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a b s t r a c t

Mineralization of phenazopyridine, 1, in water, under solar-simulator radiation was efficiently achieved
using nanoparticle CdS-sensitized rutile TiO2, TiO2/CdS, 2, as photo-catalysts. Despite that, 2 showed
two main drawbacks. Firstly, the system was difficult to recover by simple filtration, and demanded
centrifugation. Secondly, the sensitizer CdS showed relatively high tendency to leach out hazardous Cd2+

ions under photo-degradation reaction conditions. In an attempt to solve out such difficulties, 2 was
eywords:
and
iO2

dS
ensitization

supported onto sand surface. The sand/TiO2/CdS system, 3, was easier to recover but showed slightly
lower catalytic activity compared to 2. On the other hand, the support failed to prevent leaching of Cd2+.
This indicates limited future applicability of CdS-sensitized TiO2 photo-catalyst systems, in solar-based
water purification strategies, unless leaching out tendency is completely prevented.

© 2009 Elsevier B.V. All rights reserved.

henazopyridine
hoto-degradation

. Introduction

TiO2 is an efficient catalyst for photo-degradation of organic
ontaminants in water using UV region. High oxidative power,
igh stability, low cost and environmental friendliness make TiO2
perfect photo-degradation catalyst for a wide range of contam-

nants [1–3]. However, its wide band gap (∼3.0 eV) and its need
or UV radiation limit its use to only small scale purifications.
he solar energy cannot be efficiently used for such processes,
ecause only a small fraction of UV reaches earth surface. Moreover,
iO2 surface shows low absorptivity towards UV [4]. These factors
nhibit using naked TiO2 in solar-driven water purification at large
cale.

To enable TiO2 effectively function under visible solar light, dye
ensitizers were suggested for solar cells [5] and water purification.

dS is widely described as possible sensitizer in water purifica-
ion. TiO2/CdS, 2, was earlier studied from different angles, such
s synthetic methods, characterization, photo-catalytic efficiency
nd kinetics [6–11]. Little effort is being made to assess feasibility
f 2 in water purification and eliminate its hazards, despite the ten-

∗ Corresponding author. Tel.: +970 9 2945507; fax: +970 9 2387982.
E-mail address: hikmathilal@yahoo.com (H.S. Hilal).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.093
dency of CdS to degrade under light as known in solar cell research
[12,13].

In a recent communication we reported on the activity of
TiO2/CdS systems in photo-degradation of methyl orange using
UV and visible regions [14]. In the present work, we investigate
photo-degradation of the medically active compound phenazopy-
ridine, 1, using solar simulator radiation. The major theme is to
assess the future feasibility of CdS sensitizer for TiO2 at large-scale
photo-degradation processes, in terms of efficiency, recovery and
environmental friendliness.

Photo-degradation of compound 1 has not been reported ear-
lier. It was intentionally chosen here, due to its expected ease to
degradation like other medically active compounds. Should 2 fail
to survive under degradation conditions of 1, it would not resist
forcing degradation conditions of other more stable contaminants,
and its hazard difficulties would appear.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hikmathilal@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2009.08.093
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. Experimental

.1. Materials

Commercial Rutile TiO2 powder (less than 500 nm in diameter)
as purchased from Aldrich. Rutile TiO2 was intentionally used
ere due to its known lower catalytic activity compared to Anatase
iO2 [15–17]. Thus it is desirable to enhance the activity of the less
ctive Rutile system. The fact that Rutile is the cheapest form of
iO2, gives further justification for choosing it here. Thiourea, CdCl2
nd organic solvents (analytical grade) were all purchased from
ither Aldrich–Sigma Co. or Frutarom Co. Contaminant 1 was kindly
onated by Birzeit-Palestine Pharmaceautical Company in a pure
orm. The compound is widely used in urinary tract treatment and
ther medical prescriptions.

Preparation of system 2 was performed by deposition of CdS
articles onto commercial TiO2 powders as described in literature
6,14,17–22]. Supporting 2 onto insoluble sand particles to yield
and/TiO2/CdS, 3, was performed via two different approaches,
s described in a preceding report [14]. In one technique, 2 was
llowed to settle onto pre-cleaned sand particles by continuous
ixing of sand with 2 in aqueous suspension. The alternative two-

tep technique, which was followed unless otherwise mentioned,
nvolved chemical deposition of TiO2 onto pre-cleaned sand parti-
les. Based on literature, the deposited TiO2 particles are of Rutile
ype. Calcination at 350 ◦C does not convert Rutile into the less sta-
le Anatase [23–26]. Deposition of CdS onto sand/TiO2 particles was
hen performed as described in literature [6,14,18–22]. Values TiO2
nd CdS uptakes in 3 were 5.0% and 0.41% by mass, respectively.
or re-use experiments, special preparations were conducted with
igher CdS uptake (1.9%). Details of preparation and annealing (at
50 ◦C for 3 h) were described earlier [14]. In this work, electronic
bsorption spectra, photoluminescence (PL) spectra, XRD and SEM
echniques were used to shed more light on the nature of the 2.

.2. Equipment

Contaminant 1 concentrations were spectrophotometrically
easured on a Shimadzu UV-1601 spectrophotometer, using

he maximum absorption at 430 nm. Pre-constructed calibration
urves were used. To analyze dissolved Cd2+ ions, anodic strip-
ing differential pulse polarography (ADPP) was conducted using
n MDE150 dropping mercury electrode on a PC-controlled POL150
olarograph. The hanging mercury drop electrode (HMDE) method
as followed. The analysis parameters were: initial potential
700 mV, final potential −400 mV, purging time 30 s, deposition

ime 20 s, scan rate 20 mV/s, pulse height 25 mV.
A PerkinElmer LS50 luminescence spectrophotometer was used

o measure photoluminescence (PL) spectra of 2 particles sus-
ended in ethanol. Solid state absorption spectra were measured
or particles of 2 suspended in toluene, using the Shimadzu UV–vis
601 spectrophotometer described above. Other measurements,
erformed on films of 2 deposited onto quartz substrates from ether
uspensions by solvent evaporation, showed similar results. The PL
nd absorption spectra for 2 resembled earlier literature [23].

Powder X-ray diffraction (XRD) was recorded on a Philips XRD
’PERT PRO diffractometer with Cu K� (� = 1.5418 Å) as a source.
he XRD lines were identified by comparing the measured diffrac-
ion patterns to JCPDS data cards. Field emission scanning electron

icroscopic/energy dispersive spectroscopic (FE-SEM/EDS) studies
ere conducted on a Jeol microscope, model JSM-6700F.
Irradiation of reaction mixture was conducted using a model
5064 – 50 W Xe solar simulator lamp (Leybold Didactic Ltd.)
quipped with a housing and a concentration lens. The Xe lamp
as a high stability and an intense coverage of wide spectral range,

rom about 400 to 800 nm, with no much preference [27–33].
s Materials 173 (2010) 318–325 319

2.3. Catalytic experiments

Catalytic experiments were conducted in a magnetically stirred
thermostated 100-ml beaker. The beaker out-side walls were cov-
ered with aluminum foil to reflect back astray radiations. Aqueous
suspensions of known nominal concentrations of contaminant and
catalyst were used under air. The pH was controlled by addition of
NaOH or HCl dilute (0.05 M) solutions. Constant illumination inten-
sity (0.0212 W/cm2) was achieved by directly exposing the reaction
mixture to the Xe lamp that was vertically placed at constant dis-
tance from the surface.

Known amounts of water and 1, together with added acid or
base, were placed inside the reaction vessel. The catalyst was then
added with continuous stirring in the dark. The reaction mixture
was left for a few minutes before measuring the contaminant
concentration. This was to check if contaminant loss occurred by
adsorption onto solid systems. Reaction time was recorded the
moment direct irradiation was started. The reaction progress was
followed up by syringing out small aliquots, from the reaction mix-
ture, at different time intervals. Each aliquot was then immediately
centrifuged (5000 rounds/min for 5 min) in the dark, and the liquid
phase was pipetted for spectral analysis of the remaining contami-
nant at 430 nm. The aqueous phase was also analyzed for dissolved
Cd2+ ions, by polarography as described above. The reaction rate
was measured based on analyzing remaining contaminant concen-
tration with time. Turnover number (contaminant reacted moles
per nominal TiO2 mole after 60 min) and quantum yield (contam-
inant reacted molecules per incident photon) were also calculated
and used for efficiency comparison. Complete mineralization of
organic contaminants into carbon dioxide, and other compounds,
under solar simulator light, is assumed based on earlier reports
[34]. Disappearance of phenazopyridine was confirmed here by
the absence of its 430 nm absorption band after reaction cessation.
Complete mineralization was also evident from the absence of any
benzene derivatives, in both 2 and 3 catalyst systems. This was
confirmed by absence of any absorption bands characteristic for
phenyl groups at 200 nm or longer, as observed from absorption
spectra for solutions. Literature shows that azo groups of organic
dyes, which have similar structure to phenazopyridine, are con-
verted into nitrogen gas [2]. Other nitrogen atoms are commonly
converted into nitrate ions and/or ammonium, which is in turn
converted into nitrate ion as a final product [2]. Polarographic anal-
ysis of remaining reaction mixture indicated conversion of amine
groups and hetero-nitrogen atom of phenazopyridine into NO3

−.
Reuse experiments were conducted using recovered catalysts

2 or 3 by centrifugation or filtration, respectively, after reaction
cessation. The recovered catalyst system was re-used in a similar
manner to the fresh catalyst samples, as described above.

3. Results and discussions

3.1. Characterization of 2

The TiO2/CdS system was characterized using different tech-
niques. Gravimetric analysis showed that the CdS uptake in 2
was 3.15% by mass. Solid state electronic absorption spectra for
annealed and non-annealed TiO/CdS are shown in Fig. 1. The
annealed TiO2/CdS showed a band at 540 nm for CdS, compared
to the non-annealed counterpart which showed a band at 520 nm.
The slight red shift in CdS absorption band, after annealing, is due to
slight increase in particle size due to annealing, vide infra. Each sys-

tem showed a strong band starting at 400 nm for the TiO2 particles.
The CdS electronic absorption spectra resembled earlier reports
[23] in terms of band positions.

PL spectra measured for annealed and non-annealed 2 are
shown in Fig. 2. Fig. 2(a) shows a maximum emission at 570 nm
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ig. 1. Solid state electronic absorption spectra measured for TiO2/CdS particles,
ispersed in toluene (a) pre-annealed and (b) non-annealed.

or the pre-annealed system, whereas Fig. 2(b) shows a maxi-
um emission at 540 nm for the non-annealed counterpart. The

bserved red shift is due to slight increase in particle size by anneal-
ng, as discussed below.
The CdS particles in 2 are in the nano-size scale. Fig. 3 shows the
EM micrographs for pre-annealed and non-annealed 2 particles.
ach TiO2 particle is covered with sub-monolayer of CdS particles
f comparable sizes. Fig. 3 indicates that the sizes for TiO2 are in the

ig. 2. Emission PL spectra measured at room temperature for TiO2/CdS particles
uspended in ethanol (a) pre-annealed and (b) non-annealed. Excitation frequency
as 220 nm.
Fig. 3. SEM micrograph for TiO2/CdS powder (a) pre-annealed and (b) non-annealed.
The micrographs show larger particles of TiO2 covered with mono-layers of nano-
sized CdS particles.

range 400–500 nm, while the size for CdS particle is about 20 nm in
diameter. In the non-annealed 2, the CdS exists as nearly spherical
particles, Fig. 3(b). Annealing caused agglomeration and sintering
between flaky CdS particles, as shown in Fig. 3(a).

X-ray diffraction patterns were measured for CdS powder and
TiO2/CdS system. Despite the relatively low uptake of CdS onto TiO2
in 2, and thin sub-monolayer coverage level, the X-ray diffraction
pattern showed noticeable peaks for the supported CdS system
at 2� values of 26.7◦, 44.07◦ and 52.5◦, Fig. 4(a). Due to small
intensity of the CdS peaks, compared to those of TiO2, no con-
clusive calculation of particle size for the supported CdS could
be made. Therefore, CdS particle sizes were calculated from XRD
diffraction patterns measured for CdS powders prepared in a sim-
ilar manner to supported CdS particles, Fig. 4(b). Particle size
was calculated using the Scherrer formula [35]. The calculated
CdS particle diameters for non-annealed and annealed CdS pow-
ders were 17 and 20 nm, respectively. The data are consistent
with literature values [36]. Little crystallite growth by anneal-
ing at 350 ◦C is observed from measured particle sizes. The X-ray

diffraction patterns show a cubic crystal type for CdS with (lattice

parameters a = b = c = 5.83040 ´̊A) and (˛ = ˇ = � = 90◦). The distin-
guished peaks of powder CdS were at 2� values of 26.7◦, 32.14◦,
44.07◦ and 54.9◦. Peaks for hexagonal closely packed CdS are also
observed.
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Fig. 5. Reaction profiles of photo-degradation of phenazopyridine (neutral aque-
ous 50.0 ml suspension, 10.0 ppm, ∼4.0 × 10−5 M) under solar simulator radiation
(0.0212 W/cm2) at room temperature, using different catalyst systems (a) 2.0 g
sand/TiO2/CdS (∼0.1 g TiO2/CdS), (b) 2.0 g sand/TiO2 (∼0.1 g TiO2), (c) 0.1 g TiO2

to screen incident light. Similar observations are reported [3,14].
Turnover number values, measured after 60 min, showed system-
atic decrease as catalyst concentration was increased, within the
experimental conditions. This is another evidence of light screening
Fig. 4. X-ray diffraction patterns for (a) TiO2/CdS and (b) CdS powder.

.2. Photo-catalytic degradation of phenazopyridine

The three systems naked TiO2, 2 and 3, were used as catalysts in
hoto-degradation of 1, under solar simulator radiation. To assess
ensitizing ability of CdS, a comparative study between the three
atalyst systems was performed. The catalyst efficiency was studied
n terms of initial reaction rates, values of turnover number and
alues of quantum yield. The relatively low turnover number values
re due to small fractions of surface active sites (atoms) that are
ccessible to reactants. Since the TiO2 particles are relatively large
in the order of 500 nm radius), the relative surface-area-to-size
atio is small. Thus a big proportion of the atoms is buried in bulk
f the particles, and is not accessible to reactants.

Control experiments, conducted under illumination in the
bsence of catalyst systems, showed no loss of contaminant con-
entration. Experiments conducted using different catalyst systems
n the dark showed no significant contaminant loss due to contam-
nant adsorption, on different catalyst surfaces. In photo-catalytic
xperiments, the decease in contaminant amount paralleled the
ncrease in NO3

− concentration. Thus the decrease in contami-
ant concentration is an indication of photo-degradation rather
han merely adsorption. Unless otherwise stated, catalytic mea-
urements were conducted using pre-annealed samples of 2 and 3.

.2.1. Sensitizing effect of CdS
When a cut-off filter (removing 400 nm and shorter wave-

engths) was placed between the solar simulator and the reaction
ixture, the naked TiO2 showed no catalytic activities. Both 2 and
functioned with the cut-off filter. This is direct evidence in favor

f CdS sensitization.
Fig. 5 shows reaction profiles or phenazopyridine consumption

ith time in the presence of different catalyst systems using solar

imulator radiations. The slight loss of 1 using naked TiO2 and
and/TiO2, with no CdS in Fig. 5, is due to small UV fraction in
he solar simulator spectrum. This was confirmed using a cut-off
lter, vide supra. The sensitized system 2 efficiently catalyzed the
hoto-degradation of 1, as shown in Fig. 5.
and (d) 0.1 g TiO2/CdS. Turnover number (and quantum yield) values are: 0.00077
(2.55 × 10−4); 0.000048 (1.59 × 10−5); 0.0000944 (3.13 × 10−5) and 0.000929
(3.08 × 10−4) respectively.

Excitation of naked TiO2 occurs in the UV region, whereas CdS
(band gap ∼2.4 eV) is excited readily in the visible. Visible excitation
creates electron-hole pairs in the CdS particle. The electron travels
across the CdS conduction band to the TiO2 conduction band. It then
moves across the TiO2 particle conduction band where it reduces
a species such as an oxygen molecule. The hole, formed in the CdS
valence band undertakes oxidation of the contaminant molecule
(or possibly OH− to a strongly oxidizing radical OH• as discussed
below). The mechanism is schematically summarized in Scheme 1
[14,15].

Supporting naked TiO2 onto sand did not enhance its efficiency,
as shown in Fig. 5. Catalyst 3 showed sound activity, despite the
known tendency of support to screen active sites away from inci-
dent light. Although 2 showed slightly higher efficiency than 3, the
latter has an edge over the former in being easier to recover.

Kinetic study on system 2 was conducted. The results resembled
earlier reports of solar-driven degradation processes [3,14]. Based
on initial rate calculations, Fig. 6 indicates that the order of the
reaction rate was 0.5 with respect to nominal concentration of 2.
The non-linear dependence of rate on nominal catalyst concentra-
tion is presumably due to the tendency of solid catalyst particles
Scheme 1.
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Fig. 8. Temperature effect on photo-degradation reaction of phenazopyridine (neu-
tral suspension, 50 ml, 5 ppm, 2.0 × 10−5 M) under solar simulator (0.0212 W/cm2)
using TiO2/CdS (0.1 g). (a) 30 ◦C, (b) 45 ◦C and (c) 60 ◦C.

Fig. 9. Effect of pH on photodegradation reaction of phenazopyridine (50 ml,

The tendency of system 2 to leach out Cd ions under photo-
degradation of 1 in the visible region was studied at different pH

2+
henazopyridine (neutral aqueous 50 ml suspension, 5 ppm phenazopyridine,
2 × 10−5 M), under solar simulator (0.0212 W/cm2) at room temperature (a) 0.05 g,

b) 0.1 g and (c) 0.15 g. Turnover number (and quantum yield) values are: 0.000711
11.74 × 10−5), 0.000456 (15.11 × 10−5) and 0.000353 (17.54 × 10−5) respectively.

ffect. Quantum yield values, measured after 60 min, only slightly
ncreased with higher concentrations. When quantum yields are
alculated per mole catalyst, the values decrease with increas-
ng catalyst concentration. These data support the screening effect
ssociated with higher catalyst concentrations.

Effect of contaminant concentration or reaction rate was stud-
ed, as shown in Fig. 7. At lower contaminant concentrations
7.5 ppm or lower), the turnover number values did not change
ith concentration. The turnover number value decreased with
igher contaminant concentration. The quantum yield values fol-

owed a similar trend to changing contaminant concentration.
alues of turnover numbers and quantum yields are calculated

rom reaction profiles shown in Fig. 7. These behaviors are expected.
iterature showed that photo-degradation is independent of con-
aminant concentration, and in some cases, the rate is lowered with
ncreased initial concentration [3]. Different explanations are pro-
osed, all of which rely on the adsorption of contaminant molecules
n the solid surface in a Langmuire Hinshelwood model [37]. One
cceptable explanation is the fact that at higher contaminant con-
entration, the contaminant molecules may compete with oxygen
r the adsorbed intermediates and inhibit degradation [3,15].

The reaction rate was not affected by temperature, as shown
n Fig. 8. The activation energy was lower than 4 kJ/mol. This
ehavior resembles earlier results for different contaminant photo-

egradation systems [14]. The independence of reaction rate of
emperature is justified in literature [3,15,32,33].

Effect of pH on reaction rate was investigated. Fig. 9 shows that
he activity was relatively higher in basic media. This could partly
e explained by lower leaching tendency of CdS from 2, as will be

ig. 7. Effect of phenazopyridine concentration on degradation reaction using
iO2/CdS (0.1 g) in 50 ml neutral suspension at room temperature under
olar simulator (0.0212 W/cm2). Phenazopyridine concentrations are: (a) 5 ppm
2.0 × 10−5 M) (b) 7.5 ppm (3.0 × 10−5 M) (c) 10 ppm (4.0 × 10−5 M) and (d) 15 ppm
6.0 × 10−15 M). Turnover number (and quantum yield) values are: 0.000577
0.000191), 0.000577(0.000191), 0.000418 (0.000138) and 0.0002884 (0.0000956)
espectively.
10 ppm, 4.0 × 10−5 M) using Sand/TiO2/CdS (2.0 g) at room temperature. Values
of pH are: (a) 9.5, (b) 4 and (c) 7.8. Turnover number (and quantum yield) val-
ues are: 0.000868 (0.000287), 0.000623 (0.0002066) and 0.0005865 (0.0001945)
respectively.

discussed later. Moreover, the presence of OH− is a source of OH•

formation which could be a photo-degradation route.

3.2.2. Leaching out studies
2+
values. Fig. 10 shows that Cd continued to leach out from com-
pound 2, with time. Such results were confirmed by polarography.
Leaching out occurred at different pH values, but slightly lower

Fig. 10. Reaction profiles showing concentrations (ppm) of Cd2+ ions leaching out
of non-annealed TiO2/CdS (0.1 g) under phenazopyridine degradation conditions
(solar simulator 0.0212 W/cm2, room temperature, in 70 ml suspension, containing
5 ppm contaminant) at different pH values: (a) 3.5, (b) 9 and (c) neutral. Percentage
values of Cd2+ leaching out after 60 min are: 63%, 56% and 60%, respectively.
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Fig. 11. Reaction profiles showing concentrations (ppm) of Cd2+ ions leaching out of
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Fig. 12. Reaction profiles showing concentrations (ppm) of Cd2+ ions leaching out of
non-annealed sand/TiO2/CdS (1.0 g) under phenazopyridine degradation conditions
(solar simulator 0.0212 W/cm2, room temperature, in 70 ml suspension, containing
5 ppm phenazopyridine) at different pH values: (a) 3.5, (b) 9 and (c) neutral. Val-
ues of leaching out percentage after 60 min for Cd2+ are: 97%, and 74% and 77%,
respectively.

Fig. 13. Reaction profiles showing concentrations (ppm) of Cd2+ ions leaching out of
pre-annealed sand/TiO2/CdS (1.0 g) under phenazopyridine degradation conditions
(solar simulator 0.0212 W/cm2, room temperature, in 70 ml suspension, containing
5 ppm phenazopyridine) at different pH values: (a) 3.5, (b) 9 and (c) neutral. Values
of leaching out percentage after 60 min for Cd2+ are: (a) 81%, (b) 71% and (c) 57%,
respectively.
re-annealed TiO2/CdS (0.1 g) under phenazopyridine degradation conditions (solar
imulator 0.0212 W/cm2, room temperature, in 70 ml suspension, containing 5 ppm
henazopyridine) at different pH values: (a) 3.5 (b) 9 (c) neutral. Percentage values
f Cd2+ leaching out after 60 min are: 63%, 56% and 60%, respectively.

t higher pH. It is known that lower pH values encourage more
issociation of CdS by taking more H2S away from CdS, leaving
igher concentrations of Cd2+ ions in solution [38,39]. This behav-

or is known even with no irradiation. Under PEC conditions, such
issolution is presumably more pronounced [12,13], and acidic
onditions induce more leaching of Cd2+ ions. In addition to radical
ffect discussed above, this explains the higher catalyst efficiency
t higher pH.

CdS leaching out is a serious concern. Firstly, because cat-
lytic activity is lowered, viz. the CdS is removed and less TiO2
ensitization occurs. Secondly, the Cd2+ ions are hazardous to
ealth. Therefore, the wisdom behind using CdS sensitizers for
ater purification is questionable. Work is still being conducted on
dS-sensitized TiO2 for water purification [4,6–12,33,34,40–44]. It
hould be noted here that unless such leaching out is completely
revented; the whole TiO2/CdS based water purification processes
hould be questioned. Unfortunately, very little efforts, if any, have
een made to prevent such leaching tendency.

Pre-annealing of 2 did not prevent leaching out. Fig. 11 shows
hat Cd2+ ions continued to leach out from pre-annealed 2 under
hoto-degradation conditions of 1, at different pH values. This

ndicates that pre-annealing, which is commonly practiced in CdS-
ensitization strategies, is not a solution for Cd2+ leaching out.

In an attempt to prevent Cd2+ ion leaching, the system 2 was
upported onto stable solid sand support, to yield 3. The Cd2+ ions
ontinued to leach out from 3 under photo-degradation conditions
t different pH values, as shown in Fig. 12. Annealing the system 3
id not make a significant difference and the Cd2+ ions continued
o leach out, as shown in Fig. 13.

.2.3. Catalyst recovery and reuse
The results indicate that sand support is not able to prevent Cd2+

on leaching, Figs. 12 and 13. However, the sand support made it
asier to isolate the catalyst system, by simple filtration. Such a pro-
ess is not feasible for the unsupported system 2, which demanded
ore complicated centrifugation processes. Supporting naked TiO2

articles onto insoluble supports has been widely reported for UV
hoto-degradations [3,8,14,15,45–68]. However, only a few reports
re known for supporting the combined TiO2/Dye degradation cat-
lysts onto insoluble supports [14,15] (Fig. 14).

While keeping an eye on leaching out tendency, special samples

f 3, with high CdS content were prepared. The samples were used
n photo-degradation of 1 under visible light using neutral solu-
ions. After reaction cessation, the catalyst system was recovered
asily by simple filtration. Fig. 10 shows that the system looses it
fficiency on reuse. Despite the high concentrations of CdS used, its

Fig. 14. Reaction profiles of phenazopyridine photodegradation by fresh and recov-
ered catalyst sand/TiO2/CdS (1.0 g, containing 5% TiO2 and 1.9% CdS by mass).
(a) Fresh sample, (b) 2nd use and (c) 3rd use. All reactions were conducted
at room temperature using neutral 50 ml suspensions of contaminant (10 ppm,
4.0 × 10−5 M).
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igh tendency to leach out causes efficiency lowering on re-use.
The tendency of CdS to leach out under photo-degradation of

sheds light on the feasibility of using it in degrading other more
table contaminants. Typically, medically active compounds are not
ighly stable and degrade readily [69–72]. The tendency of CdS to

each out, under the conditions described here, indicates the low
alue of using it under degradation of other more stable contami-
ants.

. Conclusion

CdS sensitized TiO2 efficiently in phenazopyridine degradation
nder visible light, but decomposed and leached out hazardous
d2+ ions in water. Annealing the TiO2/CdS system did not pre-
ent leaching out. Supporting TiO2/CdS onto sand particles yielded
catalyst system that is easy to isolate by simple filtration. The sup-
ort failed to completely prevent Cd2+ ion leaching out. Unless the
endency of CdS to leach out Cd2+ ions is completely prevented, its
pplication as sensitizer should be avoided.

cknowledgements

Help from technical staff at ANU is acknowledged. The authors
ish to thank the French-Palestine University Program (Al-
aqdisi) for financial support of this project. Gift of chemicals

rom Birzeit-Palestine Pharmaceutical Co. is also acknowledged.
he authors acknowledge help from technical staff at ICMCB, Uni-
ersity of Bordeaux in XRD, SEM and FT-IR spectral measurements.

eferences

[1] K. Dai, H. Chen, T. Peng, D. Ke, H. Yi, Photocatalytic degradation of methyl orange
in aqueous suspension of mesoporous titania nanoparticles, Chemosphere 69
(2007) 1144–1155.

[2] J.M. Herrmann, C. Duchamp, M. Karkmaz, B.T. Hoai, H. Lachheb, E. Puzenat,
C. Guillard, Environmental green chemistry as defined by photocatalysis, J.
Hazard. Mater. 145 (2007) 624–629.

[3] O. Carp, C.L. Huisman, A. Reller, Photoinduced reactivity of titanium dioxide,
Prog. Solid State Chem. 32 (2004) 33–177.

[4] S.K. Kansal, M. Singh, D. Sud, Studies on photodegradation of two commer-
cial dyes in aqueousphase using different photocatalysts, J. Hazard. Mater. 141
(2007) 581–590.

[5] M. Grätzel, Photoelectrochemical cells, Nature 414 (2001) 338.
[6] Y. Bessekhouad, D. Robert, J.V. Weber, Bi2S3/TiO2 and CdS/TiO2 heterojunc-

tions as an available configuration for photocatalytic degradation of organic
pollutant, J. Photochem. Photobiol. A 163 (2004) 569–580.

[7] Y. Bessekhouad, N. Chaoui, M. Trzpit, N. Ghazzal, D. Robert, J.V. Weber, UV–vis
versus visible degradation of Acid Orange II in a coupled CdS/TiO2 semiconduc-
tors suspension, J. Photochem. Photobiol. A 183 (2006) 218–224.

[8] D. Robert, Photosensitization of TiO2 by MxOy and MxSy nanoparticles for het-
erogeneous photocatalysis applications, Catal. Today 122 (2007) 20–26.

[9] H. Fuji, M. Ohtaki, K. Eguchi, H. Arai, Preparation and photocatalytic activities
of a semiconductor composite of CdS embedded in a TiO2 gel as a stable oxide
semiconducting matrix, J. Mol. Catal. A: Chem. 129 (1998) 61–68.

10] N. Serpone, P. Marathamuthu, P. Pichat, E. Pelizzetti, H. Hidaka, Preparation and
photocatalytic activities of a semiconductor composite of CdS embedded in a
TiO2 gel as a stable oxide semiconducting matrix, J. Photochem. Photobiol. A
85 (1995) 247.

11] S. Sesha, J.W. Srinivasan, E.K. Stefanakos, Visible light photocatalysis via
CdS/TiO2 nanocomposite materials, J. Nanomater. 2006 (2006) 1–7.

12] H. Greijer, L. Karlson, S.-E. Lindquist, A. Hagfeldt, Environmental aspects of
electricity generation from a nanocrystalline dye sensitized solar cell system,
Renew. Energy 23 (2001) 27–39.

13] K.L. Kennerud, Analysis of performance degradation in CdS solar cells, IEEE
Trans. A.E.S. 5 (1969) 912–917.

14] A.H. Zyoud, H.S. Hilal, Silica-supported CdS-sensitized TiO2 particles in photo-
driven water purification: assessment of efficiency, stability and recovery
future perspectives, in: F. Columbus (Ed.), Water Purification, Novascience
Publ., NY, in press.

15] H.S. Hilal, L.Z. Majjad, N. Zaatar, A. El-Hamouz, Dye-effect in TiO2 catalyzed

contaminant photo-degradation: sensitization vs. charge-transfer formalism,
Solid State Sci. 9 (2007) 9–15.

16] A.L. Linsbigler, G. Lu, J.T. Yates, Photocatalysis on TiO2 surfaces: principles,
mechanisms, and selected results, Chem. Rev. 95 (1995) 735.

17] K. Tanaka, M.F.V. Capule, T. Hisanaga, Effect of crystallinity of TiO2 on its pho-
tocatalytic action, Chem. Phys. Lett. 187 (1991) 73–76.

[

[

s Materials 173 (2010) 318–325

18] O. Vigil-Galán, A. Morales-Acevedo, F. Cruz-Gandarilla, M.G. Jiménez-Escamilla,
Characterization of CBD–CdS layers with different S/Cd ratios in the chemical
bath and their relation with the efficiency of CdS/CdTe solar cells, Thin Solid
Films 515 (2007) 6085–6088.

19] J.N. Ximello-Quiebras, G. Contreras-Puente, J. Aguilar-Hernandez, G. Santana-
Rodriguez, A.A.-C. Readigos, Physical properties of chemical bath deposited CdS
thin films, Sol. Energy Mater. Sol. C 82 (2004) 263–268.

20] P. Roy, S.K. Srivastava, A new approach towards the growth of cadmium sul-
phide thin film by CBD method and its characterization, Mater. Chem. Phys. 95
(2006) 235–241.

21] K.V. Zinoviev, O. Zelaya-Angel, Influence of low temperature thermal annealing
on the dark resistivity of chemical bath deposited CdS films, Mater. Chem. Phys.
70 (2001) 100–102.

22] F. Chen, W. Jie, Growth and photoluminescence properties of CdS solid solution
semiconductor, Cryst. Res. Technol. 42 (2007) 1082–1086.

23] S.S. Nath, D. Chakdar, G. Gope, D.K. Avasthi, Characterization of CdS
and ZnS quantum dots prepared via a chemical method on SBR latex,
http://www.azonano.com/details.asp?ArticleId=2159 (accessed August 21,
2008).

24] S. Cassaignon, M. Koelsch, J.-P. Jolivet, From TiCl3 to TiO2 nanoparticles (anatase,
brookite and rutile): thermohydrolysis and oxidation in aqueous medium,
Chimie de la Matière Condensée de Paris, Université Pierre et Marie Curie-
Paris6, CNRS UMR 7574, 4 place Jussieu, Paris F-75005, France (available online
February 22, 2007).

25] X. Huanga, C. Pana, Large-scale synthesis of single-crystalline rutile TiO2

nanorods via a one-step solution route, J. Cryst. Growth 306 (2007) 117–122.
26] H.O. Finklea, Titanium dioxide (TiO2) and strontium titanate (SrTiO3), in: H.O.

Finklea (Ed.), Semiconductor Electrodes, Elsevier, Amsterdam, 1988, pp. 45–47.
27] D. Shoemaker, C. Garland, J. Nibler, Experiments in Physical Chemistry, fifth ed.,

Mc Graw-Hill, Inc., NY, 1989.
28] For organic analysis, see AOAC Official Method 979.13, Copyright 1998, AOAC

International.
29] The Book of Photon Tools (Manual), Oriel Instruments, Stratford, CT, USA, pp.

44–50.
30] Thermo Oriel: 500 W Xenon/Mercury (Xenon) ARC Lamp Power Supply Model

68911 (Manual).
31] B.J. Clark, T. Frost, M.A. Russell, UV Spectroscopy, Chapman & Hall, London,

1993, pp. 18–21.
32] http://www.uvguide.co.uk/zoolamps.htm (accessed August, 2008).
33] J.M. Hermann, Heterogeneous photocatalysis: fundamentals and applications

to the removal of various types of aqueous pollutants, Catal. Today 53 (1999)
115–129.

34] N. Guettai, H.A. Amar, Photocatalytic oxidation of methyl orange in pres-
ence of titanium dioxide in aqueous suspension, in: Part I: Parametric study,
Desalination and the Environment. Conference, Santa Margherita Ligure, Italy
(22/05/2005), vol. 185, no 1–3, 2005, p. 556.

35] M.D. Uplane, S.H. Pawar, Effect of substrate temperature on transport and opti-
cal properties of sprayed Cd1−xZnxS films, Solid State Commun. 46 (1983) 847.

36] K. Manickathai, S. Kaswanathan, M. Alagar, Synthesis and characterization of
CdO and CdS nanoparticles, Ind. J. Pure Appl. Phys. 46 (2008) 561–564.

37] D.S. Tsoukleris, A.I. Kontos, P. Aloupogiannis, P. Falaras, Photocatalytic proper-
ties of screen-printed titania, Catal. Today 124 (2007) 110.

38] K.D. Daskalakis, G.R. Helz, Solubility of CdS (Greenockite) in sulfidic waters at
25 ◦C, Environ. Sci. Technol. 26 (1992) 2462–2468.

39] M.C. Chuan, G.Y. Shu, J.C. Liu, Solubility of heavy metals in a contaminated soil:
effects of redox potential and pH, J. Water Air Soil Pollut. 90 (1996) 543–556.

40] C. Huang, D.H. Chen, K. Li, Photocatalytic oxidation of butyraldehyde over
titania in air: by-product identification and reaction pathways, Chem. Eng.
Commun. 190 (2003) 373–392.

41] L. Spanhel, H. Weller, A. Henglein, Photochemistry of semiconductor colloids.
22. Electron ejection from illuminated cadmium sulfide into attached titanium
and zinc oxide particles, J. Am. Chem. Soc. 109 (1987) 6632.

42] M.G. Kang, H.E. Han, K.J. Kim, Enhanced photodecomposition of 4-chlorophenol
in aqueous solution by deposition of CdS on TiO2, J. Photochem. Photobiol. A
125 (1999) 119.

43] R.A. Doong, C.H. Chen, R.A. Maithreepala, S.M. Chang, The influence of pH and
cadmium sulfide on the photocatalytic degradation of 2-chlorophenol in tita-
nium dioxide suspensions, Water Res. 35 (2001) 2873.

44] J.C. Tristao, F. Magalhaes, P. Corio, M.T.C. Sansiviero, Electronic characteriza-
tion and photocatalytic properties of CdS/TiO2 semiconductor composite, J.
Photochem. Photobiol. A 181 (2006) 152.

45] P. Pizarro, C. Guillard, N. Perol, J.M. Herrmann, Photocatalytic degradation of
imazapyr in water: comparison of activities of different supported and unsup-
ported TiO2-based catalysts, Catal. Today 101 (2005) 211–218.

46] M.C. Hidalgo, D. Bahnemann, Highly photoactive supported TiO2 prepared by
thermal hydrolysis of TiOSO4: optimisation of the method and comparison with
other synthetic routes, Appl. Catal. B 61 (2005) 259–266.
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