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Currently, there are a large number of products (sunscreen, pigments, cosmetics, plastics, toothpastes
and photocatalysts) that use TiO, nanoparticles. Due to this large production, these nanoparticles can
be released into the aquatic, terrestrial and aerial environments at relative high concentration. TiO,
in natural water has the capacity to harm aquatic organisms such as the Daphnia (Cladocera) species,
mainly because the photocatalytic properties of this semiconductor. However, very few toxicity tests of
TiO, nanoparticles have been conducted under irradiation. The aim of this study was to evaluate anatase
and rutile TiO, toxicity to Daphnia similis exploring their photocatalytic properties by incorporating UV
A and visible radiation as a parameter in the assays. Anatase and rutile TiO, samples at the highest
concentration tested (100 mgL~') were not toxic to D. similis, neither in the dark nor under visible light
conditions. The anatase form and a mixture of anatase and rutile, when illuminated by a UV A black light
with a peak emission wavelength of 360 nm, presented photo-dependent EC50 values 0of 56.9-7.8 mg L1,
which indicates a toxicity mechanism caused by ROS (reactive oxygen species) generation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanoparticles are particles with one or more dimensions in the
nanoscale range of 1-100nm [1]. Several nanomaterials, such as
nanosilver, fullerene (C60), carbon nanotubes and titanium diox-
ide are now constituents of many industrialized products from
the pharmaceutical, automobile, textile, electronic, and cosmetic
industries [2]. According to the Project on Emerging Nanotech-
nologies (PEN) [3] inventory, the number of products that use
nanomaterials increased from 54 in 2005, to 1317 in 2010. From
these, about 54 use TiO, in their composition. Examples are sun-
screen, pigments, cosmetics and photocatalysts [4].

Due to the photocatalytic properties of TiO, when activated
by UV radiation (A <365 nm), including sunlight, this material has
been used in several environmental applications, exploring bac-
tericidal effects as well as the destructive potential of numerous
substances present in water and in air [5-8]. This same property
that makes TiO, attractive to environmental applications can be
dangerous to both the environment and human health [9-13].

Several studies have investigated the damage caused by TiO; to
organisms in aquatic environments [14-16]. An overview of these
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studies with bacteria, Cladocera and algae species showed that TiO,
is less harmful than other well known semiconductors in the nano
range, such as ZnO and CuO [14].

TiO, photoactivation under UV radiation creates a redox pair,
electron/hole (e~/h*) that in contact with adsorbed water on the
TiO, surface causes ROS (reactive oxygen species) generation,
mainly, *OH, H,0, and 10, [17-19]. These oxygen species can dam-
age cell membranes and DNA leading to the inactivation of Gram
negative and Gram positive bacteria and viruses [20-23].

The average concentration of TiO, used in a disinfection pro-
cess mediated by UV radiation is in the range of 100-1000 mgL~!
[24], whereas ecotoxicological studies with aquatic organisms
showed that toxic TiO, concentrations are much lower, around
1-100mgL-1 [14].

Being a very active photocatalyst, it is expected that ecotoxi-
cological evaluations involving TiO, must take into consideration
photonic availability, especially in the spectral range in which the
semiconductor can be excited. Furthermore, the way the photoac-
tivity of TiO, has been explored so far in studies evaluating the
toxicity of TiO, using Daphnia is questionable. Because the standard
protocol indicates that test needs to be carried out in the dark or
under a light/dark photoperiod, there have been some attempts use
pre-illuminate TiO, before exposure of the test organism [25-27].
In this scenario, controversial results arose from the very few
studies exploring photoactive TiO, characteristics when evaluat-
ing toxicity using Daphnia. Although Wiench et al. [25] showed
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that a TiO, suspension UV-vis pre-illuminated for 30 minutes, did
not increase TiO, toxicity, Hund-Rinke and Simon [26] observed an
increase in the toxicity to Daphnia magna using this same approach.

Considering that photoactivation of TiO, compounds by UV-vis
light can derive from both natural (sunlight shows a spectral dis-
tribution in the range of 200-700 nm) or artificial (black or white
lamps) sources, two different radiation sources (UV A and visible
light) were used in this paper. Considering this characteristics, the
aim of this paper was to compare the acute toxicity of some TiO,
nanoparticles results under both UV (emission range from 320 to
400nm) and visible light (emission range from 400 to 800 nm),
compared to dark conditions, following a standard protocol, using
D. similis.

2. Materials and methods
2.1. Reagents

Aldrich titanium tetraisopropoxide and perchloric acid, 2-
propanol (J.T. Baker), and tri-distilled water were used to synthesize
different TiO, materials.

2.2. TiO, synthesis

Anatase and rutile TiO, were synthesized using the sol-gel
method [28]. TiO, powder was heated at 400°C and 900°C, to
obtain TiO, anatase (Anatase-S) and rutile (Rutile-S), respectively.
A sample denominated M-S was obtained by mixing Anatase-S and
Rutile-S in a 70:30 anatase/rutile ratio (w/w).

2.3. Commercial TiO,

Commercial TiO,, P25 Degussa (P25), containing 30% rutile and
70% anatase was also tested for toxicity, for comparison with the
synthetic samples. P25 was calcined at 900 °C to obtain the sample
denominated P 25* (commercial rutile).

2.4. Characterization of the nanomaterial

Crystalline phase, particle size, shape, agglomeration tendency
and optical properties (energy band gap, Eg) of the TiO, were
determined in the laboratory. The titanium dioxide powder was
characterized by X ray diffraction (XRD), UV-vis diffuse reflectance
spectroscopy (UV-vis DRS) and by Brunauer-Emmett-Teller (Sggt)
surface area. 100mgL-! TiO, suspensions were prepared in dis-
tilled water and sonicated during 30 minutes in a Branson 2210
Ultrasonics equipment and then characterized by transmission
electron microscopy (TEM) and UV-vis spectrophotometry. For
toxicity testing, the TiO, suspensions were prepared with Daph-
nia’s dilution water with added salts (KCl, NaHCO3, CaSO4-2H,0
and MgS04-7H;,0) [29].

Crystalline phases were determined with a Shimadzu XDA
diffractometer (CuKa, A =1.542 A radiation). The size of the crys-
tals was estimated using Scherrer’s equation [30,31]. A Varian Cary
5G UV-vis-NIR spectrophotometer was used to obtain the diffuse

Table 1

reflectance spectra using BaSO4 as background. Diffuse reflectance
spectra were processed to obtain the F (R) equation in accordance
with the Kubelka-Munk method [32-35]. Specific surface area was
measured by the BET method using a Micrometrics Gemini 2375
instrument. The particle size and agglomeration degree were mea-
sured with a Zeiss Libra 120 high resolution field emission TEM. The
UV-vis spectra were obtained with a Shimadzu UV-1601PC UV-vis
spectrophotometer.

2.5. Testing organisms

Testing organisms were obtained from a culture of D. similis,
a fresh water microcrustacea, cultivated in the Ecotoxicology and
Environmental Microbiology Laboratory (LEAL) of the University
of Campinas, in Limeira, SP, Brazil. Organisms were fed daily with
algae (Pseudokircheriella subcapitata) and maintained at 2042 °C,
under photoperiod (light/dark, 16:8) of illumination. The sensitivity
of the Daphnia cultures was evaluated monthly using NaCl.

2.6. Toxicity testing

Concentrations from 1 to 100 mgL~! TiO, of different TiO, sam-
ples (Anatase-S, Rutile-S, M-S, P25* and P25) were prepared in
dilution water and sonicated during 30 min in a Branson 2210
ultrasonic bath before testing. Each concentration was tested in
triplicate and blank controls were included (dilution water). Five
neonates (under 24 h old) were added to each vial containing 10 mL
of sample and incubated at 20 + 2 °C under dark condition for 48 h
following OECD [36] and ABNT Brazilian guidelines [37] that recom-
mend of incubation conditions either under dark or using a visible
light photoperiod (light/dark). Hardness, pH and conductivity were
monitored before testing. Immobilized organisms were counted
after 48 h. When the percentage of immobilized organisms in the
control condition was less than 10%, the test was considered valid.
EC50 (mgL-!) was calculated using the Trimmed Sperman Karber
(JSPEAR) software with a 95% confidence interval.

2.6.1. Exposure of Daphnia similis under UV A and visible
radiation conditions: photoactivity of TiO,

To explore the photoactive characteristics of TiO,, three tests
were performed simultaneously: (a) using the standard dark
condition [36,37], (b) under UV A radiation, and (c) under
visible radiation. The assays were performed in three boxes
(50cm x 50cm x 35cm) with lids (50cm x50cm x 5cm) built
with medium-density-fiberboard (MDF). Constant temperature
(20 £ 2 °C) was maintained by inserting a 8 cm diameter Microvent
cooler. One lid had two 15W UV fluorescent lamps (UVA) and the
other lid a 15W Xe fluorescent lamp (visible light). A third box
without lamps was used to perform the test in the dark [36,37].

Physicochemical parameters, crystallite size, Brunauer-Emmett-Teller surface area (Sger), energy band gap (E;), average particle size and average agglomerated size of the

TiO, samples used in the toxicity tests.

Sample % Crystalline form Crystallite size (nm) Sger (m2g~1) Eg (eV) Average particle size? (nm) Average agglomerated size? (nm)
P25 30% rutile; 70% anatase 19 49 3.37 25 400
M-S 30% rutile; 70% anatase 12 49 3.14 20 450
Anatase-S 100% anatase 10 57 3.02 19 330
Rutile-S 100% rutile 27 10 2.92 33 400
P25* 100% rutile 22 9 3.00 35 350

2 These results were obtained from suspensions that were prepared using Daphnia’s dilution water as solvent.
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Fig. 1. X-ray diffractograms of TiO, samples, P25 (commercial sample containing
30% rutile and 70% anatase), M-S (synthesized sample containing 30% rutile and 70%
anatase), Anatase-S (synthesized sample containing 100% anatase), Rutile-S (synthe-
sized sample containing 100% rutile) and P25* (commercial sample containing 100%
rutile). Symbols (@) Anatase and (#) Rutile.

3. Results and discussion
3.1. Commercial and synthesized TiO, characterization

According to the X-ray diffractograms obtained, the predom-
inant form of TiO, obtained were anatase and rutile (Fig. 1), as
expected. Rutile-S and P25* samples showed only the rutile crys-
talline form, as can be observed the diffraction patterns, (110)
at 20=27°, present in both diffractograms. Anatase is the only
crystalline form present in the Anatase-S sample (diffraction peak
(101) at 260=25°). As expected, a mixture of both forms (anatase
and rutile) was found in the M-S and P25 samples.

The crystallite size of each sample was in the range of 10-27 nm
and the surface area varied from 10 to 57 m? g~ (Table 1). Samples
containing predominantly anatase showed higher surface area than
the rutile phase, probably due to the lower temperature synthesis
of anatase [38,39].

Anatase-S, M-S and P25 samples presented band gap energy in
the UV region of 390, 392 and 376 nm, respectively (Fig. 2). Rutile
samples (Rutile-S and P25*) presented a band gap energy in the
visible region around 405 nm. These values are in accordance with
bulk TiO,, but the blue shifted displacement is associated to the
nanomaterial showing a size range of 5-10 nm [40,41].

Assuming direct optical transition, the function [F(R) hv]? was
plotted against hv =Eg (eV) (Fig. 3), and the results were obtained by
extrapolation of [F(R) hv]? to zero [42]. Eg values for semiconductor
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Fig. 2. UV-visible DRS spectra of TiO, samples: P25, M-S, Anatase-S, Rutile-S and
P25%,
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Fig. 3. The Kubelka-Munk transformed reflectance spectra for TiO, samples: P25,
M-S, Anatase-S, Rutile-S and P25%.

photoactivation show that anatase samples showed higher band
gap energy values than rutile samples (Fig. 3 and Table 1). Increased
Eg values observed in the mixture of both phases (samples M-S and
P25) could be explained by recombination rates e~ /h* [43-45].
The UV-vis spectra of TiO, suspensions have been used to
characterize and quantify TiO, concentration using its maximum
absorption at 329 nm [46]. An absorption band from 250 to 450 nm
was observed with a maximum around 329nm for P25 and
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Fig. 4. (a) UV-visible spectra of TiO, samples: P25, M-S, Anatase-S, Rutile-S and P25*. (b) Emission spectra of the visible and UV A fluorescent lamps.
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Fig. 5. TEM micrographs of TiO, samples presented as Anatase-S, Rutile-S, M-S and P25.

Anatase-S samples. M-S sample showed a discrete absorption band
and P25* presented a greater tendency to absorption in the visible
range (A >400 nm). Rutile-S, did not present a significant absorption
(Fig. 4a).

According to the absorption wavelength regions observed for
the tested samples, UVA and visible fluorescent lamps were used
to promote the photoactivation of TiO,. Emission spectra obtained
for both lamps showed emission peaks at 365nm for the UV A

fluorescent lamp, from 450 to 600 nm for the visible fluorescent
lamp (Fig. 4b).

To evaluate the ecotoxicity of nanomaterials, it is interesting
to assess their physicochemical properties, especially size of TiO,
particles and level of agglomeration in suspension. The TEM images
show that the particle size of Anatase-S, M-S and P25 ranged from
19 to 25 nm (Fig. 5), and they tend to aggregate in larger particles in
the 330-450 nm range (Table 1). Rutile-S sample showed particle
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Fig. 6. Dose-response for P25, M-S and Anatase-S TiO, samples obtained in 48 h exposure tests using D. similis. Error bars are presented for each measurement (n=4).

sizes of 35 nm and agglomerated in the same range as the other two
particles.

3.2. Toxicity testing

Preliminary toxicity tests using D. similis were conducted with
P25 and P25%, under the three light conditions already described
(dark, UV A and visible radiation). Hardness values varied between
40 and 48mgL-! CaCOs3, pH 7.2-7.6 and conductivity around
160 wScm~!, which were in accordance with the method require-
ments.

P25 and P25* showed no toxicity in the dark at the maximum
concentration (100mgL-1) tested (Table 2), in agreement with
the literature. Warheit et al. [47] and Zhu et al. [48] observed an
EC50> 100 mgL~! for TiO, (100-140 nm) for D. magna after 48 h of
exposure. Wiench et al. [25] found EC50> 100 mgL~! for uncoated
and coated nanoparticles and uncoated non-nano particles of TiO5.

In general, smaller nanoparticles are more toxic to aquatic
organisms than larger nanoparticles. This could be explained by
the fact that smaller nanoparticles (<10 nm) penetrate into in the
cells more easily [20,49]. Lovern and Klaper [50] reported that a
sonicated TiO, suspension at a concentration of 50-500 mg L~ did
not show any toxicity to D. magna after 48 h exposure. However,
the filtered solution (0.2 um) showed an EC50 of 5.5 mgL~1. Bang
et al. [51] observed that P25 TiO, particles of 21 nm were not toxic
to D. magna at a concentration of 40 mgL~!, while nanoparticles of
rutile TiO, of 500 nm and P25 TiO, of 250 nm nanoparticles were
also not toxic to D. magna at a higher concentration (799 mgL-1).

Acute toxicity tests using Daphnia species have been performed
so far under questionable conditions when the objective was
to explore the photoactivity of the TiO,. Hund-Rinke et al. [26]
observed that the toxicity of TiO, to D. magna increased using
pre-illumination compared to the dark condition. Anatase TiO, sus-
pensions (25 nm and 100 nm particles) in the range of 1-3 mgL~!
were pre-illuminated using a Xe fluorescent lamp (300-800 nm,

250W) for 30 min. In this case, the pre-illumination time did not
guarantee the production of reactive oxygen species as this gen-
eration is concomitant to the photons reaching the semiconductor
[52]. Additionally, Marugan et al. [53] observed that *OH production
is directly proportional to the TiO, photoactivation time, causing
irreversible damage to E. coli.

In this work, when P25 and P25* were tested under visible radi-
ation no toxicity was observed (EC50>100mgL~') (Table 2). This
can be explained by the low absorption of visible radiation by these
materials in the spectral range (>400 nm) corresponding to the vis-
ible fluorescent lamp emission (Fig. 4).

Preliminary tests under UV A radiation showed that the nano-
material denominated P25 was more toxic (EC50<20mgL-1) than
P25* (EC50>100mgL~1)(Table 2). The data suggest that TiO, pho-
toactivity under UV A radiation is the principal cause of the acute
toxic effect of this nanomaterial. Tests with the anatase and rutile
forms of TiO, (samples P25, M-S, Anatase-S and Rutile-S) were
carried using multiple concentrations under UV A radiation for
estimation of the EC50.

Table 2

Results expressed as EC50 (mgL-!) values of the toxicity test using D. similis under
UV A radiation for TiO, samples, P25, M-S, Anatase-S and Rutile-S. The table shows
the preliminary results (?) of P25 and P25* under UV A and visible radiation and in
the dark condition.

Samples EC50 (mgL-")

UV A radiation Visible radiation Dark
P25* >100? >1002 >100?2
P25 7.8 (<20?) >1002 >1002
M-S 12.5 - -
Anatase-S 56.9 - -
Rutile-S >100 - -

TiO, samples used in tests with D. similis under different radiation conditions and
in the dark condition (see Section 2 for more details).
2 Preliminary results for P25 and P25* samples of TiO- in tests.
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EC50 values and dose-responses curves for P25, M-S and
Anatase-S are presented in Table 2 and Fig. 6, respectively. The
toxicity order was P25 > M-S > Anatase-S > Rutile-S, which can be
explained by the TiO, optical properties.

The crystalline form of anatase TiO, under UV A radiation pre-
sented a different toxic behavior when compared to rutile under
the same conditions (Table 2). This behavior can be attributed to
the photoactive property of the anatase and not only because of the
aggregate sizes [54]. Rutile-S is constituted of aggregates of 400 nm
(Fig. 5 and Table 1) and did not show any toxicity at 100 mg L~!. This
finding is also emphasized by three factors: photoactivation in the
visible region (~405 nm); band gap energy (2.92 eV) of the sample
and, especially, low UV absorption (Fig. 4a) at A =363 nm.

Although P25, M-S and Anatase-S presented similar particle
size distributions and agglomerate sizes (Fig. 5 and Table 1), P25
and M-S were more toxic to D. similis than Anatase-S. This can be
explained by the high recombination rate e~/h* of P25 and M-S
associated with the band gap values, 3.37 and 3.14 eV, respectively.
Although Anatase-S showed an elevated absorption in UV-vis
region (Fig. 4a), the Eg value (3.02 eV) explains the reduction in tox-
icity associated to the photoactivity when compared to P25 and M-S
samples.

Toxicity mechanisms of TiO, for aquatic organisms are not yet
fully understood. However its toxicity has been attributed mainly
to ROS generation [41,46-49,55].

4. Conclusions

It is possible to perform toxicity tests on D. similis under UV A
irradiation conditions and this should be a requirement in standard
protocols when TiO, semiconductors (or other photoactive mate-
rials) are tested. Anatase and rutile forms did not present acute
toxicity to D. similis either in the dark or under visible radiation
when tested up to 100 mgL~'. Samples of TiO, in the anatase form
(Anatase-S) and a mixture of anatase and rutile (P25 and M-S)
showed a UV A radiation photo-dependent toxicity to D. similis.
P25 and M-S were about five times more toxic than Anatase-S. The
ecotoxicity of other photoactive nanomaterials could be performed
using the method developed in this paper.
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