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Abstract: A spectrophotometer with special cuvette was developed for evaluating the
photocatalytic activities of suspended fine particles. The spectrophotometer can continuously
irradiate UV light using LED to the sample solution, and changes in the absorbance at 664 nm
during photocatalytic degradation of methylene blue (MB) were monitored continuously. From
the onset of MB degradation, the absorbance decreased and reached a steady value at the end of
the reaction. This process was expressed by first order kinetics and the photocatalytic activities
of various fine particles could be evaluated quantitatively based on the reaction rate constant (k).
The effect of photocatalysis using various TiO, fine particles on the physiological activities of
Euglena gracilis was related with & value.

Keywords: photocatalyst, fine nano sized particles, specialized spectrophotometer, Euglena
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Introduction

The use of nano sized fine particles is of increasing importance because they are
suitable for manifold applications in the fields of electronics,' sensing,” catalysis,* and
medical,* etc. Some types of particles (for example TiO,) show photocatalytic activities.
Many kinds of photocatalytic fine particles with various activities are commercially
produced and widely used for various applications. They are used as photocatalysts in
environmental decontamination of air, soil, and water,>” pigments,® and as cosmetic
additives.” Large quantities of the fine particles are discharged to the environment
intentionally or unintentionally in the course of their production, use, and disposal.
These will inevitably lead to pollution of both the biotic and abiotic components of the
environment. Reactive oxygen species (ROS) produced by photocatalysis cause inacti-
vation of various organisms.'*"* Studies on the potential effects of these photocatalysts
on human health and on the environment are therefore very important.'>!* In order to
assess the potential risks of photocatalytic fine particles or to efficiently utilize them
in various fields, it is very necessary to develop methods for quantitative evaluation
of their photocatalytic activities. Many kinds of fine particles with various photocata-
lytic activities are commercially produced but there are few reports of their relative
photocatalytic activities."

In this study, an apparatus was developed for quantitative monitoring of photocatalytic
reaction of nano fine particles based on spectrophotometry. With this apparatus, it was
possible to evaluate the photocatalytic activities of various fine particles on the basis of
the reaction rate constant (k) in first order kinetic. The effect of photocatalysis using TiO,
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fine particles, which measured k& values, on the physiological
activities of Fuglena gracilis was also investigated.

Materials and methods

Chemicals

Titanium oxide anatase form [ANA] (100% anatase crystal-
line form, average particle size = 50 nm, Wako Pure Chemical
Industries, Japan), titanium oxide rutile form [RU] (100%
rutile crystalline form, average particle size = 100 nm,
Wako) titanium oxide amorphous [AM] (average diam-
eter =40 nm, Wako); AP25 (20% rutile 80% anatase crystal-
line form, average particle size = 40 nm, Japan Aerosil Co,
Tokyo, Japan), STS-01 (photocatalytic sol, average particle
size = 7 nm, Ishihara Sangyo Kaisha, Ltd, Osaka, Japan),
and STS-02 (photocatalytic sol, average particle size =7 nm,
Ishihara Sangyo) were used in this study. Methylene blue
(MB) and Daigo’s artificial seawater SP (in mg per liter:
MgCl-6H,0, 9, 474: CaCl-2H,0, 1, 326: Na SO,, 3, 505:
KCl, 597: NaHCO,, 171: KBr, 85: Na,B,0.-10H,0, 34:
SrCl,, 12: NakF, 3: LiCl, 1: KI, 0.07: CoCl,- 6H,0, 0.0002:
AICI;- 6H,0, 0.008: FeCl,- 6H,0, 0.005: Na,WO,-2H,0,
0.002: (NH,),Mo.0,,-4H,0, 0.02: MnCl,-4H,0, 0.0008:

724

NaCl, 20, 747) were purchased from Wako.

Cultivation of Euglena gracilis

E. gracilis IAM E-6 (strain Z), obtained from the algal collec-
tion of the Institute of Applied Microbiology, University of
Tokyo, Japan was used in this study as a model micro-algae.
E. gracilis produces antioxidant such as alpha-tocopherol.
Modified Hutner medium was used for the cultivation as
described previously.'® The medium was sterilized by auto-
claving at 121°C for 15 min. To prevent deactivation by
heat, filter-sterilized vitamin B12 was added to the medium
after sterilization. Cultivation was carried out by inoculating
E. gracilis into a 500 mL Erlenmeyer flask containing
100 mL medium and the flask was then incubated under illu-
mination by black light (National Electric, Tokyo) on rotary
shaker (120 rpm) at 25°C. The distance between the flask
and the black light was adjusted to give a light intensity of
1.0 mW/cm? at the surface of the flask. The ANA, AP25, or
RU (100 mg/L) was added to the E. gracilis cell culture.

Analytical methods

The alpha-tocopherol was extracted from the cell according
to the methods.'” E. gracilis cells harvested by centrifugation
at 1,000 x g for 5 min were washed with N, saturated distilled
water before the addition of 0.1 mL of 50 mM L-ascorbic
acid and extracted with 3.75 mL of chloroform—methanol

(1:2 v/v) by shaking vigorously for 20 min in N,. The mixture
was centrifuged at 1,000 X g for 5 min to remove cell debris.
The extraction was repeated two times. The cell debris was
extracted with 4.75 mL of chloroform—methanol-water
(1:2:0.8 v/v). An equal volume of distilled water was added
to combined extracts and mixed gently. The chloroform
layer was separated from the water—methanol layer after
cooling on ice and centrifuged at 1,000 X g for 5 min, and
evaporated to dryness at room temperature under a stream
of N, gas to obtain the lipid fraction (the alpha-tocopherol
content of the cells was determined from the fraction).
Vitamin E homolog kit for biochemistry and analysis
(Eisai, Tokyo, Japan) was used for the preparation of the
calibration curve. The alpha-tocopherol was measured using
high-performance liquid chromatography equipped with
an Intelligent Spectrofluorometer 821-FP (Nihon Bunko,
Tokyo, Japan) and packed silica gel column (150A-5,
4.6 x 250 mm, GL Science, Tokyo, Japan). The fluorescent
lamp was used for the detection of alpha-tocopherol. The
wavelengths were Ex =295 nm and Em =340 nm. A mixture
of' n-hexane, 1,4-dioxane, and ethanol (97.6:2.0:0.4 v/v) was
used as the elute at a flow rate of 1.5 mL/min. The column
temperature was 40°C. Dry cell weight was determined
according to the method described previously.!® The total
chlorophyll (a + b) concentration was determined accord-
ing to the method'® using N, N’-dimethylformamide (DMF).
Cells were extracted with DMF overnight. The cells were
removed by centrifugation (1,000 x g for 5 min), and the
absorbance of the supernatant was measured using a spectro-
photometer (V-550, JASCO, Tokyo, Japan). Total chlorophyll
(a+b) concentration was calculated as Chls a + b (mg/mL in
DMF) =17.67 A, ,+ 712 4, , where 4,  and 4,  are
the absorbance at wavelengths of 646.8 nm and 663.8 nm,
respectively.

All the experiments were performed in triplicate.
Although the results of representative single experiments
are shown in Figures 2, 3, and 4, they were confirmed to be
highly reproducible (there was less than 2.5% deviation in
the results).

Results

The spectrophotometer

with special cuvette

An apparatus for evaluating the photocatalyst activity of
suspended fine particles was developed. It comprised a spec-
trophotometer equipped with a special cuvette. Figure 1 shows
a schematic diagram of the system. The characteristics of
this apparatus are as follows; (a) UV light (365 nm) was
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Figure | Schematic diagram of an apparatus for evaluating the photocatalytic
activity of suspended fine particles in the liquid.

irradiated continuously at 0.7 mW/cm? in the surface of the
sample by LED, which produces very low heat; (b) a magnetic
stirrer is situated under the cuvette (diameter = 10 mm,
length = 43 mm, working volume = 2.0 mL, the temperature
was kept at 25°C) and the content can be mixed with a mini
magnetic bar (diameter =2 mm, length = 5 mm, the agitation
speed = 600 rpm); (c) the absorbance and spectra (wavelength
from 400 nm to 700 nm) can be monitored continuously by
means of personal computer. This apparatus enables the sam-
ples in the cuvette to be mixed homogeneously, giving a stable
absorbance over a long period of time. It is therefore possible
to obtain stable absorbance readings for even heterogeneous
fine particles with high specific gravity (it was confirmed in
various TiO, solutions without MB under UV irradiation or
no irradiation [data not shown]). The degradation of MB was
used to evaluate photoactivity of TiO,. Changes in the spectra
(400—700 nm) of photocatalytic decomposition of MB were
monitored. It was observed that the absorbance decreased with
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Figure 2 Changes in absorbance at 664 nm during photocatalytic reaction. ANA
(TiO, anatase form) 125 mg/L, methylene blue 5 mg/L in the distilled water at 25°C.
The arrow indicates the start of UV (365 nm) irradiation.

time at each wavelength (data not shown). A wavelength of
664 nm was selected as the optimal wavelength for monitoring
MB decomposition (Otsuka-Yao-Matsuo et al used the same
wavelength for the measurement of MB decomposition).'” The
absorbance at 664 nm of the sample solution (MB + TiO,) was
not allowed to exceed to 1.9, which was the limit for possible
quantitative evaluation.

Figure 2 shows changes in the absorbance at 664 nm
during photocatalytic decomposition of MB (5 mg/L) using
ANA (125 mg/L). Before UV irradiation, the 4, did not
change. After UV irradiation, the 4, decreased sharply
due to photocatalytic decomposition of MB and then leveled
off after about 300 min. The above results showed that the
process of photocatalytic decomposition of MB by TiO, could
be monitored optically, making it possible to use changes in
the 4,
end of reaction.

to measure the rate of reaction and to estimate the

Photocatalytic activities of TiO, fine particles depend to
a large extent on their crystalline form. In the case of the
photoinactive RU (125 mg/L) or AM (125 mg/L) suspended
in MB (5 mg/L) solution at 25°C, the 4,
under UV irradiation (data not shown). Figure 3 shows

did not change

the changes in 4., during photocatalytic reaction with
ANA and AP25. The photocatalytic activity of ANA in
the distilled water is slightly higher than that of AP25. In
artificial seawater, there was no photocatalytic activity of
AP25, while the activity of ANA decreased significantly
(Figure 3).

Evaluation of the photocatalytic
activities of various fine particles

based on reaction rate constant
The degradation of MB by photocatalysis is a first order
reaction and can be expressed by Equation 1:

In (At — As)/(4,~ As) = —kt (1)

where ¢ = time (min), k£ = a constant (min™'), 4 = the initial
absorbance, At = the absorbance at time ¢, and As = absor-
bance at the end of the process. The value of In (4t — 4s)/
(4,— As) was plotted against time during the degradation
of MB by photocatalysis (Figure 4). The major part of the
reaction (about 70%) can be described by simple first order
kinetics. The rate constant (k) was calculated from the initial
straight line. Table 1 shows a comparison of the k values for
various photocatalysts. The k values varied depending on
the suspending liquid and on the type of photocatalysts. The
photocatalytic activity of ANA in artificial seawater decreased
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Figure 3 Changes in absorbance at 664 nm during photocatalytic reaction. A) ANA 125 mg/L, MB 5 mg/L at 25°C, B) AP25 125 mg/L, MB 5 mg/L at 25°C. Black lines are in

the distilled water, Blue lines: in artificial sea water.

to one third of that in ultrapure water. The k value of STS-01 is
3.5 times larger than that of ANA or AP25. By using the values
of k, it was possible to quantitatively evaluate and compare the
photocatalytic activities of various fine particles.

Effect of photocatalysis using various

TiO, fine particles on the physiological
activities of E. gracilis

The effect of photocatalysis using various TiO, fine particles
on the physiological activities of E. gracilis was investigated
(Figure 5). The k values of ANA (Figure 5C), AP25
(Figure 5D), and RU (Figure 5E) in the E. gracilis cell culture
medium were determined on the basis of MB degradation by
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Figure 4 Logarithmic plot of In (A, — A)/(A, — A)) against time during photocatalytic

reaction. Condition: ANA 125 mg/L, MB 5 mg/L in the distilled water at 25°C (the
data of Figure 2 was used).

using the apparatus described earlier. The k values of ANA,
AP25, and RU in the medium were 7.1 £ 0.09 x 1073 [min™'],
5.1£0.07 x 107 [min™'], and 0 [min™"], respectively. For the
distilled water, the k value for ANA was 7.65 £ 0.15 x 1073
[min~'], for AP25, 8.05 £ 0.12 x 1073 [min™!'], while for RU,
0 [min™'] as shown in Table 1. The k values decreased due
to the salts in the medium.

E. gracilis was cultivated for 72 hours in a medium con-
taining RU (Figure SE). The cell growth, chlorophyll content,
and alpha-tocopherol content were the same as those obtained
in a medium without RU (Figure 5B). On the other hand,
when ANA (Figure 5C) or AP25 (Figure 5D) was added to
the medium, the cell growth was suppressed, chlorophyll
content was the same, while alpha-tocopherol contents of
E. gracilis were 1.3 and 1.2 times higher than that of the
control, respectively.

Discussion

A spectrophotometer with special cuvette described
here makes it possible to monitor continuously and the
photocatalytic decomposition of MB by suspended fine
particles using small amount of sample solution (2.0 mL)

Table | k values for various photocatalysts

Photocatalysts Suspending liquid kx 1073 (min™')
ANA distilled water 7.65+0.15
AP25 distilled water 8.05+0.12
ANA artificial seawater 2.47 £ 0.07
AP25 artificial seawater 0

STS-01 distilled water 28709
STS-02 distilled water 3.16 £0.10

RU distilled water 0

AM distilled water 0

Notes: ANA: 100% anatase crystalline form (Wako); AP25: 20% rutile 80% anatase
crystalline form (Japan Aerosil); STS-01: photocatalytic sol (Ishihara Sangyo); STS-02:
photocatalytic sol (Ishihara Sangyo); RU: 100% rutile crystalline form (Wako); AM:
amorphous (Wako). Numbers represent mean value + SD.
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Figure 5 Effect of various photocatalysts on the physiological activities of E. gracilis at
72 h of cultivation. A) Inoculum at 0 h, B) no addition, C) 0.01% (w/v) ANA, D) 0.01%
(w/v) AP25,E) 0.01% (w/v) RU.The data are expressed as mean * SD (n = 3).

without sampling procedure. It was also possible to use
changes in the absorbance to estimate the end of the
reaction. In the case of sample containing heterogeneous
fine particles in terms of size and specific gravity, it is
difficult to evaluate the photocatalytic activity accurately
(the results lack reproducibly). The method described here
solves the problems, and it is excellent for measuring the
photocatalytic activities of various fine particles accurately,
reproducibly, and conveniently.

The changes in the absorbance varied depending on
the type of photocatalysts and the suspending liquid.
AP25 lost its photocatalytic activity, while that of ANA
decreased significantly in artificial seawater (Figure 3).
With this apparatus, it was possible to highlight the dif-
ference in the effects of seawater on ANA and AP25. It is
clear that if ANA and AP25 are released into the sea, the
environmental impact of ANA is more than that of AP25.
It is known that the presence of inorganic anions such as
chloride in water reduces the photocatalytic activity. This
can be explained by the competition with dissolved organic
carbons for adsorption or reaction.? It was reported that
metal ions, (sodium and magnesium) resulted in enhanced
photocatalytic activity at concentrations similar to those in
seawater.?! The rate of photooxidative dye decolorization
in seawater was slower than that in the NaCl solution even
although sodium cation and chlorine anion are the major
ions in seawater.?! The reasons for the differences observed
between ANA and AP2S5 in artificial seawater is currently
being investigated. By using the values of & (reaction rate
constant), it was possible to quantitatively evaluate and com-
pare the photocatalytic activities of various fine particles
under various conditions (Table 1). In the case of ANA, the
photocatalytic activity in artificial seawater decreased to one

third of that in distilled water. The photocatalytic activities
of TiO, fine particles differed greatly depending on such
factors as the crystalline form, composition, particle size,
and surface area.®"

When ANA and AP25 were added to the medium
under illumination by black light, the growth of E. gra-
cilis was suppressed but their alpha-tocopherol contents
increased (Figure 5). The effects of ANA on E. gracilis
were more pronounced than those of AP25. This may be
due to the fact that the & value of ANA in the E. gracilis
cell culture medium was higher than that of AP25. The
modified Hutner medium contains many kinds of salts
and this resulted in decrease in the £ values of ANA and
AP25. This is consistent with the results obtained when
they were suspended in artificial seawater (Figure 3). It
is well known that various kinds of ROS are produced on
TiO, surface exposed to light rays of wavelengths below
410 nm. Among these, hydroxyl radical is dominant and
is known to be responsible for the oxidative stress on liv-
ing cells.!” The ROS produced by photocatalytic reaction
enhanced the alpha-tocopherol production by E. gracilis.
This prevents oxidative decomposition of chlorophyll, lipid
membranes, and proteins by ROS.?? through scavenging
ROS released during oxidative stress.? It was reported that
the antioxidant alpha-tocopherol synthesis was activated
to prevent damage by ROS.?* It has also been reported that
antioxidant carotenoid biosynthesis is regulated by ROS
in some microalgae.” The increase in alpha-tocopherol
content of E. gracilis exposed to TiO, suggests that the
TiO, fine particle promoted production of alpha-tocopherol
and/or selected E. gracilis cells with high content of anti-
oxidant. Thus, TiO, may be used to enhance production of
useful antioxidants.

Quantitative evaluation of photocatalytic activities of fine
particles using the apparatus developed in this study is very
important, considering the ecotoxicity and environmental
impacts of these particles. By knowing the potential risks
of these photocatalytic particles, it is possible to make a
risk—benefit analysis.
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