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a b s t r a c t

Under UV light, phenol degrades on the surface of Y2O3, an insulator, and the degradation follows
first-order kinetics, depends linearly on the light intensity and slows down with pH. The efficiency
of degradation is higher with UV-C light than with UV-A light. While particulate anatase TiO2, ZnO,
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ZnS, Fe2O3, CuO, CdO, and Nb2O5 individually photodegrade phenol, each semiconductor shows syner-
gism when present along with Y2O3, indicating electron-transfer from phenol adsorbed on Y2O3 to the
illuminated semiconductors.

© 2009 Elsevier B.V. All rights reserved.
nterparticle electron-transfer
hotocatalysis

. Introduction

Band gap-illumination of semiconductors generates electron-
ole pairs, electrons in the conduction band and holes in the
alence band [1]. Some of these pairs diffuse to the surface of
he crystal and involve in chemical reactions with the adsorbed
lectron donors and acceptors, leading to photocatalysis. The hole
xidizes the organics and the adsorbed oxygen molecule takes up
he electron, yielding highly unstable superoxide radical, O2

•− [2].
n the presence of water, O2

•− in turn generates reactive species
uch as HO•, HO2

•, and H2O2, which also oxidize the organics.
ater is adsorbed on the semiconductor surface, molecularly as
ell as dissociatively [3,4]. Hole-trapping by either the surface
ydroxyl groups or the adsorbed water molecules results in short-

ived HO• radicals, which are the primary oxidizing agents [5–8].
emiconductor-photocatalysis is of interest due to its application
n environmental remediation. But what we report here for the
rst time is photoreaction on the surface of Y2O3, an insulator
nd optical ceramic, used for coating aluminum and silver mirrors.
2O3 is a low-absorption material in the near UV (300 nm) to IR
11 �m) region and the widely studied phenol photodegradation is

he reaction taken up for the investigation; the semiconductors so
ar reported as photocatalysts for phenol degradation are TiO2 in
ifferent forms [9,10], dye-sensitized TiO2 [11], metal-doped TiO2
10], MoO3 [12], MoS2 [13], Fe2O3 [9,14], CuO [9], ZnO [9], ZnS [9],
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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SnO2 [13], ZrO2 [9,12], HgO [9], PbO [9], PbO2 [9], GdCoO3 [15],
CdSe/TiO2 [16], In2O3/TiO2 [17], WO3/WS2 [18], and PW12O40

3−

[14]. Moreover, the present study shows that the degradation on
Y2O3 is enhanced by semiconductors, an unusual synergism when
a semiconductor is present along with an insulator. Interparti-
cle charge-transfer between semiconductors is known; a couple
of reports are on charge-transfer between two particulate semi-
conductors [19,20] and the rest deal with coupled semiconductors
[21,22].

2. Experimental

2.1. Materials

Y2O3 (Sd fine), TiO2 (Merck), ZnO (Merck), ZnS (Sd fine), Fe2O3
(Fischer), CdO (Chemco), CuO (Sd fine) and Nb2O5 (Sd fine) used
were of analytical grade.

2.2. Photoreactors

The photodegradation was made in a multilamp photoreactor
fitted with eight 8 W mercury lamps of wavelength 365 nm (Sankyo
Denki, Japan), a highly polished anodized aluminum reflector and
four cooling fans at the bottom to dissipate the generated heat.

The reaction vessel was a borosilicate glass tube of 15 mm inner
diameter and was placed at the centre of the photoreactor. The
light intensity was varied by using eight or four or two lamps with
the angle sustained by the adjacent lamps at the sample as 45◦,
90◦ and 180◦, respectively. The degradation was also studied in a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:karunakaranc@rediffmail.com
dx.doi.org/10.1016/j.jhazmat.2009.01.034
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Table 1
Particle size and BET surface area (S).

Catalyst Size (�m) S (m2 g−1)

Y2O3 0.27–9.00 10.97
TiO2 2.6–27.6 14.68
ZnO 3.5–27.6 12.16
ZnS 0.115–2.60 7.67
Fe O 2.6–27.6 17.84
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Fig. 1. The fluorescence spectra of illuminated phenol, 200-times diluted

and a 6 W 254 nm low-pressure mercury lamp separately in the
micro-reactor under identical conditions reveals that UV-C light is
more effective than UV-A light to degrade phenol; the photocat-
alytic efficiencies of degradation at 365 and 254 nm-illuminations
2 3

uO 5.69–30.5 1.51
dO 2.6–11.4 14.45
b2O5 0.22–0.43 1.94

icro-photoreactor fitted with a 6 W 254 nm low-pressure mer-
ury lamp and a 6 W 365 nm mercury lamp. Quartz and borosilicate
lass tubes were used for 254 and 365 nm lamps, respectively. The
ight intensity under each experimental condition was determined
y ferrioxalate actinometry [23].

.3. Method

The photodegradation was carried out with 25 and 10 mL
f phenol solutions in the multilamp and micro-photoreactors,
espectively. The solution was continuously purged with air, which
ffectively kept the added catalyst under suspension and at motion.
he airflow rate was determined by soap bubble method. After
llumination, the catalyst was recovered by centrifugation and the
ndegraded phenol was analyzed fluorimetrically, after 100–500-
imes stepwise dilution. The excitation and emission wavelengths
ere set at 259 and 300 nm, respectively. The fall in the phenol

oncentration for a finite time of illumination afforded the degra-
ation rate and the results were reproducible to ±5%. A time lag
f at least 15 min was provided prior to illumination to ensure
re-adsorption of phenol on the catalyst. The dissolved O2 was mea-
ured using an Elico dissolved oxygen analyzer PE 135, the pH was
ead with a Systronics � pH System 361, the UV–visible spectra
ere recorded using a UV-1650 Shimadzu spectrophotometer, the
uorescence was measured with an Elico SL 174 spectrofluorime-
er and an Avatar 330FT-IR spectrometer was employed to record
he infrared spectra. The diffuse reflectance spectra were obtained
sing a Shimadzu UV-2450 UV–visible spectrometer with BaSO4 as
eference. Pre-sonication was made with a Toshcon SW 2 ultrasonic
ath (37 ± 3 kHz, 150 W).

. Results and discussion

.1. Catalysts characterization

The TiO2 used is of anatase form; the X-ray diffraction pat-
ern of the sample totally matches with the standard pattern of
natase (JCPDS 00-021-1272) and the rutile lines (00-034-0180 D)
re absent (Siemens D-5000 XRD, Cu K� X-ray, � = 1.54 Å, scan:
–60◦, scan speed: 0.2◦ s−1). The XRD of ZnO is that of the JCPDS
attern of zincite (00-005-0664 D; Bruker D8 XRD, CuK� X-ray,
= 1.5406 Å, scan: 5–70◦, scan speed: 0.050◦ s−1). The particle sizes,
etermined using particle sizer Horiba LA-910 or Malvern 3600E
focal length 100 mm, beam length 2.0 mm, wet (methanol) pre-
entation), are listed in Table 1. Also presented in Table 1 are the
etermined BET surface areas of the oxides and sulfides.

.2. Photodegradation on Y2O3
The effect of various reaction parameters like illumination time,
henol concentration, photon flux and pH on the photoreaction
as investigated using the multilamp-photoreactor with mercury

amps of wavelength 365 nm. Spectrofluorimetric and UV–visible
pectral studies show continuous removal of phenol under UV
stepwise after the recovery of Y2O3, recorded at 0, 15, 30, 45, 60, 75,
90, 105, 120 min (↓); [phenol]0 = 2.0 mM, Y2O3 loading = 0.10 g, airflow
rate = 7.8 mL s−1, [O2]dissolved = 12.6 mg L−1, phenol solution = 25 mL, � = 365 nm,
I = 25.4 �einstein L−1 s−1.

light with Y2O3 and complete removal on prolonged illumina-
tion (Figs. 1 and 2); the solution illuminated for 4 h neither shows
absorption in the UV region nor exhibits fluorescence. There is no
stripping of phenol due to purging of air. Further, the adsorption
of phenol on Y2O3 is small (∼0.2%) compared to its degradation
(12% in 15 min; conditions as in Fig. 1 but with 5.0 mM phenol).
Y2O3 exhibits sustainable photocatalytic activity. The recycled cat-
alyst without any pretreatment displays identical photocatalytic
efficiency. Determination of the degradation rates at different phe-
nol concentrations shows linear increase of the degradation rate
with phenol concentration revealing the first-order kinetics; in the
absence of Y2O3 the degradation is small (Fig. 3). Fig. 4 shows the
linear dependence of the degradation rate on the light intensity
and the loss of phenol due to photolysis is small. The photodegra-
dation at different pH, under the conditions as stated in Fig. 1
but with 5.0 mM phenol, reveals decrease of the degradation rate
(0.77 to 0.22 �M s−1) with pH (3.0 to 8.8); the pH of the solution
was modified by the addition of alkali or acid and measured after
allowing the added catalyst to attain equilibrium with the phe-
nol solution. The degradation using a 6 W 365 nm mercury lamp
Fig. 2. The UV–vis spectra of illuminated phenol, 200-times diluted step-
wise after the recovery of Y2O3, recorded at 0, 15, 30, 45, 60, 75, 90,
105, 120, 240 min (↓); [phenol]0 = 2.0 mM, Y2O3 loading = 0.10 g, airflow
rate = 7.8 mL s−1, [O2]dissolved = 12.6 mg L−1, phenol solution = 25 mL, � = 365 nm,
I = 25.4 �einstein L−1 s−1.
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ig. 3. Degradation as a function of phenol concentration; Y2O3 loading = 0.10 g, air-
ow rate = 7.8 mL s−1, [O2]dissolved = 12.6 mg L−1, phenol solution = 25 mL, � = 365 nm,
= 25.4 �einstein L−1 s−1, illumination = 15 min.

re 1.9% and 2.9%, respectively (10 mL 5.0 mM phenol, 0.10 g Y2O3
loading, 7.8 mL s−1 airflow rate, 12.6 mL g−1 dissolved O2). The pho-
odegradation requires dissolved O2. Deaeration of phenol solution
y purging N2 instead of air arrests the degradation (25 mL 5.0 mM
henol, 0.10 g Y2O3-loading, 25.4 �einstein L−1 s−1 at 365 nm, 12.6
nd 2.0 mg L−1 dissolved O2 in air- and N2-purged solutions, respec-
ively). Singlet oxygen quencher azide ion (0.10 M) fails to inhibit
he degradation pointing out the absence of the involvement of
O2 in the photodegradation. Vinyl monomer like acryl amide and
crylonitrile (5 mM) neither inhibits the photodegradation nor gets
olymerized revealing the absence of chain carriers in the solution
hase. Cationic as well as anionic micelles like cetyltrimethylam-
onium bromide, aerosol OT and sodium lauryl sulfate (5 mM)

o not suppress the degradation suggesting that the rate of pho-
odegradation is not governed by reaction in solution phase, if any.

enerally, the photocatalytic efficiency is susceptible to the sur-

ace and size modification of the catalyst particles. Sonication in
queous solution causes rapid formation, growth and collapse of
avities resulting in local high pressures and temperatures that are

ig. 4. Degradation as a function of photon flux; [phenol]0 = 5.0 mM, Y2O3 load-
ng = 0.10 g, [O2]dissolved = 12.6 mg L−1, phenol solution = 25 mL, � = 365 nm, airflow
ate = 7.8 mL s−1, illumination = 15 min.
Fig. 5. Diffuse reflectance spectra of bare and phenol-adsorbed Y2O3 (a) bare Y2O3,
(b) phenol-adsorbed Y2O3.

responsible for surface and particle size modification of the catalyst
[24]. However, pre-sonication does not alter the photocatalytic effi-
ciency; the rate of phenol degradation on Y2O3 is not significantly
influenced by pre-sonication for 10 min at 37 ± 3 kHz and 150 W;
for all the said experiments, the reaction conditions were as stated
in Fig. 1 but with 5.0 nM phenol.

3.3. Mechanism

Water molecules get adsorbed over Y2O3 surface [25]. Analyti-
cal experiments show adsorption of phenol on Y2O3. The infrared
spectrum of dried Y2O3, prior to illumination but after allowed
to attain equilibrium with phenol solution, exhibits characteris-
tic absorbance of aromatic –C C– and of –OH group at ∼630 and
∼3420 cm−1, respectively. On the surface of Y2O3, like that of Al2O3,
besides the acidic and basic sites, hydroxyl groups are also present
[25]. The acidic (Y+) sites may coordinate with the phenolic oxygen
and/or the basic O− group may involve in hydrogen bonding with
the –OH group of phenol. The slowdown of the photodegradation
with increase of pH indicates that it is the molecular phenol but
not the phenolate anion that gets adsorbed over Y2O3. The possible
degradation mechanism is the light absorption by phenol adsorbed
on Y2O3 surface leading to its excitation. The diffuse reflectance
spectra of the phenol-adsorbed Y2O3 and bare Y2O3 confirm the
same. While the absorption edge of phenol-adsorbed Y2O3 falls
on the wavelength of illumination the bare Y2O3 does not absorb
at the wavelength of illumination (Fig. 5). Transfer of the excited
electron to an adjacent adsorbed oxygen molecule may initiate the
phenol degradation. The report that 2,4,5-trichlorophenol forms a
charge-transfer complex with TiO2 which is activated by light of
wavelength as long as 520 nm resulting in photochemical reaction
supports the proposed mechanism [26]. The fact that the degra-
dation does not occur in the absence of dissolved oxygen is in
agreement with the proposition. The rest of the mechanism may be
similar to that of semiconductor photocatalysis. A possible reason
for the phenolate anion not getting adsorbed and photodegraded
over Y2O3 surface is that it exists significantly in basic medium
and the acidic sites on the oxide surface, which are required for
its adsorption, cease to exist in basic solution. Further, the increase
of pH favors the adsorption of hydroxide ion on the surface of Y2O3.
Ion-dipole repulsion between the negatively charged oxide surface
and the negative end of the phenolic -OH is possible. This may also
be a factor for the decrease of the adsorption and hence the degrada-

tion of phenol on the oxide with increase of pH. A possible reason
for the observed higher photonic efficiency with UV-C light than
with UV-A light is the larger absorption of the former by Y2O3;
the absorption edge of the oxide is close to the wavelength of the
illuminated UV-C light [27].
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Fig. 6. Absorption edges of semiconductors.

.4. Kinetic law

The Langmuir–Hinshelwood kinetic model is applicable to pho-
odegradation and the corresponding law is [28]:

ate = kK1K2ICS[phenol][O2]
(1 + K1[phenol])(1 + K2[O2])

here K1 and K2 are the adsorption coefficients of phenol and
olecular oxygen on the illuminated surface of Y2O3, k is the

pecific rate of degradation, S is the specific (BET) surface area
f Y2O3, C is Y2O3-loading per litre and I is the light intensity
n einstein L−1 s−1. The phenol solution was oxygen-saturated by
ontinuous purging of air and hence the dissolved oxygen concen-
ration remained constant during the photodegradation. Since K2
s constant K2[O2]/(1 + K2[O2]) is also a constant. The Langmuir-
inshelwood kinetic equation is valid for the observed results
rovided the adsorption coefficient of phenol on the illuminated
urface of Y2O3 (K1) is small so that 1 � K1[phenol]. This modi-
es the Langmuir-Hinshelwood equation to a linear dependence
f the degradation rate on the phenol concentration. Although the
dsorption of phenol on the surface of illuminated Y2O3 could not
e measured, the analytical results in dark shows that Y2O3 adsorbs
henol at 5 mM to less than 0.2%.

.5. Semiconductor photocatalysis

TiO2, ZnO, ZnS, Fe2O3, CuO, CdO and Nb2O5 catalyze the degra-
ation of phenol under UV light. All the stated semiconductors
xhibit band gap-excitation at the wavelength of illumination
nd Fig. 6, the diffuse reflectance spectra, confirm the same. The
etermined rates of photodegradation of phenol on TiO2, ZnO,
nS, Fe2O3, CuO, CdO and Nb2O5 are 0.77, 0.66, 0.88, 0.61, 0.55,
.66 and 0.66 �M s−1, respectively (25 mL 5.0 mM phenol, 0.10 g
atalyst-loading, 7.8 mL s−1 airflow rate, 12.6 mg L−1 dissolved O2,
5.4 �einstein L−1 s−1 at 365 nm).

.6. Synergism by semiconductors
Band gap-excitation of semiconductors in a coupled system
nables vectorial transfer of holes and excited electrons from one
emiconductor to another leading to enhanced photocatalytic effi-
iency and increased photocatalysis by semiconductor mixtures
s known [19,20]. But what we observe here is enhanced photo-
Fig. 7. Enhanced degradation by Y2O3 with semiconductors; [phenol]0 = 5.0 mM,
total catalyst loading = 0.10 g, airflow rate = 7.8 mL s−1, [O2]dissolved = 12.6 mg L−1, phe-
nol solution = 25 mL, � = 365 nm, I = 25.4 �einstein L−1 s−1.

catalysis due to the presence of a particulate semiconductor with
particulate Y2O3, both under suspension and at continuous motion
due to purging of air in the illuminated solution; semiconductor
was mixed and ground with Y2O3 and used as the photocatalyst.
All the semiconductors used show the enhancement with Y2O3
(Fig. 7). This is due to electron-transfer from the phenol molecule
adsorbed on Y2O3 to the illuminated semiconductor. The reason for
not observing the maximum photocatalytic efficiency at 50% com-
position could be the non-uniformity of the particle sizes and also
the densities of the catalysts.

4. Conclusions

Y2O3 mediates the degradation of phenol under UV light. The
degradation depends on phenol concentration, photon flux and
acidity of the solution. UV-C light is more effective than UV-A light
to degrade phenol on Y2O3 surface. While semiconductors TiO2,
ZnO, ZnS, Fe2O3, CuO, CdO and Nb2O5 individually photocatalyze
the degradation of phenol they show synergistic effect, an enhanced
photocatalysis, when present along with Y2O3 indicating abstrac-
tion of electron from phenol molecule adsorbed on Y2O3 by the
illuminated semiconductors.
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