Journal of Hazardous Materials 168 (2009) 747-752

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Journal of Hazardous Materials

Size effects of nanocrystalline TiO, on As(V) and As(IIl) adsorption

and As(III) photooxidation
Zhonghou Xu, Xiaoguang Meng*

Center for Environmental Systems, Stevens Institute of Technology, Hoboken, NJ 07030, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 August 2008
Received in revised form

29 December 2008

Accepted 16 February 2009
Available online 25 February 2009

The physicochemical properties of TiO, particles in the diameter range between 6.6 and 30.1 nm and
the effect of the crystalline size on arsenic adsorption and photocatalytical oxidation were investigated.
TiO, nanoparticles of different sizes were single-phase anatase. The adsorption capacity of the TiO, for
As(Il) and As(V) increased linearly with the N, Brunauer-Emmett-Teller surface area (Sggr) of the parti-
cles. There was not much difference in the rate of As(Ill) photooxidation when the diameter of the TiO,

nanoparticles was between 6.6 and 14.8 nm. However, the As(Ill) photooxidation rate clearly decreased
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when the particle size increased to 30.1 nm. Arsenite photooxidation data could be fitted with a first-order
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1. Introduction

Arsenic is one of the most toxic contaminants found in the envi-
ronment and has been recognized as a toxic element for centuries.
Arsenic contamination has caused severe health problems, such as
skin, lung, urinary bladder, liver and kidney cancers, especially in
some developing countries where a significant percentage of the
population depends on groundwater for drinking. High-As ground-
water areas have been found in Argentina, Chile, Mexico, China,
Hungary, West Bengal (India), Bangladesh and Vietnam [1].

Arsenic exists in the —3, 0, +3 and +5 oxidation states. Pen-
tavalent species predominate and are stable in oxygen-rich aerobic
environments, while trivalent arsenites predominate in moderately
reducing anaerobic environments, such as groundwater. Several
treatment techniques are available for removing arsenic from water,
such as adsorption, coagulation/precipitation, ion exchange, lime
softening, reverse osmosis and electrodialysis [2,3]. Numerous
studies have been conducted to assess the removal capacity of
adsorbents [3]. Most technologies require pre-oxidation of As(III)
to As(V) to enhance removal of As(Ill), since As(V) adsorbs more
strongly onto the solid phase than As(III). As(Ill) oxidation is car-
ried out by oxidants, such as chlorine compounds, ozone, H,0,,
and Fenton’s reagent [4,5].
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The oxidation of As(Ill) to As(V) can also be accomplished by
photocatalytic reactions using TiO, as a catalyst [6-13]. The com-
monly used TiO, in research was a commercial product Degussa P25
[11-13], which is about 30 nm in particle size and is a mixture of
about 80% anatase and 20% rutile. Nanocrystalline TiO, is effective
in the photocatalytic oxidation of As(Ill) and for adsorption of As(V)
and As(IIl) [14,15]. The adsorption capacity of nanocrystalline TiO,
for As(V) and As(Ill) was much higher than fumed TiO, (Degussa
P25) [14]. Bang et al. [15] reported that approximately 45,000 bed
volumes of groundwater containing an average of 39 jLg/L of As(V)
was treated by the point-of-entry filter filled with nanocrystalline
TiO, before the effluent arsenic concentration increased to 10 pg/L.

The size effect is important on the adsorption and photoactivity
of TiO, nanoparticles [16-20]. Zhang et al. [16] reported that when
the TiO, particle size decreases from 6 to <1.4 nm, physical adsorp-
tion and hydrogen bonding forms of adsorbed carboxylate decrease
from 36% to 3%, whereas chemical binding forms increase from
74% to 97%. The primary crystal size of photocatalysts determines
both the photo-conversion efficiency and the specific surface area,
which are essential to a good photocatalyst. Several experiments
indicated that an optimum particle size of TiO, exists such that the
photocatalytic oxidation rates of organic substrates are maximized
[18,19].

Although several studies have been conducted to assess the size-
dependent effect on photocatalytic reactivity of TiO, nanoparticles,
most research has focused on the photooxidation of organic com-
pounds, such as trichloroethylene [18], phenol [19], rhodamine B
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[20] and methylene blue dye [21]. In this study, the physicochemical
properties of TiO, nanoparticles with different sizes were systemat-
ically characterized. The size effects of TiO, nanoparticles on As(V)
and As(I1I) adsorption and As(III) photooxidation were investigated.

2. Materials and methods
2.1. Materials and chemicals

All solutions were prepared using A.C.S. certificated chemicals
and deionized water (DI). Stock solutions of 1000 mg-As/L of arsenic
were prepared using sodium salt heptahydrate (Na;HAsO4-7H,0)
and sodium arsenite (NaAsO,).

The nanocrystalline TiO, was produced by hydrolysis of titanium
sulfate solution [22]. The pH of the slurry was adjusted to a range
between 4 and 9 with sodium hydroxide, and the slurry was filtered
to collect the titanium dioxide solids. The titanium dioxide solids
were washed with water to remove salts, then were dried at 105°C
for 2 h.Samples of the dried titanium dioxide product were sieved to
obtain a 100-standard U.S. mesh fraction. The material in powder
form costs less than commercial granular ferric hydroxide (GFH)
and granular ferric oxide (GFO) [ 14]. Other TiO, samples of different
size were prepared by calcining the above nanocrystalline TiO, at
200, 350, 500, and 700°C for 3 h.

2.2. Sample characterization

X-ray diffraction patterns of the sample powders were recorded
using an Ultima IV Goniometer 285 mm System using Cu Ko radi-
ation at a 26 scan rate of 0.02° s~!. The data were used for crystal
phase identification, and the crystallite size (@) was estimated from
the Scherrer formula: @ = KA/(Bcos 6), where X is the wavelength of
the X-ray radiation (0.154 nm), K is usually taken as 0.89 [23], B is
the peak width at half-maximum height after subtraction of the
equipment broadening, 26 =25.3° for TiO, in the anatase form.

The morphology and grain size of the TiO, samples were exam-
ined by transmission electron microscopy (Philips CM20 TEM).
Raman spectra of the TiO, powders were scanned using a Nicolet
Almega XR Dispersive Raman Spectrometer. The laser wavelength
was 780 nm, power was 35 mW, and resolution was 1.9-2.3 cm~!.
The N, BET surface area was determined using a Micrometrics ASAP
2100. The pore volume was the single point adsorption total pore
volume of pores less than 707.9 A at P/P, of 0.97.

An acid-base titration method was used to determine the sur-
face hydroxyl density in accordance with Sigg and Stumm [24].
Briefly, a 100 mL suspension of 10g/L TiO, was created in pure
Millipore DI water. The pH of the suspension was adjusted to pH
3.0 using HCl. Then the mixture was purged for 2 h with N, gas to
remove dissolved carbonate. After purging, the suspension pH was
raised to the PZC of 5.8 [14], and allowed to rest for 24 h. The sus-
pension was assumed to be in complete equilibrium, and an excess
amount of HCl was added and allowed to saturate the suspension
for another 24 h. When completely saturated, the solids in suspen-
sion were separated from the solution with a 0.2-pm membrane
filter, and the supernatant was then back-titrated to pHpzc with
NaOH. The surface hydroxyl density was calculated by subtracting
the number of moles of the back titrant, NaOH, from the initial num-
ber of moles of HCl added, and dividing the result by the weight of
TiO, in the suspension.

2.3. As(Ill) and As(V) adsorption

To evaluate TiO, size effects on As(Ill) and As(V) removal, batch
experiments were done in spiked aged tap water, with an initial
arsenic concentration of 50 mg-As/L in a suspension containing
1.0g/L TiO,. The pH value was adjusted to 7.0+ 0.1 by adding HCI
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Fig. 1. XRD patterns of TiO, nanoparticles.

and NaOH. After a suspension sample was mixed for 1h, it was
centrifuged at 10,000 rpm for 35 min to separate the solid from the
solution.

As(V) adsorption isotherms were obtained by adding different
amounts of stock solutions of As(V) to a suspension containing
1.0g/L TiO, and 0.04 mol/L NaCl. The pH value was adjusted to
7.0+0.1 by adding HCl and NaOH at room temperature. After
24 h of mixing, the suspension was centrifuged at 10,000 rpm for
35 min to separate the solution from the solid. For As(IIl) adsorption
isotherms, the experimental conditions were the same as for As(V)
except the equilibrium time was 4 h and polyethylene terephtha-
late (PETE) bottles were wrapped with alumina foil to avoid As(III)
oxidation [14]. Arsenic concentrations in the supernatant solution
were analyzed by a Furnace atomic adsorption spectrometer (FAAS)
(Varian Spectra AA-220Z).

2.4. As(Ill) photooxidation

As(IIT) photooxidation experiments were conducted with 10 mg-
As/L in a suspension containing 0.02 g/L TiO, and 0.04 mol/L NaCl.
The pH value was adjusted to 7.0+ 0.1 by adding HCl and NaOH.
The solution was illuminated with UV-light (wavelength range:
320-400nm) using a 150V bench Ultra Violet lamp (Model XX-
15A, Spectroline Inc., California) which was placed 20cm above
the solution. At certain times, 10 mL aliquots were sampled from
the suspension and were passed through an arsenic speciation
cartridge packed with a 2.5 g highly selective absorbent [25]. The
cartridge removed all of the arsenate, but did not remove arsen-
ite. Then, arsenite in the filtered solution was determined using the
FAAS. In general, all experiments were carefully conducted and the
experimental error was about +5%.

3. Results and discussion
3.1. Physicochemical properties of TiO,

Fig. 1 shows the XRD patterns over a scan range from 5° to 65°
20 for the original nanocrystalline TiO, and for samples calcined at

200, 350,500 and 700°C in air for 3 h. The XRD data for all the sam-
ples matched the standard anatase pattern (peaks at 25.3°, 37.8°,
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Table 1
Characterization results of TiO, nanoparticles.
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Sample Crystal size (nm) Sger (m?/g) Pore volume? (cm3/g) Pore diameter® (nm) OH density (mmol/g) Sites (nm~2)
TiO, 6.6 287.8 0.24 33 0.51 1.1
TiO,, 200°C 7.0 255.9 0.24 3.8 0.33 0.8
TiO,, 350°C 10.5 141.3 0.23 6.5 0.25 1.0
TiOy, 500°C 14.8 96.0 0.21 8.6 0.23 14
TiO,, 700°C 30.1 25.7 0.087 135 0.094 2.2

2 Single point adsorption total pore volume.
b Adsorption average pore diameter (4 V/A by BET).

100 _nm

Fig. 2. TEM images of TiO, nanoparticles: original sample (A) and TiO, calcined at 700°C (B).

47.8°,54.5° and 62.5° 26). There were no diffraction peaks at 27° or
31° 26, indicating that the samples were free of rutile and brookite
TiO; [26,27].

The TiO, samples prepared at calcination temperatures below
700°C showed broadened diffraction peaks. The broadening effect
was contributed to particle size and internal stain, which agreed
with reported results [26,28,29]. The crystallite size estimated from
the Scherrer formula is listed in Table 1. The primary crystal size
of the original sample was 6.6 nm. As the calcination temperature
increased to 200, 350, 500, and 700 °C, it enlarged to 7.0, 10.5, 14.8
and 30.1 nm. The particle size changes can also be seen from the
TEM images of the original TiO, and the sample calcined at 700°C
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in Fig. 2. The diameters of the particles determined by TEM were
similar to the average particle size calculated from XRD peak broad-
ening.

Anatase is tetragonal with the space group D194h (141/amd).
The primitive unit cell contains two TiO, formula units. Factor
group analysis [30] indicates the existence of 15 optical modes
with the following irreducible representation of normal vibrations:
1A1g + 1Apy +2B1g + 1By + 3Eg + 2Ey. The modes of Ayg, Big and Eg
are Raman active and those of A,, and E, are infrared active.
Anatase has six Raman active modes (Ajg+2Bqg+3Eg), which
appear at 144cm~" (Eg), 197 cm™! (Eg), 399cm~! (Byg), 513 cm!
(A1g), 519cm~! (Byg), and 639 cm~! (Eg) [31].
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Fig. 3. Raman spectra of TiO, nanoparticles.
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Table 2

Raman shifts of TiO, samples and their assignments.

Sample E; (high frequency) Aqg +Big Big E; (low frequency) Eg
TiO, 636.88 513.1 398.28 148.51
TiO,, 200°C 638.09 515.07 396.06 149.11
TiO,, 350°C 639.23 515.16 394.94 146.19
TiO,, 500°C 641 515.1 397.3 145.11
TiO,, 700°C 639.39 516.17 396.06 197.87 144.45

The Raman spectra of nanocrystalline TiO, samples are shown
in Fig. 3 and their Raman shifts are listed in Table 2. TiO, nanopar-
ticles of different sizes showed the anatase characteristic peaks
at 148, 398, 513 and 636 cm~!. When the calcination temperature
increased to 700 °C, the intensity of these anatase peaks drastically
increased, along with a red-shift (148-144cm~!) and a blue-shift
(636-639cm~") of the Eg and Eg (high frequency) modes, respec-
tively. Band broadening and shifts of Raman bands with decreasing
particle size has been investigated; the effect might be explained
with a photon confinement model [32,33]. In a perfect infinite crys-
tal only phonons close to the center of the Brillouin zone (BZ)
contribute to inelastic scatterings of incident radiations. When crys-
tal sizes range in the nanometer scale, a larger portion of the BZ
is allowed to effectively participate in scattering processes due to
the breakdown of the phonon momentum selection rule, i.e.,q # 0
phonons can be Raman active and the phonons from the whole BZ
will contribute to Raman scattering. The weight of the off-center
phonons increase as the grain size decreases. The phonon disper-
sion causes an asymmetric broadening and the shift of the Raman
peak [33,34].

The Raman spectra did not show detectable brookite or rutile. In
view of the detection limit for brookite of 3.1% by XRD [35] and much
less than 0.5% by Raman [36], these combined results demonstrated
the formation of single-phase anatase.

Textural parameters derived from the N, adsorption-desorption
isotherm data are summarized in Table 1. For the original TiO; sam-
ple, Sger was 287.7 m? /g, and the total pore volume was 0.237 cm?3/g.
With increasing calcination temperature, the Sger and pore volumes
decreased. At 200, 350, 500 and 700 °C, the Sggr steadily decreased
to 255.9, 141.3, 96.0 and 25.7 m2/g, and the corresponding pore
volumes decreased from 0.24 to 0.087 cm3/g. Also, the adsorption
average pore diameter of the samples increased from 3.3 to 13.5 nm
as the calcination temperature increased to 700 °C. Similar changes
caused by calcination have been reported [28,29]. This was due to
the collapse of the pore structure and the growth of TiO, crystal-
lites.

The surface hydroxyl density was determined by the acid-base
titration method in accordance with Sigg and Stumm [24]. The data
are listed in Table 1. The original TiO, had a surface -OH den-
sity of 0.51 mmol/g. As the calcining temperature increased to 200,
350, 500 and 700°C, the -OH density decreased to 0.33, 0.25, 0.25
and 0.094 mmol/g. Regression analysis determined that the surface
-OH density had a linear relationship with N, BET surface area
(Sger, m2/g) and could described by the equation: Y=0.0016 Sggy
(R2=0.8219), where Y was the surface -OH density (mmol/g).

TiO, —-OH sites were calculated based on the surface -OH den-
sity and Sggr and are listed in Table 1. It can be seen that the -OH
sites was about 1nm~2 for all the TiO, samples independent of
size. The differences in the data may be caused by experimental
errors. This indicated that no formation of Ti-O-Ti bonds by dehy-
dration of neighboring -OH groups occurred during the calcination
process.

3.2. As(Ill) and As(V) adsorption

The size effects of nanocrystalline TiO, on As(Ill) and As(V)
removal from spiked tap water are shown in Fig. 4. As discussed

above, with increasing calcination temperature, the crystal size of
TiO, sample increased from 6.6 to 30.1 nm. For 6.6 nm TiO,, the
As(V) adsorption was 26.5 mg-As/g under the batch experimen-
tal conditions, while for 30.1 nm TiO,, the adsorption decreased
to 1.7 mg-As/g. The removal of As(Ill) by the TiO, nanoparticles
was similar to that of As(V). Under the experimental conditions,
no detectable As(III) oxidation took place.

As(V)and As(IIl) adsorption isotherms by TiO, nanoparticles are
showninFig. 5A and B, respectively. The As(Ill) and As(V) adsorption
data can be fitted well by the Langmuir model [10,11,37]:

QmKadCa
(1 + KadCA)

where gp is adsorbed arsenic in mg-As/g, Ca is the equilibrium
arsenic concentration (mg-As/L), Qy is the maximum arsenic
adsorption (mg-As/g), and K,4 is the Langmuir adsorption constant
of arsenic (L/mg).

The As(Ill) and As(V) adsorption parameters for the Langmuir
model are listed in Table 3. Under the experimental conditions, the
maximum arsenic adsorption capacity of 6.6 nm TiO, for As(V) was
calculated by the Langmuir model to be 30.5 mg-As/g, while for the
TiO, calcined at 200, 350, 500 and 700°C, it decreased to 28, 18,
9.86 and 3.62 mg-As/g, respectively. The adsorption capacities of
the TiO, for As(III) were slightly less than that for As(V).

The Qy values of As(Ill) and As(V) are plotted as a function of Sggt
of TiO, samples in Fig. 5C, which shows a good linear relationship.
For As(V), Qv =0.1096 Sggt, R? = 0.9840, while for As(Ill), Qy = 0.1018
Sget, R2=0.9939.

Pena et al. [14] reported that the adsorption capacity of
nanocrystalline TiO, for As(V) and As(Ill) was much higher than
fumed TiO, (Degussa P25). Mohan and Pittman [3] compared the
nanocrystalline TiO, and other absorbents for As(V) and As(III)
removal from water and wastewater.

According to the Toxicity Characteristic Leaching Procedure
(TCLP) results, the spent TiO, generated in treatment of arsenic-
contaminated groundwater was not a hazardous material [15]. But
under extremely low redox potential (i.e., pe < —6), up to 38% As was
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Fig.4. Size effects of nanocrystalline TiO, on arsenic removal. 1 g/LTiO; in tap water,
50 mg-As/L, mixed for 1h, pH 7.0+0.1.
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Table 3

List of Langmuir model parameters for As(Ill) and As(V) adsorption, and As(IlI) first-order photooxidation reaction parameters for TiO, nanoparticles.

Sample As(V) adsorption As(III) adsorption As(III) photooxidation

Qum (mg-As/L) Kyq (L/mg) R? Qum (mg-As/L) Kq (L/mg) R? k x 10,000 (s~ 1) R?
TiO, 30.5 0.33 0.9872 30.0 0.19 0.9481 3 0.9114
TiOy, 200°C 28.0 0.30 0.9849 254 0.25 0.9589 3 0.9315
TiOy, 350°C 18.0 0.23 0.9554 15.1 0.06 0.7971 3 0.9015
TiOz, 500°C 9.86 0.60 0.9824 8.52 0.24 0.9902 3 0.9164
TiO,, 700°C 3.62 0.12 0.8045 2.16 0.20 0.9783 0.09 0.9837
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TiO,, 0.04 M NaCl, mixed for 4 h, pH 7.0 + 0.1. (C) Linear relationship between the As
adsorption capacity calculated by the Langmuir model (Qy) and N, BET surface area
(Sger) of TiO, samples.

released from the spent TiO, adsorbent after 65 days incubation
[38].

3.3. As(Ill) photooxidation

Photooxidation of As(Ill) assisted by TiO, of different sizes is
shown in Fig. 6. For TiO, of 6.6 nm in diameter, the As(Ill) to total
arsenic ratio (C/Cp) decreased rapidly from 1 to 0.15 as reaction
time increased to 90 min, or about 85% of the As(IIl) was oxidized
to As(V). Unlike the adsorption experiments described above, there
was not much difference in the rate of As(Ill) photooxidation caused
by TiO, nanoparticles with a diameter below 14.8 nm. However, for
TiO, of 30.1 nm in size, the photooxidation rate clearly decreased,
with about 40% As(Ill) oxidation in 90 min. Compared with the
As(Ill) photooxidized by TiO,, less than 5% of the As(III) was oxidized
in the control solution without TiO, under UV radiation. Because of
the high ratio of arsenic to TiO, (10 mg-As/L to 0.02 g/L), the total
arsenic concentration in solution was stable. As(III) photooxidation
data can be fitted with a first-order kinetics equation and the kinetic
parameters are listed in Table 3. For TiO, with a diameter below
14.8 nm, the first-order rate constants (k) had the same value of
3 x 10~4s~1, while for 30.1 nm TiO,, k was 9 x 10~6s-1,

Several researchers reported that an optimum particle size of
TiO, exists such that the photocatalytic oxidation rates of organic
substrates are maximized [18,19,38]. For example, Maira et al. [18]
studied the photocatalytic degradation of trichloroethylene (TCE)
in gas phase upon TiO; in the size range of 2.3 and 27 nm and
reported an optimum particle size of 7 nm. Almquist and Biswas
[19] reported an optimal particle size in the range of 25-40 nm with
respect to photo-degradation. However, in our study for As(III) oxi-
dation, TiO, photooxdition reactivity was similar when TiO, size
was between 6.6 and 14.8 nm.

Although TiO, with a larger surface area should have a faster
oxidation rate [17], it can be compromised by changes in band gap.
TiO, band gap is a function of its particle size [39,40]. The band
gap of ultra-fine semiconductor particles increases with decreasing
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Fig. 6. Arsenite photooxidation assisted by TiO, of different sizes. 10 mg-As(III)/L,
0.02 g/L TiO>, 0.04 mol/L NaCl, pH 7.0 +0.1.
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particle size when it is smaller than the band gap minimum [41,42].
Enhancing the band gap of TiO, can decrease its photocatalytic per-
formance due to less efficient utilization of lower energy photons.
When TiO, primary crystal size decreased from 14.8 to 6.6 nm, its
Sger increased 141.3 to 287.7 m2/g. To offset its Sggy increasing, the
band gap should be increased with the primary crystal size of TiO,
decreasing.

As indicated by Lin et al. [17] and Liu et al. [43], the combined
effect of band gap change and the specific surface area (or parti-
cle size) of the TiO, photocatalysts determined the photocatalytic
reactivity of TiO,. This can explain why the photooxidation rate
constants (k) of As(IIl) by TiO, with a size less than 14.8 nm were
equal.

Other factors, such as aggregation, can affect TiO, photocatalyt-
ical reactivity [17,18]. Aggregation of the TiO, primary particles is
difficult to avoid. As indicated by Maira et al. [18] and Lin et al.
[17], the morphology and size of these aggregates can affect the
light-scattering properties of the catalyst, but was not significantly.
Further research is needed to elucidate the effect of aggregation of
TiO, on As(Ill) photooxidation.

4. Conclusions

Anatase TiO, with particle size of about 6.6 nm was produced by
hydrolysis of titanium sulfate solution, and other anatase TiO, sam-
ples with crystallite size of 7.0, 10.5, 14.8 and 30.1 nm were prepared
by calcining the 6.6 nm TiO, at 200, 350, 500, and 700°C for 3 h.
With increasing size, the Sggt, pore volume and surface —OH density
decreased, and the average pore diameter increased. The adsorption
capacity of the TiO, for As(IIl) and As(V) increased linearly with the
Sger of the particles. There was not much difference in the rate of
As(III) photooxidation when the diameter of the TiO, nanoparticles
was between 6.6 and 14.8 nm. However, the As(Ill) photooxidation
rate clearly decreased when the particle size increased to 30.1 nm.
Based on the As(Ill) and As(V) adsorption and As(Ill) photooxida-
tion experimental results, 6.6 nm anatase TiO, was more efficient
for arsenic removal than the larger TiO, particles.
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