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modified Ti02 surface using visible light
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Degradation of cationic CPC (cetyl pyridinium chloride),
anionic DBS (sodium dodecylbenzene sulfonate) and neutral
Triton-X 100 (octylphenyl polyoxyethylene ether) surfactants in
air-equilibrated aqueous mixtures has been achieved on the
surface of Ti0 2 semiconductor modified with Thionine, Eosin Y
and Nile blue A by using visible light. Under 8 hr of irradiation
with a SOW tungsten lamp, over 4S-6S% degradation of
surfactants has been observed. A working mechanism involving
excitation of surface adsorbed dye, followed by charge injection
into the Ti0 2 conduction band and formation of reactive ·OH
radical s is proposed.

A variety of surfactants, which are difficult to
biodegrade but is used in industrial and domestic
fields , are of great concern with regards to
environmental issues like the contamination of water.
Semiconducting Ti0 2 has proved to be the
exceptional for photocatalytically decomposition of
water-bound organic compounds as evidenced by the
persistent efforts in this area l -6 . However, the vital
drawback of Ti02 semiconductor is that it absorbs
only a small portion of solar spectrum in the UV
region (bandgap energy of Ti02 is 3.2 eV) . Hence, in
order to harvest maximum solar energy, it is
necessary to shift the absorption threshold towards
visible region. Dye sensitization 7-12 would seem to be
an attractive technique to deal with the above
difficulties. Surface adsorbed dye (sensitizer) upon
illumination with visible light gets excited and effects
charge injection into the conduction band of Ti0 2
semiconductor at sub-bandgap excitation. The
catalytic process is followed through interfacial
electron transfer.
Photocatalytic degradation of water bound
pollutants in Ti0 2 dispersion using visible light is our
current research interest ' 3. '4 . In the present
investigations we have explored the possibility of
photodegradation of various cationic, anionic and
non-ionic surfactants using Ti0 2 semiconductor
particles modified with thionine, nile blue A and eosin
Y. The photoexcited state redox properties of thionine

Na

Eosin-Y

Thionine

Nile Blue A

and nile blueA are different than eosin Y. While
thionine '5 and nile blueA 16 behave generally as
electron acceptors at the excited state, eosin Y gives
up electron upon excitation with visible light 17 . We
wish to report herein the results of our studies on
visible light assisted decomposition of some common
surfactants, viz., CPC (cetyl pyridinium chloride;
cationic), DBS (sodium dodecylbenzene sulfonate;
anionic)
and
Triton-X
100
(octylphenyl
polyoxyethylene ether; non-ionic) catalyzed by
suspended dye modified Ti02 semiconductor
particulate system. In this note we compare the
photodegradation of surfactants with regards to their
charges and structure. We also discuss the efficacy of
the photocatalytic system in terms of the excited state
redox properties of the surface adsorbed dyes.

Experimental
Semiconductor grade Ti02 (obtained from Fluka)
was used for the present investigation. GPR grade
CPC (obtained from E Merck), technical grade DBS
(obtained from Fluka) and scintillation grade Triton
X-IOO (obtained from E Merck) were used for the
photodegradation studies. All other chemicals used
were of AR grade and doubly-distilled water was used
throughout the experiment.
Spectrophotometric measurements were made with
a GBC Cintra 10 UV-vis spectrophotometer.
Fluorescence measurements were carried out with a
Hitachi F-4010 spectrofluorometer at the Chemistry
Department, Burdwan University.
Surface modification of semiconductor grade Ti0 2
and characterization of surface modified dyes were
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carried out by adopting the procedure reported
elsewhere l4 . In a typical experiment, a saturated
solution of dye (PH -3) containing Ti0 2 (500 mg) was
magnetically stirred for 4 hrs in dark. The uptake
estimated spectrophotometrically by measuring the
free dye and in the supernatant liquid obtained after
filtration was found to be 543 Jleqv/g for thionine,
576 Jleqv/g for nile blue A and 521 Jleqv/g for eosin
Y. Spectra of the dyes adsorbed on Ti0 2 surface were
taken in a qualitative manner by rubbing the solid
sample on a piece of transparent paper and placing it
into the optical path of built-in cell holder of the
spectrophotometer (another piece of the same paper
was placed in the reference cell-holder).
Photocatalytic studies
In a typical photocatalytic experiment, aqueous
suspension (50 ml) of surfactant (0.1 mmol)
containing 100 mg of surface modified photocatalyst
designated as TiOrD was taken in a flat-surfaced
glass reactor. The pre-aerated reaction mixture was
illuminated with a 50 W tungsten lamp (Philips
Medical Spot Lamp encompassing the wavelength
range 420 nm-800 nm; inner dia. of the focus tube =
5.1 cm) under continuous magnetic stirring. The
distance between the lamp and the glass-reactor
containing reaction mixture was fixed at 8 inch.
Oxygen was replenished by opening the photoreactor
to the atmosphere when the reaction mixture was
sampled after an appropriate interval of irradiation
time. The pH of the reacting system containing dyemodified Ti0 2 catalyst and surfactant was fixed at 5.0
(NaOH). After a chosen interval of irradiation time, a
2 mL aliquot of reaction mixture was centrifuged and
filtered and the variations in the concentration of
surfactant in each degraded solution was monitored in
UV region at 259 nm, 225 nm, 275 nm, for CPC, DBS
and Triton X-lOa, respectively. Production of CO 2
was demonstrated by the precipitation of BaC03 in
Ba(OHh solution. The evolved CO2 was flushed with
oxygen through alkali (KOH) scrubber and estimated
by titration against acid (HCI).

Results and discussion
Absorption and emission spectra of the aqueous
solutions of dyes under investigation at pH 3.0
revealed their characteristic absorption and emission
maxima, Ama:bsorption = 600 nm (thionine), 640 nm
(nil e blue A), 518 nm (eosin Y), and Ama/mission = 622
nm (thionine), 672 nm (nile blue A), 546 nm (eosin
Y). Spectra of the dyes adsorbed onto the surface of
the Ti0 2 recorded in the solid state revealed similar

features as reported earlier l8 . No appreciable
difference was noticed with the spectra obtained in
the aqueous solutions.
Preliminary experiments with Ti0 2 in dark shows
that at about 12-15% of the initial concentration, each
surfactant is adsorbed on the surface of Ti0 2 catalyst
in the dark under specified conditions. No appreciable
photodegradation of these compounds was observed
by illumination of unmodified Ti0 2 with visible light.
Dye molecules were found to be stable in presence of
surfactants in dark as no change in the spectral pattern
of dyes was observed after 8 hrs of stirring the
aqueous solution of dyes with surfactants in dark.
However, an appreciable decrease in absorbance of
dye, as typically shown in Fig. 1 for eosin with
concomitant diminution in concentration of surfactant
was noticed when air equilibrated aqueous dye
solutions containing surfactant were illuminated with
visible light for 8 hr. The observed spectral change is
attributed to the reduction of photoexcited dyes by the
surfactant molecules . Although spectral bleaching of
thionine and nile blue A in presence of reductant are
not unusual (as thionine ls and nile blue A I6 in their
excited state are known to undergo single electron
reduction), for eosin Y (which usually gives up one
electron upon excitation) it appears to be remarkable.
However, a similar observation has also been reported
very recently by Arakawa et al. 17 in case of free eosin
YITEOA (triethanolamine) system. According to
Arakawa et al., spectral bleaching of eosin Y in
presence of TEO A under prolonged irradiation with
visible light occurs because eosin Y absorbs visible
light to produce photoexcited species which accepts
one electron from TEO A to produce trianion radical.
The radical subsequently undergoes hydrogenation to
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Fig . I-Spectral changes (absorbance decrease) that occ urs during
photolysis of aerated aqueous solution of eosin Y
(2.7xI0-5M) and DBS (1.35xW-4M) at p H = 5.0. Decrease in
absorbance from I to 8 (spectra recorded at the intervals of I hr)

NOTES
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Table I- Photolysis of aerated aqueous solution of dye in presence of DBS at pH

=5.0

Dye (D)

[DII
(M)

[D]r
(M)

[DBS]i
(M)

[DBS] r
(M)

CO 2
(mmol)

Thionine

0.8x lO·5
0.5xlO·5

1.35x lO-4

0.98x lO-4

trace

Nile blue A

2.5x lO·5
1.0xlO·5

1.35x lO-4

1.15x lO-4

trace

EosinY

2.7xlO·5

5

1.35xlO-4

0.71 x lO·)

trace

0.3xlO·

Table 2-TiOr(D) catalyzed photodegradation of surfactant in water
System

Sin
(mmol)

a

Sur
(mmol)

Degradation
of S (% )b

CO2
(mmol)e

TiOrthionine/CPC

0.1

0.055

45

0.8

TiOrthioninelDBS

0.04

0.0212

47

0.25

Ti0 2-thionin /Triton X-IOO

0. 1

0.054

46

1.2

Ti0 2-nile blue NCPC

0. 1

0.055

45

0.9

TiOr nile blue AlDBS

0.04

0.0188

53

0.32

Ti0 2-nileblue AlTriton X-IOO

0.1

0.050

50

1.5

TiOr eosin Y/CPC

0.1

0.054

46

0.91

TiOreosin YIDBS

0.04

0.0144

64

0.4

TiOr eosinY/Triton X-100

0.1

0.045

55

1.3

concentration of unreacted surfactant (Sur) after 8 h of reaction.
b based on surfactant concentration taken, i.e., (Sin - SurlS in) X 100.
e mineralized CO 2 estimated after 8 h of reaction.
a

form a stable species, which has an .almost featureless
spectrum in the 400-800 nm region 17. In view of this
and considering the spectral changes observed in the
present case (Fig. 1), it appears that upon illumination
eosin Y undergoes reduction by the surfactants under
investigation to yield the colourless product as
reported earlier 17 . Further, formation of trace amounts
of carbon dioxide was experimentally evinced.
Considering deep oxidation of surfactant to carbon
dioxide as a multi-electron autocatalytic oxidation
process, the results in Table 1 essentially suggest the
participation of some other secondary dark reaction
("02'fH02)
involving
superoxide/hydroperoxide
radicals formed in the reaction of one-electron
reduced dye radicals (i.e. semithionine/eosin Y with
dissolved oxygen) in the degradation of surfactant.
The spectral changes as shown in Fig. 1 may also be
associated with the possibility of dye degradation by
o
02· /H0 2° radicals. However, the results in Table 1
suggest that surfactant present in surplus is kinetically
more susceptible towards 0 2·o/H02° radicals mediated
oxidation process.
It is important to note here that the excited state
redox behaviour of the eosin Y dye, when adsorbed at
Ti02, is completely differene 7, 18. It reduces
conduction band (CB) of Ti02 by giving up one
electron. It seems that the energy barrier for one

electron transfer from eosin Y to the conduction band
of Ti02 is lowered substantiallyl9 when eosin Y is
adsorbed at Ti02 surface. TEOA appears to be the
stronger reductant as it reduced free eosin Y in
presence of light. However it could not transfer
electron to the conduction band of Ti02, but reduced
one electron oxidized dye species 17.
Results of photodegradation of surfactants with dye
modified Ti0 2 are summarized in Table 2. Figure 2
depicts time course of photodegradation of Triton-X
100. Spectrophotometric analysis20 of the irradiated
sample solution taken at initial stage of photolysis
(after 30 mins) revealed the formation of aldehydes.
Continued
irradiation
resulted
in
further
decomposition to carbon dioxide. In absence of
oxygen, photodegradation of the surfactants was
found to be negligible. This provides good evidence
for the necessity of oxygen in the photodegradation
process.
On the basis of the above experimental results and
considering the earlier reports on the excited state
redox properties of thionine, nile blue A and eosin Y
adsorbed on the surface of Ti02 semiconductor ' 8, we
propose the following working mechanisms depicted
in Scheme 1 and Scheme 2 for the photocatalysed
degradation process for thionine/nile blue A and eosin
Y, respectively.
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Fig. 2--Visible light induced decomposition of Triton-X 100 with
time in dye modified Ti0 2 dispersion at pH = 5.0, Triton-X
100 = 0.1 mmol ( j. ) eosin Y ( _) thionine

Ti0 2-(OI)s ~ TiOr(OI *)s

... (1)

TiOr(OI *)s+S -

... (2)

TiOr(OI -)s -

TiOr(OI -)s+S+·
TiOr(OI+e-cs)s

TiOr (01+e-cs)s+02 ·02-+H+ -

... (3)

Ti02-(OI)s+·02-

... (4)

·H02

... (5)

·02-I"H0 2+S/S+· -

Products
... (6)
1
(hv = visible light; 0 = thionine/nile blue A;
S = surfactant)

Scheme 1
Ti02-(02)s ~ Ti0 2-(02* )s

... (7)

TiO r (02*)s -

... (8)

TiO r (02++ e-cs )s

TiO r (0 2+ +e-cs)s+S -

TiO r (02+e-cs)s+S+· ...(9)

Ti0 2-(0 2+e-cs )s+02 -

Ti02-(02)s+·02-

·02-+H+ -

·H02

... (11)

·02-;·H0 2+S/S+· -

(hv

... (10)

Products

.. .(12)

= visible light ; 0 =eosin Y ; S =surfactant)
2

Scheme 2
As suggested in Scheme 1, illumination of the
catalytic system with visible light (hv) results in the
excitation of the surface adsorbed dyes (Eq. 1) which
react with the surfactant molecule and get red ced 'to
semithionine (Eq. 2). Semithionine subsequently
transfers one electron to the conduction band of Ti0 2
(Eq. 3). Empty conduction band edge of Ti02 [Ecs =
0.3V vs. NHE (Normal Hydrogen Electrode) at pH =

5.0] 18 seems to be thermodynarrucally capable of
oxidizing surface adsorbed single electron reduced
thionine and nile blue A 18. Since the dye molecules
are immobilized onto the surface of the Ti0 2 ,
disproportionation of semithionine to thionine and
leucothionine is prevented in the present case. The
presence of oxygen is profoundly related to the
photodegradation of organics 21 . The oxygen present in
the reacting system interacts with the electron of the
conduction band of Ti02 semiconductor to produce
·02-I"H0 2 species
which essentially promote
degradation of organic molecules in a secondary
autocatalytic dark reaction. In the present case also,
O 2 takes up the conduction band electron (e-cs)
leading to the formation of superoxide radical (02),
which combines with proton to form hydroperoxide
radical (H0 2·) in the reacting system (Eqs 4 & 5). It is
presumed that the repeated attacks of 0 2-·/H02·
radical on the surfactaneo ultimately leads to the
decomposition of the surfactant molecule to carbon
dioxide.
In Scheme 2 as reported earlier l8, eosin Y adsorbed
at the surface of Ti0 2 gives up one electron to the
conduction band upon excitation as outlined in Eq. 8.
Surfactants under investigation here serve to reduce
the oxidized form of surface adsorbed eosin Y (Eq . 9),
while electrons in conduction band (e-cs) are
consumed in producing ·02-;·H02 radicals which get
involved in the mineralization of the surfactants
(Eqs 10-12).
In order to ascertain that the above described
photodegradation of surfactants is a Ti02-mediated
phenomenon, we carried out the prolonged (8 h)
photolysis of air-equilibrated reaction mixture
containing Triton-X 100 and eosin Y adsorbed on
alumina (which is a non-semiconducting material). It
was observed that the extent of photodegradation is
very low as compared to that observed in the case of
Ti02. This indicates that charge injection to the
conduction band followed by the rapid scavenging of
the conduction band electron by the oxygen is very
important for an effective photodegradation process
as the reduced oxygen speCles promote the
degradation of organics.
It is of interest to note here, that the photolysis of
aqueous air-equilibrated eosin Y modified Ti02
dispersion with visible light in absence of surfactant
resulted in the bleaching of eosin Y. The spectrum of
the solid mass, obtained after filtration of the reaction
mixture that undergoes prolonged photolysi s (10 hr),
revealed no characteristic spectral features of eosin Y.

NOTES

This implies that the surface adsorbed eosin Y is
vulnerable to 02-"fH02° radicals attack and suffers
slow photodegradation in absence of surfactant under
specified conditions. However, in presence of
surfacta:lts instead of degradation of surface adsorbed
dyes, surfactants undergo decomposition as observed
experimentally (Table 2). Under specified reaction
conditions, the concentration of surfactants is highly
in excess over the concentration of adsorbed dyes. As
a result interaction of "02-rH02 radicals with free
surfactants molecules present in large excess is
kinetically more favoured than immobilized dye
(present in very low concentration).
The results in Table 2 indicate that the extent of
degradation is lowest for cationic surfactant (CPC),
whereas the best result is obtained for the anionic
surfactant, DBS. A similar observation in this regard
has been reported earlier22. The comparatively low
degradation may be explained in terms of the
Coulombic repulsion between cationic CPC and
positively charged surface of the Ti02 semiconductor
particle (which becomes more acidic due to proton
liberation during photolysis). This probably hinders
the approach of the cationic CPC towards Ti0 2
semiconductor particle surface, as a result of which
electron transfer reaction between active sites and
cationic molecules does not take place effectively.
The results of the present work clearly
demonstrates that in presence of visible light the
surface adsorbed thionine, nile blue A and eosin Y
dyes, though different in their excited state redox
behaviours, can sensItIze air-equilibrated Ti02
semiconductor particulate system for generation of
O 2-" fH0 2" radi cal species. Repeated attack of O 2-"
fH0 2" radical onto surfactant molecules results in the
decomposition of the surfactants t=o carbon dioxide.
The results of the present studies explore the technical
viability of using dye modified Ti02 dispersion and
visible light for photodetoxification of contaminated
water.
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