells mL™") was added and cultivated for 4 days. A 0.03
vol % solution of hydrogen peroxide was prepared by
diluting 30% hydrogen peroxide (100 pL) with ultrapure
water to a total volume of 100 mL. This dilute hydrogen
peroxide was added to the cultivation liquid twice a day
after the 4 day cultivation. Samples without adding
hydrogen peroxide were also prepared as a reference. The
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cell concentration was estimated using a method similar to
that described in Sect. 2.2.

3 Results

The relationship between the cell concentration within each
test tube (Hoagland solution with C. vulgaris and photocatalyst
powders) and light-irradiating days is summarized in Fig. 1.
The Cu(m)_TiO, showed a clear anti-algal effect under white
LED light, while Cu(m)_N_TiO, had only a weak effect.
Anion-doped TiO, powders (S_TiO, and N_TiO,) had no anti-
algal effects (Fig. 1a). When UV light was used with the white
LED light, N_TiO, and copper-modified TiO, [Cu(m)_TiO,
and Cu(m)_N_TiO;] had clear anti-algal effects, with almost
all algae decomposed after 8 days. Both S_TiO, and R_TiO,
had no anti-algal effects and even promoted the growth of
algae (Fig. 1b). A_TiO, can weakly decompose algae, though
addition of UV light seemed to have no greater effect.
Photocatalysts create several active spices during their
photocatalytic processes. Among these, superoxide radical
(O5) is a relatively strong oxidizer, and we assumed that
the amount of superoxide radical produced could explain
the differences of the photocatalysts anti-algal effects.
Figure 2 summarizes the absorbance of formalized WST-1
(tetrazolium salt), which corresponds to the amount of
superoxide radicals created from each photocatalyst. The
largest absorbance was that from the tube containing
R_TiO,, indicating this catalyst generated the most super-
oxide radicals under both white LED light and UV light,
despite the continuing increase in algae in the presence of
this catalyst (Fig. 1). A relatively large amount of WST-1
was formalized with photocatalysts showing anti-algal

—_
) &
o
=}
S
I

400 —

300 [~

200 —

Cu(m)_N_TiO,
Cu(m)_TiO,
A_TiO,

100

Cell Concentration / (><104 cells mL~

Time / Days

Fig. 1 Relationship between C. vulgaris cell concentration and days of light irradiation with various photocatalysts. Light source; a white LED
light (10,000 Lx) and b white LED light + UV light (352 nm; 0.3 mW cm?)
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effects under UV light [Cu(m)_TiO,, N_TiO,, and
Cu(m)_N_TiO,]. However, there was little color change of
the test solution with Cu(m)_TiO, under white light irra-
diation, despite this catalyst showing the strongest anti-
algal effect. These results clarified that there was no cor-
relation between the absorbance of formalized WST-1 (i.e.,
the amount of superoxide radicals generated from the
photocatalysts) and the anti-algal effect. Thus, superoxide
radicals alone were not the direct reason for the effect.

Hydrogen peroxide easily releases oxygen, producing
strongly oxidizing hydroxy radicals. Hydrogen peroxide is
relatively stable with a long lifetime in the water and can
effectively reach algae by diffusion. Therefore, we surveyed
the influence of hydrogen peroxide on the anti-algal effect.
Imase et al. [15] reported that exposing C. vulgaris to
hydrogen peroxide made holes in the cell wall and entered
the cell through these holes. The hydrogen peroxide that
penetrated into the cells possibly oxidized the DNA and
proteins, destroying the viability of the cells. We exposed C.
vulgaris to hydrogen peroxide (ca. 0.12 pM) and surveyed
the change in cell concentration to clarify whether hydrogen
peroxide from the photocatalysts was the causative agent of
the anti-algal effect. Cell concentration decreased with time
when hydrogen peroxide was added (Fig. 3). The cell con-
centration dropped to about 50 x 10* cells mL™" after
4 days, which was almost the same level observed in the
sample with N_TiO, under UV light. This suggests that the
anti-algal effect of the photocatalysts was because the cata-
lysts photogenerated hydrogen peroxide.

4 Discussion
We first compared S_TiO, and N_TiO,. Although both are

anion-doped TiO,, they showed different effects on algae.
This is likely because of the different hydrogen peroxide
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Fig. 3 Time dependence of C. vulgaris cell concentration with and
without H,O,. The result of the cultivation with N_TiO, under UV
light is also included as a reference

production abilities of these catalysts. N-doped TiO, pro-
duces more hydrogen peroxide than S-doped TiO, under
visible light [16]. This can be explained by the following
mechanisms. First, N-doped TiO, was excited by visible
light irradiation (Egs. 1, 2).

N~ 4+ Ti*" +hv — N 4+ Ti*"(e") (1)
N + Ti*" +hy — N* + Ti*T(e") (2)

The excited electrons in the conduction band
create superoxide radicals (Eq. 3), which then com-
bine to form hydrogen peroxide at the TiO, surface
(Eq. 4).

Ti**(e7) + 0, — Ti*" + O (3)

O, +0; + 2H" — H,0, + O, 4)
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However, carrier recombination also rapidly occurs
during photo-excitation, slowing the rate of superoxide
radical production (Eq. 5).

Ti**(e”) + N*(orN') — Ti*" + N'(orN™) (5)
S-doped TiO, is also photo-exited by visible light

(Eq. 6) and superoxide radical production (Eq. 3)

proceeds.

S(Ti0,) 4 Ti*" + hv — ST(Ti0,) + Ti**(e™) (6)

ST is more stable than N' and N~ because sulfur can
exist in various oxidation states. Thus, the rate of carrier
recombination mentioned below (Eq. 7) is slower than
that in Eq. (5), and superoxide radical production is faster
for S-doped TiO,. The S-doped TiO, catalyst should
produce more hydrogen peroxide. However, residual
electrons in the conduction band reduce hydrogen per-
oxide (Egs. 8, 9).

Ti**(e”) + ST(TiO,) — Ti*" + S(TiO,) (7)
H,0, + Ti*"(e”) — Ti — OH 4 OH~ (8)
Ti — OH + Ti*"(e”) — OH™ 9)

Therefore, the amount of hydrogen peroxide produced is
decreased. In short, the active species generated from the
photocatalysts differs depending on the dopant stability
(Fig. 4). This difference in active species generation is
considered to be the reason for the superior anti-algal effect
of N_TiO, under UV light. However, a clear difference
between N_TiO, and S_TiO, was not observed under
white light. This is probably because the LED light used in
this study was too weak to produce a sufficient amount of
hydrogen peroxide to remove algae.

Unmodified TiO, produces hydrogen peroxide by photo-
excited electrons (Eqs. 10-12) [17].

TiO, +hv — e~ +hy (10)
O +e — 05 (11)
0‘27 + 0'27 +2H" — H,O; + O, (12)

Fig. 4 Different reduction
processes that occur in
a N_TiO, and b S_TiO,

However, TiO, oxidizes hydrogen peroxide at the
valence band, decreasing total hydrogen peroxide produc-
tion (Eq. 13, Fig. 5).

H,0, + h™ +20H" — 05 + H,0 (13)

In contrast, this oxidation of hydrogen peroxide does not
occur in anion-doped TiO, [16]. This is because the energy
level of the valence band extends to higher energy, which
decreases the hole oxidizability. Therefore, pure TiO, gen-
erates less hydrogen peroxide compared with doped/modi-
fied TiO,. This explains why pure TiO, (A_TiO,) has
insufficient anti-algal effect, even under UV light.

Cu(m)_TiO, showed high anti-algal effect under both
UV and white light. In contrast, Cu(m)_N_TiO, showed
poor anti-algal effect under white light and sufficient anti-
algal effect under UV light. The most characteristic feature
of Cu-modified photocatalysts is that Cu(I) oxide clusters
reduce to Cu(I) via interfacial charge transfer (IFCT),
which works as a reduction co-catalyst [18]. Although
electron trapping at oxygen vacancies decrease the photo-
catalytic activity of N-doped TiO, [19], Cu modification
enhances activity under UV light [20]. The main electron
transition under UV light in N-doped TiO, is O 2p — Ti

Fig. 5 Simultaneous production and oxidation/reduction of H,O, by
TiO, under UV light
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3d. Photo-excited electrons in the conduction band, or
trapped shallow defect level, diffuse throughout the pho-
tocatalyst until they are trapped at deep defect sites, such as
oxygen vacancies. Some of the electrons reach Cu before
being trapped at the deep sites because the diffusion life-
time is several hundred picoseconds [21]. Direct electron
excitation to Cu (II) via IFCT prevents charge recombi-
nation, enhancing the photocatalytic activity by increasing
the lifetime of carriers. In contrast, the main electron
transition under visible light changes to N 2p — Ti
3d. Electrons transfers to Ti atom adjacent to oxygen
vacancies induced by N doping, and they tend to be trapped
deeply at the vacancies extremely rapidly (within 1 ps).
Thus, electrons cannot reach the modified metals [21]. This
limits the photocatalytic activity enhancement of
Cu(m)_N_TiO, under UV light, and the anti-algal effect
was not improved under visible light (Fig. 6).

Heavy metals, including Cu, are toxic to the microbes.
The median lethal dose (ED50) of Cu toward C. vulgaris is
2 ug mL~!, and Cu has an effect on the antioxidative
system of the alga at a lower concentration (0.5 pg mL™").
Mallic [22] reported that exposure to Cu induced lipid
peroxidation and cell membrane damage in C. vulgaris.
The concentration of the antioxidant carotenoid and
superoxide dismutase (DOD) increased in the cell with
increasing Cu concentration, whereas ascorbic acid salt,
glutathione (GSH), catalase (CAT), ascorbate peroxidases
(APX), and glutathione reductase (GR) decreased [22].
These antioxidants all play important roles in the glu-
tathione—ascorbate cycle, which is a metabolic pathway
that detoxifies hydrogen peroxide. The photocatalysts
modified with Cu not only improved the photocatalytic
activity, but also obstructed the antioxidative system of the
C. vulgaris. This improved the effectiveness of the
hydrogen peroxide produced by the photocatalytic reaction
against algae.

Participation of reactive oxygen species with transcrip-
tion factors and enzyme activation has been reported [23].
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The active species from the photocatalysts are possibly
involved in the promotion of algae growth, depending on
the concentration. However, few studies into this affect
have been conducted. Both R_TiO, and S_TiO, increased
algae growth compared with the control sample (without
photocatalyst). One possible reason is that the active spe-
cies produced stimulate the cells and activate cell division.
Understanding the detailed mechanism of photocatalysts-
induced algae growth should be investigated in future
work.

5 Conclusions

The anti-algal effects of various TiO, powder photocata-
lysts were examined using C. vulgaris. Through a series of
studies, we clarified that hydrogen peroxide generated from
the photocatalysts is the likely cause of the anti-algal
effect. The following insights were obtained for each
photocatalyst.

1. A_TiO, and R_TiO, have low ability to generate
hydrogen peroxide because oxidation of hydrogen
peroxide occurs at the valence band. Therefore, these
catalysts show low anti-algal effect, even under UV
light.

2. S_TiO, has low anti-algal effect because stable dopant

decreases the production of hydrogen peroxide.

3. N_TiO, shows good anti-algal effect under UV light

because of its high hydrogen peroxide generation
ability. However, the anti-algal effect drops under
visible light, caused by electron trapping at oxygen
vacancies.

4. Cu(m)_TiO, shows good anti-algal effect under both

UV and white light because IFCT improves its
photocatalytic activity. In addition, modified Cu
weakens the antioxidant system of the algae, which
enhances the effectiveness of the active species formed
on the photocatalyst.
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5. Cu(m)_N_TiO, has the preferable properties of both
N_TiO; and Cu(m)_TiO, and shows good anti-algal
effect under UV light. However, electron trapping at
oxygen vacancies is promoted under white light, and
electron transfer to Cu is prevented. Therefore, an anti-
algal effect is not observed.

We concluded that Cu(m)_N_TiO, and Cu(m)_TiO, are
effective photocatalysts to prevent algae generation under
UV and white light, respectively.
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