
A

f
i
t
a
©

K

1

b
t
v
c
m
m
a
c
s
o
t
e
s
n
q

1
d

Available online at www.sciencedirect.com

Journal of Photochemistry and Photobiology A: Chemistry 195 (2008) 23–29

Synthesis and characterization of TiO2 chemically modified by Pd(II)
2-aminothiazole complex for the photocatalytic

degradation of phenol

Valtair M. Cristante a, Alexandre G.S. Prado b, Sônia M.A. Jorge c,∗,
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bstract

An investigation was made into the photocatalytic activity of in situ synthesized TiO2 chemically modified by Pd(II) 2-aminothiazole complex

or phenol degradation at different pH values. At longer reaction times, the bare titania presented far poorer photoactivity than the modified catalysts
n the entire range of pH studied. The catalyst complexed with Pd(II) was more efficient than the metal-free Pd, irrespective of pH and reaction
ime, suggesting that metal plays an important role. A cooperative mechanism is proposed, involving the possible photoactivation of both TiO2

nd sensitizer.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis using semiconductors has
een commonly employed as a convenient tool for environmen-
al remediation due to its high power of degradation of a large
ariety of organic pollutants [1–5]. Among the various semi-
onducting metal oxides, titanium dioxide (TiO2) is probably the
ost widely studied and applied photocatalyst for its low com-
ercial cost, nontoxicity, photostability, chemical stability over
wide pH range, etc. [6,7]. However, fundamental problems

oncerning the efficiency of this photocatalyst still need to be
olved. Firstly, its large band-gap (3.2 eV), which limits the use
f sunlight as an energy source for degradation of organic con-
aminants since a significant part of the solar energy reaching the
arth’s surface lies in the visible and near infrared region of the

pectrum (λ > 400 nm). Secondly, rapid hole–electron recombi-
ation, which causes photocatalytic processes to produce a low
uantum yield.

∗ Corresponding author. Tel.: +55 014 3811 6255; fax: +55 014 3811 6255.
E-mail address: smajorge@ibb.unesp.br (S.M.A. Jorge).
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Photosensitization via surface adsorbed organic dyes and
oordination metal complexes, one of several approaches to
ensitize photocatalytic properties of TiO2 towards visible radi-
tions, has received special attention [8–11]. Among numerous
odes of anchoring surface chemical modifying agents onto
iO2, covalent attachment is probably the most widely adopted
pproach [12]. Carboxyl, phosphonate, amino and silyl function-
lities have been shown to form linkages with the TiO2 surface.
owever, all conventional covalent linkages, with the exception
f the silyl anchoring group, undergo a certain degree of disso-
iation or dechelation. The silyl anchoring group seems to be an
deal surface modification moiety for TiO2 owing to the strong
nteraction of the silyl functionality with the hydroxyl groups
n the surface of the semiconductor and the chemical inertness
f the resulting Ti–O–Si–C bonds [13]. Photosensitized TiO2
sing silylated tris(3-(pyridin-2-yl)pyrazole)ruthenium(II) was
ble to mediate the photodegradation of perhalogenated organics
n aqueous medium under diffused visible irradiation [14].
In this paper, we report on the in situ synthesis and pho-
ochemical properties of a new photocatalyst, TiATPd, where
T is the ligand 2-aminothiazole attached to surface oxide
odified by organoalkoxysilane 3-chloropropylmethoxysilane.

mailto:smajorge@ibb.unesp.br
dx.doi.org/10.1016/j.jphotochem.2007.09.002
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he AT presents double conjugated insaturations, two het-
roatoms and an amino group that allows for the coordination
f metal ions such as palladium(II), leading to the formation
f the above complex. We also evaluate the photocatalytic
ctivity of this complex towards phenol degradation under UV
rradiation.

. Experimental

.1. Chemicals

The chemicals 2-aminothiazole (Aldrich), 3-chloropropyl-
ethoxysilane (Merck), Pd(NO3)2 (Merck) and phenol (Merck),

f reagent grade, were used without further purification. The
,N-dimethylformamide (DMF) utilized was ACS reagent grade

J.T. Baker), and was stored for 48 h on activated molecular
ieves (4 Å) before use. Titania, supplied by Degussa (P25),
as predried at 150 ◦C under vacuum for 10 h and then used

mmediately.

.2. Organofunctionalization

Fifty grams of preactivated titania (0.02 mol of active sites)
8,15] was suspended in 200 mL of dried DMF containing
.34 mL of 3-chloropropylmethoxysilane (SiCl). The mixture
as refluxed by magnetic stirring in an N2 atmosphere for 72 h

t approximately 150 ◦C. The resulting product (TiPCl) was
ollected by filtration, washed with DMF, ethanol and distilled
ater and vacuum-dried at 100 ◦C for 8 h.

.3. Immobilization of AT on organofunctionalized titania

Forty-five grams of predried organofunctionalized titania,
iPCl, was added to 200 mL of dried DMF and 4 g of AT. The
ample was kept under agitation, reflux and N2 atmosphere for
8 h at ∼150 ◦C. The functionalized titania with AT (TiAT) was
ollected by filtration, washed repeatedly with DMF, ethanol
nd finally with distilled water and vacuum-dried at 100 ◦C for
h.

.4. Coordination of Pd(II) by TiAT

A mixture containing 3 g of the functionalized titania with AT,
iAT, and 200 mL of aqueous solution of Pd(NO3)2 (1 g L−1)
as kept under magnetic stirring away from light for 3 h. The

esulting product, TiATPd, was filtered off, washed repeatedly
ith distilled water and vacuum-dried for 48 h at room temper-

ture.

.5. Characterization

The quantity of AT anchored on titania was determined
y nitrogen analysis using the Kjeldhal method [16]. Diffuse

eflectance infrared Fourier transform (DRIFTS) spectroscopy
as carried out on a Nicolet Nexus 670 spectrometer. One hun-
red scans were accumulated for each spectrum at a spectral
esolution of 8 cm−1 and slit opening of 100 nm. Absorption

3
s
m
b
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pectra in the UV–vis range were recorded using a Thermo-
pectronic model Genesys 6 spectrophotometer. The organic
arbon content was analyzed using a Shimadzu Instruments,
odel TOC-VCPH total organic carbon analyzer. The specific

urface area was determined by the BET method [17] using an
utomated Micromeritics ASAP 2010 analyzer. Prior to taking
he measurements, the samples were vacuum-dried at 70 ◦C for
2 h. Solid-state 13C and 29Si NMR spectra were recorded on a
arian Mercury Plus 300 spectrometer at room temperature in a
mm silicon nitrite rotor, operating at 75.47 and 59.61 MHz

or carbon and silicon, respectively, using a combination of
he cross-polarization and magic angle spinning (CP/MAS)

ethods. The magic-angle spinning speed was 3 kHz, the time
epetition was 2 s for both nuclei, and the contact time was
ms for silicon and 4 ms for carbon. The coordinated quantity
f Pd was determined by inductively coupled plasma-optical
mission (ICP-OES) spectrometry, using a Varian (VISTA
X CCD-Simultaneous) spectrometer with axial configura-

ion and a V-groove nebulizer. After the photodegradation
rocess, the Pd in solution was determined using a Shi-
adzu (AA-6800) atomic absorption spectrometer with graphite

urnace and background correction based on the Zeeman
ffect.

.6. Photocatalytic experiments

The photodegradation studies were carried out with bare
itania (Degussa P25), TiAT and TiATPd catalysts. All these
xperiments involved the use of a suspension containing 125 mg
f photocatalyzer in 250 mL of a standard phenol solution
15 mg L−1). During the experiments, which were conducted in
cylindrical reactor (264 cm2), the suspensions were stirred con-

inuously and saturated with oxygen at a temperature of 30 ◦C.
he irradiance of 5.11 mW cm−2 at λ = 365 nm, produced by

our 15 W black light lamps, was measured using a Solar Light
o. Inc. model PMA2100 version 1.16 photometer/radiometer.
t varied time intervals, aliquots of 5 mL were removed from the

eaction mixture, filtered through 0.22 �m membranes (Milli-
ore) and analyzed. The phenol concentrations in solutions with
ifferent pH values, controlled by employing HNO3 and NaOH
or acid and alkaline media, respectively, were determined by
easuring the absorbance at λ = 270 nm, utilizing a linear cali-

ration curve in which the phenol concentrations ranged from 1
o 15 mg L−1. The concentrations were also monitored by their
rganic carbon content, using a linear calibration curve whose
henol concentration varied within a range of 2–15 mg L−1.

. Results and discussion

.1. Synthesis and characterization of the photocatalysts

The synthesis of the TiATPd complex consisted basically of
hree steps. The first involved the modification of titania with

-chloropropyltrimethoxysilane (SiCl), resulting in TiPCl, as
hown in Eq. (1). The formation of silanol and the absence of
ethoxy groups were probably the result of methoxy hydrolysis

y washing with water.
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in the 3000–3500 cm region is typical of the O–H stretching
frequency of hydrogen bonds assigned to Ti–OH, as well as of
adsorbed water on the titania surface. The absorption band near
1630 cm−1, due to O–H bending vibrations of hydroxyl groups,
V.M. Cristante et al. / Journal of Photochemistr

(1)

This precursor TiPCl reacted with 2-aminothiazole to form
he product TiAT, as described in Eq. (2) (second step).

(2)

The nitrogen analysis of TiAT yielded (0.425 ± 0.008)
mol g−1of the functional groups attached to the TiO2 surface.
The third step consisted of the coordination of Pd(II) by TiAT,

ccording to Eq. (3).
(3)

This reaction is based on Pearson’s theory [18]; sulfur is a
oft base and thus it tends to bond with soft acid such as Pd(II).

F
T
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he d8 electronic configuration of Pd(II) probably produces a
omplex with 16 electrons and a square planar geometry [19].

The coordinated amount of Pd on TiATPd complex,
etermined by using ICP-OES spectrometry, yielded
0.52 ± 0.04) mmol g−1.

In order to substantiate the formation of these new catalysts,
hey were characterized by several techniques.

The specific surface area of bare titania was (50 ± 2) m2 g−1,
hich is consistent with the published values [20,21]. The cat-

lyst TiAT presented a specific surface area of (36 ± 2) m2 g−1.
his significant decrease evidenced the chemical modification
n the titania surface, which probably resulted from a steric
mpediment caused by anchored AT groups and recovery of the
urface, making the pores less accessible to N2 during measure-
ents of the specific surface area. The higher the recovery of

he sorbent the higher the decrease in the specific surface area.
he DRIFTS spectra shown in Fig. 1 confirm the attachment
f the organic and inorganic groups of interest on the titania
urface. The weak absorption band at 3688 cm−1 in TiO2 was
ssigned to the O–H stretching vibrations of hydroxyl groups
22]. The absence of this band in the modified catalysts indi-
ates that the hydroxyl groups were completely modified by
he SiCl via surface modification. Spectra of all the modified

aterials showed symmetrical stretching (νsCH2) and asymmet-
ical stretching (νasCH2) at 2935 and 2961 cm−1, respectively,
ttributed to the methylene groups of the silylant, confirming the
uccessful anchorage of silylant agent on the TiO2 surface. The
ther characteristic bands of SiCl appearing at 1386, 1338 and
471 cm−1 can be attributed to the bending vibrations (δCH2)
f the propyl group [23]. The broad absorption band observed

−1
ig. 1. DRIFTS spectra of TiO2 (—), TIPCl ( ), TiAT ( ),
iATPd ( ).
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ig. 2. Numbering used in the assignment of the carbons present in TiPCl and
iAT.

long with the absorption of silylant, made it difficult to ana-
yze the characteristic functional groups of the AT. However,
he weak absorption band at 2858 cm−1 may be attributed to
lefinic C–H stretching [24]. The spectrum of titania function-
lized with AT and coordinate Pd (TiPdAT) presents a band at
575 cm−1 that may be assigned to the bending vibrations (δNH)
f the –CNH– moiety of the heterocycle [23]. This datum sug-
ests that the Pd(II) ion is coordinated to the free nitrogen of the
T and not only physically sorbed onto the surface. The exis-

ence of the band at 1300 cm−1 arising from the N–O stretching
ibration corroborates the presence of NO3

− counter ions in the
d complex [25].

Solid-state 13C and 29Si NMR spectra confirmed the attach-
ent of the organic molecules of interest to the titania.
igs. 2 and 3 show the numbers used to assign the carbons present

n the functionalized titania and immobilized titania with AT and
3C NMR for TiPCl and TiAT, respectively.

The 13C NMR spectrum of the TiPCl exhibits three well-
efined peaks at 14.5, 31.4 and 52.8 ppm, which were attributed
o the carbons 1–3, respectively (Fig. 2). These signals appear at
1, 27.7 and 45.6 ppm in the spectrum of TiAT, while the other
hree distinct peaks at 86.4, 127 and 166.5 ppm correspond to the
romatic carbons 5, 6 and 4, respectively. The carbon atom of
he methoxy group (–OCH ) of the silylant chemically bonded
3
o titania does not appear in the spectra in Fig. 3, which can be
xplained by the hydrolysis of methoxy groups during washing
ith water [26].

Fig. 3. Solid-state 13C NMR spectra of TiPCl and TiAT.
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Fig. 4. Solid-state 29Si NMR spectrum of TiAT.

The spectrum of the silicon nucleus in solid-state for the final
atalyst is shown in Fig. 4. A well defined peak at −59 ppm
s assigned to the T3 [Si(OTi)(OH)2R], where R is a carbon
hain and the shoulder observed at −51 ppm is attributed to a
2 structural unit [Si(OTi)2(OH)R] [27]. Therefore, this spec-

rum confirms that the SiCl was bonded onto TiO2 surface in
wo ways. The main one involves the immobilization of silylant
gent by two covalent bonds and the other one requires only one
ovalent bond, as illustrated in Scheme 1.

.2. Photocatalytic experiments

.2.1. Activity of the photocatalysts
The catalytic properties of the titania and of the syn-

hesized photosensitizers in the photodegradation of phenol
sed as a probe organic compound were investigated. Pho-
ocatalytic assays were conducted in triplicate, showing good
eproducibility of measurements. An excellent correlation was
bserved between phenol concentrations obtained from UV–vis
nd organic carbon content studies. The experiments using

5 mg L−1 phenol solutions with bare titania and with the photo-
ensitizers TiAT and TiATPd, stirred continually for 3 h without
rradiation in different pH values, revealed that the phenol degra-
ation increased slightly as a function of time. On the other

cheme 1. Titania support bonded with silylant agent by two covalent bonds (a)
nd by only one covalent bond (b).
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ig. 5. Degraded quantity of phenol per specific surface area of catalyst
�mol g/m2): TiO2 (�), TiAT (�) and TiATPd (�), and without catalyst (�)
s a function of time under the conditions of: pH 3.0, 15 W black light.

and, when these solutions were irradiated with black light
or the same length of time, a pronounced increase of phenol
egradation was observed, irrespective of pH.

Figs. 5–7 depict the degraded quantity of phenol per specific
urface area of catalyst (�mol g/m2). A set of control blank data,
.e., in the absence of catalysts, is also presented.

An analysis of these figures indicates that the photosensi-
izer TiATPd invariably presented higher activity than TiAT,
egardless of pH and reaction time. In addition, after 90 min of
eaction, the TiATPd displayed the highest activity in the entire
ange of pH studied. However, in shorter reaction times, tita-
ia exhibited higher activity than the other photocatalyts at pH
.0 and 5.0, although its activity was consistently the poorest at

H 9.0.

The influence of pH on the photoactivity of catalysts can be
xplained by the fact that the pH of the aqueous solution affects
iO2 significantly, including the charge of the particle and the

ig. 6. Degraded quantity of phenol per specific surface area of catalyst
�mol g/m2): TiO2 (�), TiAT (�) and TiATPd (�), and without catalyst (�)
s a function of time under the conditions of: pH 5.0, 15 W black light.
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ig. 7. Degraded quantity of phenol per specific surface area of catalyst
�mol g/m2): TiO2 (�), TiAT (�) and TiATPd (�), and without catalyst (�)
s a function of time under the conditions of: pH 9.0, 15 W black light.

ize of the aggregates it forms. The pH at which the surface
f an oxide is uncharged is defined as the Zero Point Charge
pHzpc), which is around 7 for TiO2. Above and below this value,
he catalyst is negatively or positively charged in accordance
ith:

TiOH2
+ ↔ –TiOH + H+ (4)

TiOH ↔ –TiO− + H+ (5)

The equilibrium constants of these reactions are
KTiOH2

+ = 2.4 and pKTiOH = 8.0, the abundance of all the
pecies as a function of pH: –TiOH ≥ 80% when 3 < pH < 10;
TiO− ≥ 20% if pH > 10; –TiOH2

+ ≥ 20% when pH < 3. Under
hese conditions, the photocatalytic degradation of the ionizable
rganic compounds is affected by the pH [7]. AT is known to
rotonate in acid medium, so the synthesized photocatalysts
re protonated at pH 3.0 as well. Hence, substrate–catalyst
epulsion occurs, which is probably responsible for the lower
atalytic activity of the modified catalysts at this pH. The
bsence of this repulsion at pH 5.0, in which the surface of
he photocatalyst is neutral, explains the superior photocat-
lytic activity (Fig. 6). With regard to the bare titania, the
owest photocatalytic activity was found to occur at pH 9.0.
his may be explained by the fact that, at such an alkaline
H, the majority of titania species are in the negative form
–TiO−), while the majority of phenol species (pKa = 9.89)
re in the form of PhO−, giving rise to repulsion and thus
iminishing the activity. The possible presence of carbonates
nd bicarbonates at this pH, which are oxidized by hydroxyl
adicals on the TiO2 surface, can be considered as an additional
actor for the low activity of bare titania at this pH. On the
ther hand, the synthesized photocatalysts presented higher
ctivity than titania at pH 9.0. Since the acidic hydrogens

n the catalyst surface do not ionize to form –TiO− because
f the reaction with organic groups, there is a decrease in
ubstrate–catalyst repulsions, increasing the photoactivity.
t was also found that the TiATPd photosensitizer invari-
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bly presented higher phenol degradation than TiAT in the
ame reaction time and at any pH studied, indicating that
he metal-sensitizer charge transfer is a preponderant factor
8,28].

The quantity of palladium present in solution after the pho-
odegradation process using TiATPd as photocatalyst could
ot be analyzed because of its possible lixiviation. The sig-
al acquired was below the quantification limit for the FAAS
echnique (0.50 �g L−1).

.2.2. Mechanism
The results indicated that the photocatalytic activity of the

iATPd catalyst was consistently higher than that of the TiAT
or phenol degradation.

Although the detailed mechanism of TiO2 photocatalyzed
eactions differs from one pollutant to another, it has been widely
ecognized that superoxide and, specifically, •OH hydroxyl rad-
cals, act as active reagents in the mineralization of organic
ompounds [29]. These radicals are formed by scavenging of
he electron–hole pair by molecular oxygen and water, Eqs.
6)–(10).

iO2 + hν → TiO2(e−
cb + h+

vb) (6)

2 + e−
cb → •O2

− (7)

2O + h+
vb → •OH + H+ (8)

OH + •OH → H2O2 (9)

2O2 + •O2
− → •OH + OH− + O2 (10)

It is also well established in the literature that the photosensi-
ization of TiO2 occurs by the initial excitation of the sensitizer,
q. (11), followed by electron injection into the semiconductor
onduction band, Eq. (12) [30–32].

ens + hν → ∗Sens (11)

Sens + (SC) → Sens+e−
cb(SC) (12)

Although we did not conduct experiments to confirm the role
f the Pd(II) 2-aminothiazole as a sensitizer, this would be a
ossibility. In that case, the electrons of the conduction band
ould be reduced from Pd(II) to Pd(I) in the system studied
ere, so that

iO2[Pd(II)Sens] + e−
cb → TiO2[Pd(I)Sens] (13)

In addition, our results showed a beneficial effect on the
hotoreactivity of TiATPd towards phenol, which could prob-
bly be attributed to a cooperative mechanism. Thus, the two
omponents of the photocatalyst, Pd(II)Sens and TiO2 semi-
onductor, would contribute to the generation of active species
n the mineralization of the organic material [8,28,33]. Subse-
uently, therefore, the reoxidation of Pd(I) to Pd(II) not only by

but also by H O , produced in solution (Eqs. (6–10)) in the
2 2 2
resence of sensitizer, could significantly improve the kinetics
f the process (Eqs. (14) and (15)).

iO2[Pd(I)Sens] + O2 → TiO2[Pd(II)Sens] + •O2
− (14)

[

[
[
[

Photobiology A: Chemistry 195 (2008) 23–29

iO2[Pd(I)Sens] + H2O2 → TiO2[Pd(II)Sens]+•HO+OH−

(15)

Another possible factor for the increase in the activity
nvolves the spatial separations of the charge carriers in the

odified catalyst. Pd(II)Sens could provide efficient traps for
onduction band electrons, indirectly accelerating the oxygen
eduction [33]. Be that as it may, •O2

− species would be gen-
rated, which are essential for inducing the formation of •OH
adicals, whose insertion into C–H bonds ultimately leads to the
omplete mineralization of the organic substrate (Eq. (16)).

henol + •OH → intermediates → CO2 + H2O (16)

. Conclusions

The synthesized TiATPd was found to be able to anchor onto
he surface of titania via silyl linkage, which enables electronic
oupling between the photosensitizer and TiO2 and could medi-
te the injection of electrons from the photosensitizer to the
onduction band of titania upon photoexcitation. TiATPd proved
o be a more efficient catalyst than TiAT for phenol degrada-
ion, irrespective of pH, showing a significant beneficial effect
ecause of metal. At long reaction times, the bare titania pre-
ented the poorest photocatalytic activity in the entire range of
H studied.
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