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Abstract Oxalic acid is photooxidized on Sm,0Oj3 and the
oxidation follows first-order kinetics with a linear depen-
dence on light intensity. The photocatalytic efficiency is
higher with UV-C light than with UV-A light. While TiO,,
Zn0O, CuO, Bi,O5; and Nb,Os individually photocatalyze
the oxidation each semiconductor exhibits synergistic
effect when present along with Sm,0s5 indicating inter-
particle electron-jump from oxalic acid adsorbed Sm,0; to
the band gap-excited semiconductor on collision. The ease
of photooxidation of the acids on Sm,0Oj; is: formic >
oxalic > acetic > citric.

Keywords Insulator - Semiconductor -
Interparticle electron-jump - Photocatalysis

1 Introduction

Band gap excitation of semiconductors generates electron—
hole pairs, holes in the valence band and electrons in the
conduction band. A fraction of these electron-hole pairs
takes part in chemical reactions with electron donors and
acceptors, leading to photocatalysis. But we report here for
the first time photoreaction on the surface of Sm,Os, a
ceramic; the extensively investigated mineralization of
oxalic acid is the test reaction taken up for the study [1-9].
Also, our results reveal that the oxalic acid oxidation on
Sm,0; is enhanced by semiconductors, an unusual syner-
gism when a semiconductor is present along with an
insulator. Reports on interparticle charge-transfer between
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semiconductors are many; while a couple of studies are on
charge-transfer between two particulate semiconductors
[10, 11] others are in coupled semiconductors [12, 13].

2 Experimental

Sm»0;3 (S8d fine), TiO, (Merck), ZnO (Merck), CuO (Sd
fine), Bi,O5 (Sd fine), Nb,Os (Sd fine) and Al,O3 (Merck)
were of analytical grade and used as supplied.

Photooxidation was carried out in a multilamp photo-
reactor fitted with eight 8 W mercury lamps of wavelength
365 nm (Sankyo Denki, Japan), a highly polished anodized
aluminum reflector and four cooling fans. Borosilicate
glass tube of 15 mm inner diameter was used as the reac-
tion vessel and was placed at the centre. The light intensity
was varied by using two, four and eight lamps with the
angle sustained by the adjacent lamps at the sample as 180,
90 and 45°, respectively. The reaction was also studied in a
micro-photoreactor fitted with a 6 W 254 nm low-pressure
mercury lamp and a 6 W 365 nm mercury lamp. Quartz
and borosilicate glass tubes were used for 254 and 365 nm
lamps, respectively. The photon flux (/) of the light source
was determined under identical experimental conditions by
ferrioxalate actinometry.

The photooxidation was carried out with 25 and 10 mL.
of oxalic acid solutions in the multilamp and micro-pho-
toreactors, respectively. The solutions were purged with air
that effectively kept the added catalyst under suspension
and at continuous motion; the airflow rate was measured by
soap bubble method. After illumination, the oxide was
recovered by centrifugation and the unoxidized oxalic acid
was analyzed by alkalimetry and also by permanganometry
[1, 6], both results were identical. The decrease in acid
concentration for a finite time of illumination provided the
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reaction rate which was reproducible to £5%. A time lag
of at least 15 min was provided prior to illumination to
ensure pre-adsorption of the acid on the oxide. The dis-
solved O, was measured using Elico dissolved oxygen
analyzer PE 135, Avatar 330FT-IR spectrometer was used
to record the infrared spectra and the diffuse reflectance
spectra were obtained using Shimadzu UV-2450 UV-Vis-
ible spectrometer with BaSO, as reference. Pre-sonication
was made with Toshcon SW 2 ultrasonic bath (37 &
3 kHz, 150 W).

3 Results and Discussion

The TiO; used is of anatase phase; the XRD pattern of the
sample is identical with the standard pattern of anatase
(JCPDS 00-021-1272%*) and the rutile lines (00-034-0180
D) are absent (Siemens D-5000 XRD, CuK, X-ray,
A =154 A, scan: 5-60°, scan speed: 0.2° s_l). The XRD
of ZnO is that of the JCPDS pattern (00-005-0664 D) of
zincite (Bruker D8 XRD, CuK, X-ray, 4 = 1.5406 A scan:
5-70°, scan speed: 0.050° s~'). The diffraction pattern of
Al,O; matches with the standard JCPDS patterns of
7-Al,03 (00-001-1308 D, cubic: a 7.900, b 7.900, ¢ 7.900
A, 90.0°, £90.0°, 7 90.0°) and 3-Al,O5 (00-004-0880 N,
cubic: a 7.950, b 7.950, ¢ 7.950 A, o 90.0°, f 90.0°,
y 90.0°) revealing the presence of both the phases
(:x::52:48). The particle sizes, determined using particle
sizer Horiba LA-910 or Malvern 3600E (focal length
100 mm, beam length 2.0 mm, wet (methanol) presenta-
tion), are: TiO,: 2.6-27.6, ZnO: 3.5-27.6, CuO: 5.69-30.5,
Bi,03: 0.17-0.49, Nb,Os: 0.22-0.43, Al,O3: 2.6-57.7 um.
The BET surface areas were determined as: TiO,: 14.68,
ZnO: 1216, CuO: 151, Bleg 275, Nb205 194, A1203
10.63 m* g~ .

In presence of air under UV light, oxalic acid is oxidized
on the surface of Sm,0O5; and the influence of reaction
parameters like illumination time, oxalic acid concentra-
tion, catalyst loading and photon flux on the photoreaction
was investigated using the multilamp photoreactor with
mercury lamps of wavelength 365 nm. Oxalic acid gets
adsorbed over Sm,05 and the infrared spectrum of Sm;03
which was recovered from oxalic acid solution prior to
illumination and dried at 100 °C shows characteristic
absorbance around 1,640 and 3,440 cm™ ', The adsorption
of oxalic acid at 0.01 M under the conditions reported in
Fig. 1 is 5% while the photooxidation in 30 min is 57%;
the photooxidation results were corrected for adsorption.
Sm,05 does not lose its activity on repeated usage. The
recycled catalyst without any pre-treatment shows identical
photocatalytic activity. The exponential decrease of oxalic
acid concentration with illumination time reveals first-
order kinetics and in absence of Sm,0O; the oxidation is
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Fig. 1 Photooxidation of oxalic acid on Sm,0O5: concentration—

time profile. Sm,03 loading = 0.050 g, airflow rate = 7.8 mL s

[O2]dissolved = 24.7 mg L™!, oxalic acid solution = 25 mL, /=
365 nm, I = 25.4 pEinstein L™ 57!

small (Fig. 1). There is no loss of oxalic acid due to air-
purging. Determination of the photooxidation rates at dif-
ferent oxalic acid concentrations reveals linear increase of
the reaction rate with oxalic acid concentration confirming
the first-order kinetics (Fig. 2). Also, the photooxidation
rate increases linearly with photon flux (Fig. 3); the loss of
oxalic acid due to photolysis is small. Calculation of the
photonic efficiency (&) shows that it does not vary signif-
icantly with the light intensity (31.5 + 0.4%; conditions as
in Fig. 3). The efficiency of oxidation is moderately
enhanced by increasing the catalyst loading; doubling the
catalyst loading from 0.050 to 0.10 g improves the
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Fig. 2 Photooxidation as a function of concentration. Sm,03 load-
ing = 0.050 g, airflow rate = 7.8 mL s, [Oaldissolved = 24.7 mg
L’l, oxalic acid solution =25mL, A=365nm, [=254
pEinstein L™ s7!

@ Springer



224

C. Karunakaran et al.

20

Oxidation, uM s

0 I I
0 20 40 60

Photon flux, peinstein L"s”

Fig. 3 Photooxidation as a function of photon flux. [oxalic acid], =
0.050 M, Sm,0O; loading = 0.050 g, [Osldissolved = 24.7 mg L7,
airflow rate = 7.8 mL s~ !, oxalic acid solution =25 mL, A =
365 nm

photonic efficiency to 54% (conditions as in Fig. 3 but at
light intensity of 25.4 pEinstein L™' s™'). Study of the
oxidation using a 6 W 365 nm mercury lamp and a 6 W
254 nm low-pressure mercury lamp separately in the
micro-reactor under identical conditions shows that UV-C
light is more efficient than UV-A light to oxidize oxalic
acid; the photonic efficiencies of oxidation with illumina-
tion at 365 and 254 nm are 66.4 and 75.4%, respectively
(10 mL 0.050 M oxalic acid, 0.050 g Sm,0O;3 loading,
7.8 mL s~ ! airflow rate, 24.7 mg L~ ! dissolved 0,). Dis-
solved O, is essential for the photooxidation; deaeration of
oxalic acid solution by N,-purging instead of air arrests the
oxidation (conditions as in Fig. 3 with photon flux of
25.4 pEinstein L™' s and 24.7 and 3.3 mg L™ dissolved
O, in air- and N,-purged solutions, respectively). Anions
like C17, Br, SO42_ and NO3~ do not interfere in the
photoprocess. Vinyl monomers like acryl amide and
acrylonitrile (5 mM) neither suppress the photonic effi-
ciency nor get polymerized indicating the absence of chain
carrier in the solution phase. Anionic as well as cationic
micelles like aerosol OT, sodium lauryl sulfate and cetyl-
trimethylammonium bromide (5 mM) do not suppress the
photonic efficiency which suggests that the photooxidation
rate is not determined by reactions in solution. Azide ion, a
'0, quencher, fails to inhibit the oxidation indicating the
absence of involvement of 'O, in the photoprocess. Gen-
erally, the photocatalytic activity is susceptible to the
surface and size modification of the catalyst particles.
Sonication in aqueous solution causes rapid formation,
growth and collapse of cavities resulting in local high
pressures and temperatures that are responsible for surface
and particle size modification of the catalyst [14].

@ Springer

However, pre-sonication does not alter the photocatalytic
activity; Sm,0O3-catalyzed oxalic acid oxidation rate is not
significantly altered by pre-sonication for 10 min at
37 £ 3 kHz and 150 W. While oxalic acid is easily
photooxidized oxalate ion resists the same; the photonic
efficiency of oxidation of oxalate ion under the conditions
stated in Fig. 3 with photon flux of 25.4 pEinstein L™ s~
is 4.4% compared to 31.5% of oxalic acid. This suggests
that it is the undissociated acid but not the anion that gets
adsorbed over Sm,0O5 and undergoes oxidation.

Oxalic acid is adsorbed on Sm,O5. The acidic sites on
the surface of Sm,;0; may coordinate to the carbonyl
oxygen and/or the basic O~ group may be involved in
hydrogen bonding with the —OH group of the carboxylic
acid. The possible mechanism is the absorption of light by
oxalic acid adsorbed on Sm,0; leading to its excitation.
The diffuse reflectance spectra of oxalic acid-adsorbed
Sm,05 and bare Sm,0O5 confirm the same. While oxalic
acid-adsorbed Sm,0O;3 absorbs light at the wavelength of
illumination the bare Sm,O; fails to do so (Fig. 4).
Transfer of the excited electron to a neighboring adsorbed
oxygen molecule may initiate the degradation of oxalic
acid. The proposed mechanism is supported by the report
that 2,4,5-trichlorophenol forms a charge—transfer complex
with TiO, which is activated by light of wavelength as long
as 520 nm resulting in photochemical reaction [15]. The
fact that the reaction fails to occur in absence of oxygen is
in agreement with the suggested mechanism.

The Langmuir-Hinshelwood kinetic law is applicable to
photooxidation and hence [16]:

rate = kK, K,ICSacid][0,]/(1 + Kj[acid])(1 + K»[O2])

Absorbance

9
T + t T 1
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Wavelength, nm
a: Oxalic acid adsorbed Sm,0,, b: Sm,0,, c:Nb,Q,, d: Bi,0,, e:ZnO, f: CuO, g: TiO,

Fig. 4 Diffuse reflectance spectra
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where K; and K, are the adsorption coefficients of oxalic
acid and molecular oxygen on the illuminated surface of
Sm,03, k is the specific rate of oxidation, S is the specific
surface area of Sm;03, C is Sm,03-loading per litre and [ is
the light intensity in Einstein L™" s™'. As the acid solution
was oxygen-saturated by continuous air-purging the dis-
solved oxygen concentration remained constant during the
photooxidation. Since K, is constant K,[O,]/(1 + K>[O,])
turns to be a constant. The Langmuir-Hinshelwood kinetic
law is valid for the observed results provided the adsorp-
tion coefficient of the acid on the illuminated surface of
Sm,03 (K;) is small so that K[acid] < 1. This reduces the
Langmuir-Hinshelwood equation to a linear dependence of
the oxidation rate on the acid concentration.

With UV light TiO,, Nb,Os, CuO, ZnO and Bi,0;
catalyze the oxidation of oxalic acid. All the five semi-
conductors exhibit band gap excitation under UV-A light
as seen from their diffuse reflectance spectra (Fig. 4). The
measured rates of oxidation on TiO,, Nb,Os, CuO, ZnO
and Bi,O; are 11.9, 13.2, 9.5, 16.7 and 8.0 pM s~ !,
respectively (25 mL 0.05 M oxalic acid, 0.10 g catalyst
loading, 7.8 mL s~ ! airflow rate, 24.7 mg L~ dissolved
0O,, phenol solution = 25 mL, 25.4 pEinstein L !s!
photon flux at 365 nm, 10 min illumination). As expected,
under identical experimental conditions Al,Os, an insula-
tor, does not mediate the photooxidation of oxalic acid.

Band gap-illumination of semiconductors in a mixture
enables vectorial transfer of excited electrons and holes
from one semiconductor to another leading to enhanced
photocatalytic efficiency and improved photocatalysis by
semiconductor mixtures is known [10, 11]. But what we
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Fig. 5 Enhanced oxidation on Sm,03 with semiconductors. [oxalic
acid]y = 0.050 M, total catalyst loading = 0.10 g, airflow rate =
7.8 mL s™!, [Os]dissolved = 24.7 mg L™, oxalic acid solution =

25 mL, A = 365 nm, [ = 25.4 pEinstein L™' s~

report here is enhanced photocatalysis due to the presence
of a particulate semiconductor with Sm,03, both kept
under suspension and at continuous motion by purging of
air in the illuminated solution. All the five semiconductors
used show the enhancement with Sm,O3 (Fig. 5). This is
because of hole-transfer from the illuminated semicon-
ductor to the oxalic acid molecule adsorbed on Sm,O;
during collision.

Sm,0O; effects the oxidation of formic, acetic and citric
acids also under UV-A light and the ease of oxidation is:
formic acid (91.4%) > oxalic acid (31.4%) > acetic acid
(25.5%) > citric acid (3.0%); the values given in parenthesis
are the photonic efficiencies under the conditions as in Fig. 5.

4 Conclusions

Sm,0O5; mediates the oxidation of oxalic acid under UV-A
light and the photonic efficiency is larger with UV-C light.
The oxidation follows first-order kinetics on oxalic acid
and shows linear dependence on photon flux. TiO,, Nb,Os,
CuO, ZnO and Bi,03 individually photocatalyze the oxi-
dation of oxalic acid and with Sm,0Oj3 they show synergistic
photocatalysis, an enhanced oxalic acid photooxidation,
implying hole-transfer from the illuminated semiconduc-
tors to oxalic acid adsorbed on Sm,05 during collision. The
photonic efficiency of oxidation on Sm,O; surface is of the

order: formic acid > oxalic acid > acetic acid > citric
acid.
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