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In the present study anchoring of hemin a protoporphyrin IX Fe (III) molecule on the surface of SrTiO;/SnO,
composite (H-(STO / Sn0,)) is attempted. STO / SnO, composite show activity under visible light due to the
staggering band edge positions. However the activity under solar light is very poor. When hemin is anchored on
the STO/SnO, composite the activity increases by 22 folds. The activity can be further improved by the addition of
H,0; as an oxidant by 70 folds. This higher activity in presence of H,O, can be due to the synergistic effect of
photocatalysis, photosensitization and photo-Fenton process. The higher efficiency of H-(STO / SnO,) composite
sample along with H,O, can also be accounted to the efficiency of non-radiative electron-transfer through Inter

System Crossing (ISC) from the excited singlet to triplet state which increases the life time of the charge carriers.
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generated charge carriers.

Triplet state is more favorable than the excited singlet state for the transfer of electrons from the hemin molecule
to the conduction band of H-(STO / SnO,) composite and in turn to the adsorbed oxygen molecule. The actual life
time of singlet state is~10" s and the triplet state is~10 s. The process of electron trapping either by oxygen triplet
or by Fe’* ion in the hemin molecule (in the presence of H,O,) reduces the rate of recombination of photo
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INTRODUCTION

STO is one of the most interesting photo catalyst for both
water splitting reaction and photo degradation of organic
pollutants because of its strong catalytic activity, non-toxicity,
chemical stability, photochemical stability and good biological
compatibility. STO is a bimetallic oxide possessing perovskite
structure (Jinshu Wang, 2004; Tarawipa Puangpetch, 2008 and
Gomathi Devi, 2018). SnO, is a wide band gap semiconductor
and can absorb only UV light of shorter wavelength (Gomathi,
2018; Wang Cun, 2002 and Lin Xu, 2012). STO is usually
coupled with other semiconductors of lower band gap which is
a novel approach to achieve efficient charge separation. The
coupling increases the life time of the charge carriers and
enhances the charge transfer process especially at the interface.
The excitation of one of the semiconductor can lead to the
transfer of electrons into the lower lying conduction band (CB)
of the second semiconductor. The hole formed in this process
can accumulate in the valance band (VB) of first
semiconductor. Hence excited electrons and holes are
separated effectively leading to the enhanced photocatalytic
activity. The interfacial charge transfer process can be
considered as band gap engineering provided the metal oxides
have compatible band gap structure. In the present case STO
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and SnO, when used individually possess two major
drawbacks: 1) both the materials require an excitation
wavelength that falls in the UV region which hampers the
exploitation of solar light in the photocatalytic reaction and ii)
the rate of recombination of photogenerated charge carriers
reduces the quantum efficiency of photocatalysis. Hence an
attempt is made to incorporate these two materials in a
composite and to focus on the charge transfer mechanism
between them so that the above mentioned drawbacks can be
overcome. Further an attempt is made to modify the metal
oxide surfaces by the hemin which is an inorganic metal
complex. Molecular modification of wide band gap metal
oxide semiconductor is a field of high interest in
heterogeneous catalysis/most of the reported studies in the
literature are mainly concerned with semiconductor
modification especially by highly conjugated organic dye
molecules (Shendong Zhuang, 2014). The photosensitization
by dyes, ruthenium polypyridyl complexes, porphyrins etc.,
have shown to be better technique for an excellent visible light
harvesting with higher efficiency compared with other
methods (Pan Zhang, 2010 and Andrea Maldotti, 2011).
Inorganic metal complexes can act as photosensitizers in which
a transition metal ion is bonded to either inorganic or organic
ligands. These ligands are coordinately bond to the central
metal ion. Inspired by the biological systems like
photosynthesis, many different compounds like hemin can be
used as a sensitizer which can mimic the naturally occurring
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reactions due to its excellent oxidative capacity. Hemin is a
class of macrocyclic compound with rigid conjugate structure.
Hemin shows strong absorption in the 400-450 nm region
which is referred to as Soret band and also in the 500-700 nm
region which is called Q-band. Hemin possess excellent
chromophoric activity over the entire region of solar spectrum
and it possess good electron donating properties due to their
large m electron system. One of the most significant techniques
to obtain efficient selective and reusable catalyst is to
immobilize metalloporphyrins on the catalyst surface. The
extension of the absorption in the visible region is due to the
extensive system of the delocalized 7 electrons. Hemin is
known to be a good photosensitizer due to the excellent
photophysical properties like high quantum vyield for inter
system crossing with small singlet—triplet splitting energy and
long triplet state life time. Anchoring of the hemin on the
surface of the SrTiO; / SnO, (STO/SnO;) composite can be
considered as hybrid of organic and inorganic counter parts
with real excellent catalytic prospective.

MATERIALS AND METHODS

Tetra butyl titanate (97%) was obtained from Sigma Aldrich.
Citric acid, strontium nitrate, ethanol (HPLC grade), Hemin,
acetonitrile AR and Tin chloride (SnCl,.2H,0) and dimethyl
sulfoxide and acetonitrile (DMSO) were obtained from Merck
Chemicals Limited. Hydrogen peroxide (30%w/v) was
obtained from Sisco-Chemical Industries. =~ Ammonia,
Rhodamine B (RhB) and dimethyl sulfoxide, were obtained
from SD Fine Chemicals. Double distilled water was used
throughout the experiment.

Preparation of STO, SnO, and STO/ SnO, composite: STO
and SnO, were prepared by using the methods reported earlier.
STO/ SnO, composite was prepared by mechano-chemical ball
milling process. This process involves combining STO and
SnO, in 1:1 ratio and subjecting it to the ball milling process in
the reactor. During the process of ball milling 5-10 ml of water
was added. The ball milling process was carried out for about 3
hours at a speed of 600 rpm. The obtained powder was dried at
110°C in an oven to obtain STO/ SnO, composite.

Preparation of H-(STO/ SnQO,;) composite: Surface
modification of STO/ SnO, composite by hemin was carried
out by immersing 1 g of the composite catalyst in 5 uM hemin
solution (Aruna Kumari, 2015). The solvent used is 1:1
mixture of  dimethyl sulfoxide and  acetonitrile
(DMSO/CH;CN). The catalyst was immersed in the hemin
solution for 24 h. Further the catalyst particles were separated
by the centrifugation method and the sample was dried at room
temperature.

Characterization of the photo catalysts: The prepared
samples were characterized by the following techniques. The
powder X-ray diffraction (PXRD), Fourier transform infrared
(FTIR) spectra, absorption spectra (DRS), scanning electron
microscopic (SEM) technique, EDX analysis, Brunner—
Emmet-Teller (BET) studies. The details pertaining to
characterization process and the elaborate experimental
procedures are mentioned in our previous reports (Gomathi;
Bui, 2013). The residual concentration of the Rh B at different
time intervals during the reaction process was monitored by
the UV-visible absorption technique at 554 nm (Apay)-
Electrical impedance (EIS) measurements were carried out in
an electrochemical work station (CH Instruments model

CHO601E). The electrochemical cell consists of three
electrodes. The working and the counter electrodes were made
of Pt. The current / potential measurements were made with
respect to Ag/AgCl standard electrode. The electrolytes used is
a mixture of [K; Fe (CNy)] and [K4 Fe (CNg)] in 0.5 M KCl
solution. Working electrode was prepared by using graphite
powder along with the appropriate amount of photo catalysts
sample in the ratio of 80:20. Few drops of silica gel is used as
a binder. The resulted paste is packed into the cavity of
polypropylene tube (2.55 mm internal diameter and Smm
depth). Copper wire is used as an electrical contact.

RESULTS AND DISCUSSION

PXRD studies: PXRD patterns of STO, SnO, STO/ SnO,
composite and H-(STO/ SnO,) composite are given inFig.1 a
& b).The peaks pertaining to STO can be represented by the
following 20 values of 32.35° (110), 39.91° (111), 46.42°
(200), 57.72° (211), 67.74° (220) and 77.09° (310) (JCPDS
card No: 74-1296). These 20 peaks were observed distinctly in
STO, STO/ SnO, composite and H-(STO/ SnO,) composite
samples. The peaks corresponding to SnO, were observed at 20
values of 26.61° (110), 33.89° (101), 37.95° (200), 51.78°
(211), 54.75° (220), 57.82° (002), 61.87° (310), 64.71° (112),
65.93° (301), 71.27° (202) and 78.71° (321) (JCPDS card of
SnO,, No. 41-1445). SnO, STO/ SnO, composite and H-
(STO/ SnO,) composite samples show these distinct peaks (the
numbers in the parenthesis indicates the hkl values). From the
PXRD pattern it could be concluded that there was no
detectable change in the structure of either STO or SnO,in both
the composites. Anchoring of hemin on the surface of STO/
SnO, composite had not influenced any structural change. No
characteristic peak corresponding to hemin was observed since
the concentration of hemin was well below the PXRD
detection limit. The PXRD results confirmed the existence of
both STO and SnO, in the composite. Percentage composition
of STO and SnO, in the STO/ SnO, composite is further
confirmed by the qualitative analysis and the values were
found to be 50 % for each of individual constituent
respectively (Gomathi, 2018).

UV-Visible absorption spectral studies: The Fig.2 shows
absorption spectra of STO, SnO,, STO / SnO, composite and
H-(STO / SnO,) composite samples. STO exhibits a strong
absorption band in the UV region corresponding to charge-
transfer from the VB to CB at 389 nm. The band gap energy
values were calculated by using the formula E, =1240/A, where
A is the wavelength of maximum absorption of the catalyst.
The optical absorption threshold for SnO,, STO / SnO,
composite and H-(STO / SnO,) composite samples were
observed at 344 nm, 395 nm and 436 nm corresponding to the
band gap of 3.6 eV, 3.12 eV and 2.84 eV respectively. The
hemin anchored sample shows red shift in the absorption
towards the visible region. This extension in the absorption
towards the visible region could be due to the delocalization of
n-electrons in the porphyrin ring (Soret bands). The expansion
of the Q-band region around 450-550 nm corresponds to the
ay, () to ey (m) transition for H-(STO / SnO,) composite. This
prominent absorption confirms the presence of chemisorbed
hemin molecules on the surface of STO / SnO, composite.

FTIR studies: FTIR spectra provide specific information
about the molecular structure, chemical bonding and molecular
environment (Fig. 3 a&b).
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Fig. 1. PXRD patterns of (a) STO, SnO, STO/ SnO, composite and
(b) STO/ SnO, composite and H-(STO/ SnO,) composite
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Fig. 2. UV-visible absorption spectra of STO, SnO,, STO / SnO,
composite and H-(STO / SnO,) composite samples

The FTIR spectra of the hemin system can be better
understood by considering its structure as shown in the
scheme. 1 which shows the protoporphyrin (IX) ring system
with Fe (III) occupying the center of its cavity along with a
coordinated chloride ion. The Fe (III) center is square
pyramidal in geometry, due to the high spin penta coordination
of ligands. The porphyrin ring has several side chains like
carboxyethyl, vinyl and methyl groups. Fig. 3 shows the FTIR
spectra of STO, SnO,, STO / SnO, composite and H-(STO /
SnO,) composite samples. STO shows characteristic band
around 447 cm™ and 537 cm™ are corresponding to the bending
and stretching vibration of Ti-O bonds in TiOg octahedron.
SnO, shows peak splitting around 400 nm to 600 nm
corresponding to the asymmetric and symmetric starching of
Sn-O in Sn-O-Sn bond. In the case of STO / SnO, composite
and H-STO / SnO, composite, these vibrations overlap with
one another and speculation of such vibrations becomes rather
difficult. The hemin anchored sample shows two
characteristics broad bands around 3480-3600 cm ™' and 1640
cm ' are ascribed to the stretching and bending modes of
vibrations of chemisorbed and /or physisorbed H,O molecule

on the catalyst surface, which confirms the existence of Ti-OH
vibration. Further, these peaks also confirm the presence of
uncoordinated -COOH group and hydrogen bonded -COOH
groups of adsorbed hemin molecule. The spectra of hemin
anchored catalysts show an highly intense band at 1020 cm™'
due to the C-O stretching vibration and a split peak around
1450-1400 cm™' corresponding to C=O vibrations of surface
bound carboxylic acid and hydrogen bonded carboxylic acid
respectively. FTIR study confirms the binding of hemin
molecule to the metal oxide surface through O=C-O-Ti bond.

Scheme. 1. Structure of hemin
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Fig. 3. The FTIR spectra of STO, SnO,, STO/SnO, composite and
H-(STO/Sn0,) composite samples

SEM analysis: The surface morphology of all the samples
were studied from the SEM images (Fig. 4). The morphology
of the unmodified catalysts were found to be spherical and the
composites show agglomeration. The morphology of H-(STO /
Sn0O,) composite sample is very much similar to the STO /
SnO, composite. EDX technique was used to determine the
composition of H-(STO / SnO;) composite which shows the
presence of all the elements Sr, Ti, Sn, O, Fe, N, C and CI (Fig.
5) and Table.l shows the weight percentages of respective
elements in H-(STO / SnO,) composite sample.

XPS studies: XPS technique is used to obtain more detailed
information on the chemical state of ions in the H-(STO /
SnO,) composite sample (Fig. 6). XPS spectra of O 1s shows
two BE peaks at 529.6 eV and 532.2 eV for oxygen linked
with Sr / Ti or Sn metal ion and the oxygen bonded to
hydroxyl ion respectively.
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Fig. 4. SEM images of (a) STO, (b) SnO, (¢) STO / SnO, composite
and (d) H-(STO / SnO,) composite samples.
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Fig. 5. EDX spectra of (a) STO, (b) SnO, and (¢) H-(STO / SnO,)
composite samples.

Cls spectrum shows the five distinct peaks corresponding to
284.4 eV (C-C), 285.8 eV (C-N), 286.4 ¢V (C-0), 288.6 eV
(C=0) and 288.79 eV (O—C=0). N 1s spectrum shows a single
BE peak at 399.3 eV corresponding to the four chemically

equivalent N atoms which are bound to the central Fe atom in
the porphyrin ring. The XPS spectrum of Fe 2p has three BE
peaks at 709.75 eV (Fe 2 p 3), 71437 eV (Fe 2 p 1/2), and a
satellite peak at 712.28 eV. The BE peaks of Fe 2 p ;, are
usually expected to be found between 710.6 and 711.2 eV. The
shift observed in the present case is due to the strong
interaction. Similarly N 1s BE peak is expected at 401.8 eV.
But in the present case the BE peak is shifted by ~1.5 eV
suggests a strong interaction of hemin molecule with STO
/SnO, composite.
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Fig. 6. High resolution XPS spectra of Ols, Cls, N1s and Fe 2p
spectrum of H-(STO / SnO,) composite sample.

Electrical Impedance study (EIS): Electrical impedance
spectroscopy is an effective technique for probing the
resistance offered by the material for the conduction of current.
The magnitude of the arc radius determines the resistivity
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offered by the catalyst system. Smaller the arc radius higher
will be the charge transfer efficiency and vice versa. EIS of all
the samples are shown in Fig. 7. H-(STO / SnO,) composite
sample shows lowest radius compared to all the other samples.
STO and SnO, show almost similar high resistivity. The
resistivity of the STO / SnO, composite is less than the STO
and SnO, samples and it is higher than the H-(STO/Sn0O,)
composite.
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Fig. 7 Electrical Impendence spectra of STO, SnO, STO / SnO,
composite and H-(STO / SnQO,) composite samples
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Fig. 8 plot of In C/C, versus time in minutes for the degradation
of RhB

Photocatalytic activity: The photocatalytic activity of STO,
SnO,, STO / SnO, composite and H-(STO / SnO,) composite
samples were evaluated for degradation of RhB under the solar
light irradiation. The activity of STO and SnO, was very poor
due to their higher band gaps. STO / SnO, composite showed
only 16 % degradation under the illumination of solar light
with the rate constant values of 0.133 x 102 min' and
0.081x10% min' respectively. H-(STO/SnO,) composite
showed 99 % degradation in 60 min time duration with rate
constant value of 6.72 x 10”min ' due to the photosensitization
process by hemin molecule. Further the degradation reaction
using H-(STO / SnO,) composite was carried out in the
presence of an oxidant like H,O,. This reaction showed
remarkable increase in the reaction rate and the degradation
was completed within 30 min with a rate constant value of
21.408 x 107 min"'. Fig. 8 shows the extent of degradation of
RhB versus irradiation time for all the four mentioned catalysts
systems. The photocatalytic activity shows the following
increasing order: RhB + hemin <SnO, < STO < RhB < STO /
Sn0,<H-(STO / SnO,) < H-(STO / SnO,) composite + H,0,.
The plot of In C/C, versus time in minute gives a straight line
with negative slope which is equal to —k, which demonstrates
that the reaction was found to follow approximately first order
kinetics (Fig. 8). Cy and C are the concentration of RhB at time
zero and at time t and k is the reaction rate constant.

Results shows that the RhB itself can absorb solar light and
self-destruction takes place which shows that 11 % degradation
in 60 min. Further the reaction in which both RhB and hemin
are taken, the degradation efficiency was reduced to 4%. This
can be due to the recombination of photo generated electrons
migrated from RhB to hemin due to the staggering of HOMO
and LUMO energy levels of both these molecules (Shendong
Zhuang, 2014 and Pan Zhang, 2010). The enhanced activity of
H-(STO / SnO,) composite along with the H,O, oxidant can be
attributed to: i) photosensitization by both hemin and RhB
molecules; ii) occurrence of photo Fenton type of reactions due
to the presence of H,0, and Fe which exists in multiple
oxidation states (Fe’" and Fe"); iii) suitable band edge
positions of composite with respect to hemin and RhB and iv)
efficient separation of photoinduced electron hole pairs. The
photocatalytic degradation reaction can proceed in two
different ways: i) photoexcitation of electrons from VB to the
CB due to the mixing up of energy levels of STO and SnO, and
ii) photosensitization by hemin or RhB molecule where
anelectron is excited from highest occupied molecular orbital
(HOMO) to lowest unoccupied molecular orbital (LUMO).
This electron further moves into the CB of either STO or SnO,
semiconductor. The percentage degradation and rate constant
values of all the experiments are given Table 1.

Table 1. Type of catalyst, duration of the reaction time period, %
degradation and the rate constant values for STO, SnO,, STO /
SnO, composite and H-(STO / SnO,) composite samples for the
degradation of RhB

Reaction Time in min % degradation  kx10%(min")
RhB + hemin 60 35 0.072
SnO, 60 4 0.08
STO 60 6 0.13
RhB 60 11 0.22
STO/SnO, 60 16 0.33
H-(STO / SnOy) 60 99 6.72
H-(STO / Sn0,)+H,0, 30 99.9 21.4
A Hemin + H* + HO,"
Fe*
\ X ‘
0— <.> Hemin 10, \m;‘l’l‘:l ¢
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Scheme 2: Electronic energy levels of RhB, hemin, STO / SnO,
composite with respect to vacuum representing various electronic
transitions and interfacial charge transfer process depicting the
generation of highly active singlet oxygen ('O, 1| 1| ) from less
active triplet oxygen 30,(11).

The stepwise vectorial electron transfer takes place in the
following way (Scheme 2): i) from the LUMO of RhB to
LUMO of hemin (path I); ii) from LUMO of hemin to HOMO
of RhB showing recombination of photogenerated charge
carriers (path II); iii) from the LUMO of RhB / hemin to the
CB of STO / SnO,composite (path III). The excitation of RhB
can be expressed in the following way:
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RhB + jp —Vsiielieht_, ppp~ Excitation of dye (8.1)
RhB” +H-(STO/Sn0O,) —» RhB** + H-(STO/Sn0,)("e.,) Electron injection via hemin/directly (8.2)

Hemin [H] can be activated from its ground state to excited
singlet state '[H]* through one photon absorption under visible
light. The Ay, of hemin can be observed in the visible light
region due to the presence of extensive conjugation system
along with its delocalized m electrons. These excited singlet
states could be relaxed to the lowest excited triplet state *[H]*
through non-radiative Inter System Crossing (ISC) path way
[11]. The life time of singlet state is quite shorter ~10” s than
the life time of the triplet excited state~ 10” s, which gives
enough time for the subsequent transfer of excited electrons to
the CB of STO or SnO, in the H-(STO / SnO,) composite,
since the LUMO of hemin molecule is situated above the CB
of STO [11]. The band edge positions of STO and SnO, in the
composite can be found by using the following formulae:

E,=y—E~05E,
Ey=E,+E,

Where, Ecg and Eyp are the CB and VB edge potentials, y is
the absolute electro negativity of the semiconductor, which is
the geometric mean of the electro negativity of the constituent
atoms. E, is the energy of free electrons on the hydrogen scale
(4.5 eV), E, is the band gap energy of the semiconductor. Ecp
and Eyg of STO were determined to be —1.145 and 2.025 eV,
while those of SnO, are positioned at -0.05 and 3.55 eV wvs.
NHE (normal hydrogen electrode) respectively. Ecg of SnO,
lies below the Ecg of STO thus, the electrons captured in the
CB of STO would smoothly transfer to the CB of SnO, in the
composite. The electrons in the CB of SnO, cannot react with
molecular O, to produce ‘O”” radicals because of unsuitable
band edge positions. But the electrons in the CB of STO could
react with molecular O, to produce O* and radicals. These
O” in turn reacts with water to give peroxo radical (HOO"),
which ultimately give rise to highly active ‘OH radicals. On the
other hand the holes in the VB of hemin can react with water
molecule or hydroxyl anion to produce hydroxyl free radicals.
Thus, the recombination of photogene rated electrons and
holes could be quenched to the maximum extent, which in turn
facilitates the photo catalytic degradation of RhB dye. The
various proposed reaction path ways can be summarized as
follows:

[H]+ J —visblelight 1fppe qpy_ NeasalisieISC, 31p71*  Excitation of hemin (8.3)
'OH] > H +e )

e+H-(STO/SnO,) - H-(STO/Sn0,)("ez;)
H-(STO/Sn0,)("eg) +O, — O, +H-(STO/SnO, )" Electron trapping by molecular oxgen (8.6)

Electron transfer from hemin 8.5)

H+(STO/Sn0,)("e ;) +0," +H™ — H-(STO/Sn0,) + HOO* 8.7)
HOO' +H" - H,0, (8.8)
H,0, +e.; - HO" +OH" 8.9
H-(STO/Sn0,)* + OH~ —H-(STO/Sn0,) + HO* (8.10)
RhB" /RhB+O,” -»—— CO, +H,0, Minerlization process (8.11)
RhB™* /RhB+HO" —-—— CO, +H,0, Minerlization process (8.12)

The possibility of formation of highly active singlet oxygen in
the case of porphyrins is confirmed by the previous study.
Formation of singlet oxygen ['O,] is possible by the electron
transfer from the LUMO of hemin molecule directly to the
triplet state of oxygen or by two step electron transfer process
i) electron transfer from the LUMO of the hemin molecule to
the CB of STO and ii) electron transfer from the CB of STO to

the triplet oxygen state. Singlet oxygen ['O,] can enhance the
rate of oxidation of pollutant RhB molecule. In addition to this,
upon addition of H,0O, as a strong electron acceptor the rate of
the reaction is enhanced by 4 folds for H-(STO / SnO,)
composite with a rate constant 21.408 x 10% min'. There is a
remarkable enhancement in the rate of photocatalytic
degradation due to the continuous cyclic process in which Fe**
ion of hemin reacts with H,O, to generate Fe*" ion and peroxo
radical (HOO") and this free radical in turn can react with Fe**
ion in presence of H" ions to regenerate Fe** ion and H,0,.
The H,0,; can act as an electron acceptor and traps the photo
generated electrons. Hopping of electron between Fe’" and
Fe’'oxidation states is common in the photo-Fenton type of
process. When Fe®* accepts the electron its stability is lost and
this type of trapping is called as shallow trapping.

H,0,+F&" —Fe”"+HO, +H” (8.13)

Fe*” +HO," —Fe* +H,0, (8.14)

H,0, +0,” »HO +HO +0, (8-15)
Conclusion

STO and SnO, are wide band gap metal oxide semiconductors
which shows activity only under UV-light. But when these two
semiconductor materials are coupled with one another in a
composite, they show activity under visible light due to the
staggering of band edge positions. However the activity under
solar light irradiation is very low due to the higher extent of
recombination  of  photogenerated  charge  carriers.
Photosensitization process dominates when hemin is anchored
on the STO/SnO, composite. The synergistic effect between
photo catalysis and photo Fenton process increases the activity
of H-(STO/Sn0O,) composite in presence of H,O, as an oxidant
and the reaction rate increases by 70 folds. The higher
efficiency of H-(STO/SnO,) composite sample along with
H,0, can also be accounted to the efficiency of non-radiative
electron-transfer process through ISC from excited singlet to
triplet state increasing the life time of the charge carriers.
Triplet state is more favorable than the excited singlet state for
the transfer of photo generated electrons from the hemin
molecule to the CB of H-(STO / SnO,) composite. These
electrons in turn are transferred to the adsorbed oxygen
molecule. The limiting parameter in all the reactivity studies is
the life time of a particular state. The actual life time of singlet
state is~10” s and the triplet state is~107 s. A short lived state
of high reactivity can be less efficient in the reaction than a
long lived state of lower reactivity. The process of electron
trapping either by oxygen triplet or by Fe’" ion in the hemin
molecule (in the presence of H,0,) reduces the recombination
of photo generated charge carriers to a greater extent.
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