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Photo-degradation of tributyltin (TBT) has been enhanced by TiO, nanoparticles doped with nitrogen (N-
doped TiO; ). The N-doped catalyst was prepared by a sol-gel reaction of titanium (IV) tetraisopropoxide
with 25% ammonia solution and calcined at various temperatures from 300 to 600 °C. X-ray diffraction
results showed that N-doped TiO, remained amorphous at 300°C. At 400 °C the anatase phase occurred
then transformed to the rutile phase at 600 °C. The crystallite size calculated from Scherrer’s equation
was in the range of 16-51 nm which depended on the calcination temperature. N-doped TiO; calcined
at 400 °C which contained 0.054% nitrogen, demonstrated the highest photocatalytic degradation of TBT
at 28% in 3 h under natural light when compared with undoped TiO, and commercial photocatalyst,
P25-TiO, which gave 14.8 and 18% conversion, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

To prevent fouling of ship’s hulls by small organisms such as
gastropods a synthetic pesticide, tributyltin (TBT), was introduced
and extensively used as a paint additive [1,2]. Its serious toxicity
and hazard was later discovered and led to a recommendation
by the International Maritime Organization to limit its applica-
tion as an anti-fouling paint [3]. Today, TBT still contaminates
many aquatic systems at various concentrations that cause adverse
physiological effects in mammals and other organisms [4]. TBT is
initially released into water, then partitioned and accumulated in
soil and sediments [5]. The partitioning ratio of TBT in solid-water
system is approximately 3:1 [6] which is moderately high com-
pared with default model. The contaminant also accumulates in
aquatic organisms due to the bioavailability of TBT in water media
[7]. Accordingly, many researchers have focused on the impacts
of TBT on living organisms, and also on effective options for TBT
degradation. Photo-degradation is one of the techniques of inter-
est for removing TBT from surface water and sediment utilising,
UV and solar light radiation [8-11]. Previous work indicates that
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neither volatilization nor degradation of TBT species dissolved
in water occurs over a period of 2 months in the dark at room
temperature [8]. In sunlight, the compound undergoes slow pho-
tolytic decomposition with a half-life (t1,) >89 days in water and
about 120-150 days in water-sediment mixture [8]. Navio et al.
reported the improvement of photo-degradation in a UV reactor
that showed approximately an 80% reduction of TBT concentration
in water within 30h [9]. However, this efficient process is lim-
ited in the natural environment by the relatively lower intensity
of UV in natural light [8]. Photocatalytic degradation is an alter-
native approach to enhance TBT degradation without the need for
intense UV irradiation. Titanium dioxide is frequently used as a
photocatalyst because of its availability, stability and low toxic-
ity. In particular, the anatase form of TiO, has been utilized in
many photo-degradation reactions: previous studies have focused
on the degradation of toxic compounds such as bisphenol A, volatile
organics and polycyclic aromatic hydrocarbons [12-14]. However,
these is only one reported attempt at the photo-assisted degrada-
tion of butyltin in aqueous TiO, suspension (Degussa P25, 1-5 wm)
calcined at 500 °Cin an UV reactor. This achieved a 30% reduction in
TBT concentration within30h [10,15]. The lower percentage degra-
dation without catalyst might be due to the specific energy of the UV
used in the reactor not being sufficient to generate electron-hole
pairs from the catalyst, and the slightly large particle size of
catalyst used.

The band gap energy of TiO, corresponds to the wavelength of
UV light <400 nm [10,16]. Since sunlight consists mainly of visible
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wavelengths, these do not fit with TiO, band gap. This reduces the
ability of TiO, to degrade toxic compounds under natural illumi-
nation. Consequently, the present study substituted some oxygen
atoms of the TiO, with nitrogen atoms to improve the photo-
degradation ability of the catalyst under natural conditions. The
resulting mixed state of N, and Oy, lowers the band gap of TiO; so
that irritations with sunlight can excite electrons from the valence
band to the conduction band [17]. The photocatalytic mechanism
of TiO, including N-doping involves creation of electron-hole pairs
in the catalyst by light of energy higher than that of the band gap
[18]. Some electrons are excited to the conduction band and holes
remain in the valence band. Such holes act as a strong oxidizing
agent, reacting with water molecules or hydroxyl groups on the
catalyst surface to generate hydroxyl radicals (*OH), which initi-
ate photo-degradation. Moreover, the excited electrons can also
react with oxygen molecules to form superoxide radicals (0,°7),
which subsequently react with protons to produce hydroxyl radi-
cals [19,20].

In this work, catalysts were prepared in the laboratory using a
sol-gel method. This method is efficient for tailoring nanostructure
materials with increased surface area of catalyst and that are simple
to handle at room temperature [21]. This can improve the degra-
dation ability of the catalyst under visible light and solar light [22].
The sol-gel preparation involves hydrolysis (A) and condensation
(B) processes as follows:

(A)=Ti-O-R + H-0-H — =Ti-O-H + R-O-H

(B)=Ti-0-X + H-O-Ti= — =Ti-O-Ti= + X-0-H

where X is an alkyl group (R) or H.

Photocatalytic degradation of TBT upon N-doped TiO, under vis-
ible or natural light irradiation has not previously been reported in
literature. Therefore, the main objective of this work was to study
the enhancement of degradation of TBT, in visible and natural light,
by nanoparticles of N-doped TiO, which have been prepared by the
sol-gel method. The photo-activity of the synthesized catalyst was
compared with those of undoped TiO, and P25-TiO,, a standard
commercial material for photocatalytic reactions, consists of 75%
anatase and 25% rutile [23].

2. Materials and methods
2.1. Chemicals and instruments

The analytical standards used were tributyltin chloride (96%
purity), dibutyltin chloride (98% purity), mono-butyltin chloride
(95% purity) and tetrabutyltin obtained from Aldrich (Poole Dorset,
UK). Ammonia solution (25%), tropolone (98% purity) and hexyl-
magnesium bromide solution (2M in diethyl ether) were also
obtained from Aldrich. Titanium (IV) tetraisopropoxide (AR grade)
was obtained from ACROS (New Jersey, USA). Degussa P25 TiO,
was obtained from S.M. Chemical (Bangkok, Thailand). Samples
for X-ray powder diffraction (XRD) analysis were deposited on a
silicon wafer sample holder and characterized using a Philips Pw
1830 X-ray diffractometer (Cu Ko, 1.5418 A). Samples for trans-
mission electron microscopy (TEM; JEOL 1200EX, 120 keV) were
deposited on carbon-coated, 3-mm diameter, electron microscope
grids. Percentage of nitrogen in the photocatalyst was determined
by LECO CHNS-932 Elemental Analyzer using sulfamethazine as a
standard material which consists of 51.78% C, 5.07% H, 20.13% N
and 11.52% S. The GC-MS systems were a Hewlett-Packard 5980
gas chromatograph/quadrupole mass spectrometer (Ramsey, MN,
USA) and a Thermo Scientific DSQ™ II single quadrupole GC-MS
system (Loughborough, Leicestershire, UK).

2.2. Catalyst preparation

N-doped TiO, catalyst was prepared following the sol-gel
method [20,24] by addition of 5mL of 25% ammonia solution to
10mL of titania precursor. In this work, titanium (IV) tetraiso-
propoxide was chosen as the main starting material because it is
generally used for TiO, synthesis [25] and for commercial P25-TiO,
[26,27].

After the reactions, the mixture was incubated at 30°C for 1h
and then 105 °C for 1 h to obtain a pale yellow solid. Subsequently,
the solid was calcined at temperatures between 300 and 600 °C for
1h to provide catalysts for further characterization. The colour of
catalysts varied depending on the calcination temperature, from
brown at low temperature to white and light yellow at high tem-
perature. Undoped TiO, was prepared under the same conditions
as N-doped TiO, except that Nanopure water (resistivity less than
18 MQ cm~! at 25°C) was added into the titania precursor instead
of ammonia solution.

2.3. Photocatalytic degradation

Photocatalytic activity was assessed by the photo-degradation
of TBT under artificial visible light and under natural light (in June
2009, Glasgow, UK). A stock solution of TBT 1000 g mL~! was pre-
pared in methanol. From the stock solution, 10 wgmL~! working
solutions in nanopure water were freshly prepared prior to under-
taking the reaction. The photocatalytic degradation was carried out
in 250 mL beaker containing 150 mL working solution and 0.10 g of
catalyst at room temperature (25-30°C). For the visible irradiation,
the reaction mixture was stirred for 30 min in the dark then stirred
under visible light using a 190 W, Xe-lamp equipped with a HOYA
UV 385 cut off filter at an average distance of 30 cm between water
surface and lamp. Samples were collected between 30 min and 3 h.
For the natural light, the reaction mixture was stirred in the dark
for 30 min then stirred with direct exposure to sunlight. The exper-
iments were carried out between 11:00 am and 5.00 pm during the
months of June (summer season) in Glasgow (latitude: 55.8618,
longitude: —4.2401). Samples were collected between 30 min and
5h. Concentration of TBT and degradation products were deter-
mined in all samples using GC-MS. Dark control samples were
covered with aluminum foil and stirred under the same condi-
tion.

2.4. Determination of tributyltin

The extraction was optimized as previously described [28]. A
15mL aliquot of the sample solution was withdrawn from the
beaker after switching off the stirrer for 5min to allow settle-
ment of catalyst. In triplicate, each 5mL aliquot was adjusted to
pH 1.7 and sodium chloride was added to 0.2% (w/v). Butyltins
were extracted three times into hexane containing 0.05% tropolone,
10mL of hexane in total, by shaking at 350 rpm for 30 min. All
organic phases collected from each step were mixed and then evap-
orated until close to dryness on a heating block (20°C) over Nj.
A 0.25mL internal standard, tetrabutyltin (1 ugmL~!) in hexane
was added to samples and volume was adjusted to 1 mL. Butyltins
were derivatized with 0.5 mL 2 M n-hexylmagnesium bromide for
30 min under an inert atmosphere. 2 M HCI was then added to stop
the reaction. Anhydrous ammonium sulfate was added to remove
moisture. A 1 pL aliquot of solution was injected into the GC-MS
with HP5-MS column (30 m x 0.25 mm i.d. x 0.25 pm). The carrier
gas was helium at a flow rate of 1 mLmin~!. The injector and detec-
tor temperatures were held at 280°C and 300 °C, respectively. The
column oven temperature was programmed from an initial tem-
perature of 100 °C, hold for 2 min, to a final temperature of 300°C
at the rate of 15°Cmin~!, and hold for 10 min. The peak areas and
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Fig. 1. XRD patterns of N-doped TiO- calcined at different temperatures. (a) 300°C,
(b)400°C, (c) 500°C, (d) 600°C and (e) P25-TiO5.

mass spectrum (Total lon Chromatogram, TIC) were recorded. Cal-
ibration was performed in the range of 0.5-50 pgmL-! for each
butyltin.

3. Results and discussion
3.1. Characterization of catalyst

The X-ray diffractograms of N-doped TiO, calcined at differ-
ences temperature and P25-TiO, are presented in Fig. 1.

The XRD patterns in Fig. 1 exhibit amorphous, anatase and rutile
phases, depending on the calcination temperature. At 300°C (see
(a)), no peaks occurred in the diffraction pattern, which indicates
that the amorphous phase of N-doped TiO, was present. When the
calcination temperature was raised to 400 °C, all peaks (20=25.4°,
38.1°, 48.4°, 53.9°, 55.2°) which are regarded as an indicator of
the anatase phase of titania were clearly observed. The crystalline
anatase phase at a 26 of 25.40° corresponding to the (10 1) reflec-
tion [29] started to appear at 400 °C and increased in intensity with
increasing calcination temperature. When the calcination temper-
ature was elevated to 600 °C, the transition to rutile phase could
be observed. The characteristic peaks of rutile at a 26 of 27.60°
are corresponding to the (110) reflection [29] and at 36.1° [20,24]
emerged.

The average particle size was calculated by applying Scher-
rer’s equation to the anatase (101) and rutile (110) diffraction
peaks which represented the highest intensity peak for each pure
phase [30]. The percentage of anatase was calculated in accord with
Spurr-Myers equation [31]. Unit cell volume was calculated from
the product among three lattice parameters (a, b and c), which can
be equated for the tetragonal system (a # b=c) [20]. The character-
ization results are shown in Table 1.

Table 1
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Fig.2. TEM image of N-doped TiO, using titanium (IV) tetraisopropoxide as a titania
precursor and calcined at 400°C.

From the results, TiO, nanoparticles can be synthesized by the
sol-gel process. Anatase has smaller crystallite size than rutile. The
crystallite size represented specific surface area (m2 g—!) of catalyst
which affects the photocatalytic activity. A small crystallite size has
higher specific surface area than a larger crystallite. More surface
area promotes greater efficiency on light and substance absorp-
tion on the surface, which increases the decomposition area and
degradation activity of the catalyst [23]. The finding was supported
by previous studies on photo-degradation of phenol and phenan-
threne using difference particle sizes of N-doped TiO, [20]. The
results showed that the smallest crystallite site of N-doped TiO,
gave the greatest degradation. Moreover, N-doped TiO, calcined
at 400°C contains only anatase, which is reported to have higher
photo-activity than rutile. The slow movement of electron in rutile
provides more chances for electron-hole recombination and might
cause this lower activity [32].

Therefore, N-doped TiO, calcined at 400 °C was chosen for the
subsequent TBT degradation study. The photocatalytic efficiency
of N-doped TiO, was compared to that in the absence of catalyst,
and with those of commercial P25-TiO, and undoped TiO, synthe-
sized by sol-gel method and calcined at 400 °C. The undoped TiO,
crystalline was in anatase phase with a particle size of 11.3 nm and
a unit cell volume of 0.133 nm3. Additionally, the percentage of
nitrogen in N-doped TiO, calcined at 400 °C was determined using
an elemental analyzer. The result shows 0.054% +0.006 (n=3) of
nitrogen contained in doped catalyst, which is similar to previous
studies depending on the titania precursor [20,22]. TEM photomi-
crograph of the N-doped TiO, confirmed the occurrence of spherical
morphology nano-sized particles (Fig. 2).

The effect of calcination temperature on the crystallite size, the content of anatase phase, unit cell volume and surface area of N-doped TiO, and P25-TiO,.

Calcination temperature (°C) % Anatase and rutile? (relative)

Crystallite size® (nm) Unit cell volume® (nm?)

400 100 (A)
500 100 (A)
600 67.9 (A)
32.1(R)
P25-TiO, 74.9 (A)
25.1 (R)

16.3 (A) 0.135
247 (A) 0.135
28.1(A) 0.135
51.1 (R) 0.0619
226 (A) 0.135
455 (R) 0.0623

a Calculated with Spurr-Myers equation [31]: wa = 1/((1 + 1.26(Ir/I))) where, wy is the weight fraction of anatase; and Ig and I are the intensity of the diffraction peak

of rutile and anatase.

b Calculated by Scherrer’s equation [30]: d = kA/(8 cos 05 ) where, d is the crystallite size (nm); k is the shape factor (0.9); A is the wavelength of the X-ray radiation source

(nm); B is the full width at half maximum intensity (radians); and 5 is Bragg angle.

¢ Calculated by [20]: 1/d? =((h? + k?)[a?)+ (I2/c?) where d is a lattice spacing; h, k, | are Miller indices; and a, b, c are lattice parameters.
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Fig. 3. Photo-degradation of TBT under visible light (a) and solar light (b) by (i) no
catalyst, (ii) undoped TiO; calcined at 400°C, (iii) P25-TiO; and (iv) N-doped TiO,
calcined at 400°C. Error bars represent one standard deviation for n=3.

3.2. Photocatalytic activity

Investigation of photocatalytic TBT degradation by the catalysts
was performed under artificial visible light and natural light (Fig. 3).
The photocatalytic efficiency was determined by calculating the
relative concentration (C/Cy), where C is the concentration at the
sampling time and Cj is the initial concentration.

The N-doped TiO, calcined at 400°C shows the highest effi-
ciency whereas TBT concentration was not significantly changed
in the absence of catalyst in both situations. Under visible light
(Fig. 3a), undoped TiO, and P25-TiO, unsurprisingly demonstrated
low degradation activity which corresponded with a previous study
[10]. Since the band gaps energy of undoped TiO, and P25-TiO, are
high (anatase and rutile are 3.2 and 3.0 eV, respectively), electron in
the valence band cannot be excited to the conduction band by the
low energy protons of visible light [16]. In natural light (Fig. 3b),

Table 2
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Fig. 4. The relation between In C/Cy and time (h) of TBT photo-degradation reaction
under visible light (a) and solar light (b) by (i) no catalyst, (ii) undoped TiO, calcined
at 400°C, (iii) P25-TiO; and (iv) N-doped TiO, calcined at 400°C.

the existence of UV wavelengths causes the degradation of TBT
by undoped TiO, and P25-TiO,. The higher degradation activity
of P25-TiO; than undoped TiO; resulted from the developed crys-
tallinity containing anatase and rutile (75:25). This prevents the
recombination between holes and electrons [32] after “the line up
of Fermi levels of anatase and rutile” [33]. The N-doped TiO, dis-
played successful degradation activity in natural light which is a
result of “band gap narrowing” [17,34]. The degradation curves of
TBT were well fitted by first order decay kinetics as presented in
Fig. 4. In this experiment, the TBT degradation products, DBT and
MBT species, could not be found in the reaction solution after irradi-
ation. A high amount of N-doped TiO,, catalyst and high conversion
rate of DBT and MBT to final products such as carbon dioxide, water
and inorganic tin species might explain this finding [10]. Indeed,
the intermediates such as butanol, ethanol, hydroxylated di- and
mono-butyltin[15] could be found by decreasing the amount of cat-
alyst used. In addition, the photo-degradation mechanism of TBT by

Reaction rate constants and % conversion of photocatalyst under artificial visible light and natural light.

Photocatalyst Visible light Natural light
% Conversion? (3 h) R? Rate constant, k> (h~') % Conversion (3 h) R? Rate constant, k (h~1)
No catalyst 1.20 0.071 ND¢ 1.16 0.049 ND
TiO, 4.52 0.864 0.017 14.8 0.930 0.042
P25-TiO, 5.54 0.906 0.019 18.0 0.932 0.051
N-doped TiO, 219 0.983 0.083 28.2 0.987 0.101

a % Conversion was calculated from (Ciitial — Cfinal/Cinitia1) x 100%.

b Rate constant was identified from slope of graph which presented the relation between In C/Cp and time (h), slope = —k.

¢ ND, non-detectable.



S. Bangkedphol et al. / Journal of Hazardous Materials 184 (2010) 533-537 537

TiO, which was not different to N-doped TiO, has been presented
by Navio et al. [10]. The rate constant of photocatalytic reaction
was calculated from the slope of the first order reaction graph and
% conversion of TBT after 3 h under visible light and natural light
(Table 2).

Table 2, clearly confirms that N-doped TiO has the highest pho-
tocatalytic ability to degrade TBT in water. Under natural light, 28%
of TBT initially present is degraded in 3 h by the N-doped catalyst,
and complete conversion would occur in 4-5 days depending on
the weather. The advantages of catalytic photo-degradation of TBT
in aqueous media when compared with biological process [35,36]
are shorter degradation period, independence from microorganism
behaviours and, especially, applicability at high TBT contamination
levels. This process is an economically method in terms of catalyst
preparation and natural light requirement, which can be applied
for effective remediation of TBT in water.

4. Conclusions

A simple and economical sol-gel method was successfully
applied for the synthesis of nanoparticle N-doped TiO,, visible and
natural light-active photocatalyst. According to XRD analysis, the
N-doped TiO, transformed from anatase to rutile phase at cal-
cination temperature ranging from 400 to 600 °C. Calcination of
the doping catalyst at 400°C was chosen. The N-doped catalyst
enhanced the degradation of TBT in water under natural light, giv-
ing a 28% reduction in initial TBT concentration in 3 h. The process
can now move forward to application on a larger scale for TBT
remediation in water.
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