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Photocurrent is generated during the photooxidation of nonylphenol polyethoxylate surfactants (NPE-n;
n ¼ 1, 5, 7, 9 and 10), precursors of 4-nonylphenol (NP), on illuminated TiO2/OTE electrodes on which TiO2

semiconductor particles were immobilized by a pasting (PA), a sol–gel (SG), or both techniques (HY). The
photooxidative process of NP and NPEs was examined by absorption spectroscopic methods monitoring the
cleavage of the benzene ring moiety, and by the evolution of CO2 gas. The kinetics of photooxidation and the
magnitude of the generated photocurrent scaled with the length of the ethoxyl side-chain for NPEs where
n ¼ 0, 1, 5, 7 and 10. The relative order of adsorption of NPEs on the positive TiO2 surface was predicted from
calculated partial negative point charges of all the C and O atoms in the NPEs using molecular orbital methods.
Both photodegradation and photocurrent generation were enhanced for the NPE-9 substrate using the HY
TiO2/OTE electrode compared to the PA and SG electrodes. Although, biodegradation of NPEs yields NP in
rivers, no formation of NP was observed during the photooxidation of NPE-9 because of predominant opening
of the benzene ring. Photooxidation of NPEs is facilitated under an applied bias of +0.3 V and scales with the
number of ethoxylate groups.

Introduction

When illuminated with ultraviolet radiation at wavelengths
below 387 nm, TiO2 semiconductor particles exhibit strong
oxidative power through the valence band holes, which
degrade organic substances through the intermediacy of �OH
radicals (and similar reactive oxygen species). This characteris-
tic of titania is being exploited to construct practical devices
for wastewater treatment. A significant consideration in such
devices is the need for the organic substrates to diffuse toward
the illuminated titania, or to be pre-adsorbed on the particles,
not least of which is the need for TiO2 removal by either mem-
brane filtration or by other suitable equivalent methods.
Nonylphenol ethoxylate systems (NPEs) that are discharged

into aquatic ecosystems (e.g. rivers) are typically biodegraded
through bacterial attack of the ethoxyl moieties to yield hydro-
phobic intermediates of nonylphenol (NP).1–3 The latter deri-
vative is a toxic substance (an endocrine disruptor), which
tends to persist in nature. Consequently, there is a need for this
NP endocrine disruptor to be decomposed in relatively short
times.
Thin film technologies of fabricating immobilized TiO2 elec-

trodes have been reported extensively. Noteworthy are the heat
treatment of titanium,4 the laser deposition5 and sol–gel tech-
niques,6,7 and chemical vapor deposition methods (CVD)8

among others. In an earlier study9 we examined the immobili-
zation of titania particulates on an OTE support by pasting
(PA), sol–gel (SG) and hybrid (HY; PA followed by SG) meth-
ods. We also noted that in the case of benzene sulfonate as the
test substrate,9 an important step of enhanced degradation was

the adsorption of this organic substrate on the TiO2 surface, an
essential mechanistic component for photocurrent generation
and photooxidation.
The present study extends the earlier investigation. We

examine (a) the photooxidation of NPE-9 and the photocur-
rent generated by UV illumination of three types of TiO2 thin
film membranes immobilized on an optically transparent elec-
trode (OTE) plate, (b) the effect of the length of the ethoxyl
side-chain constituents on the photooxidation and photocur-
rent generation, and (c) the relationship between photooxida-
tion and photocurrent generated under an applied bias of
+0.3 V.

Experimental

Reagents and TiO2/OTE electrodes

The 4-nonylphenol polyethoxylate (NPE-n with n ¼ 1, 5, 7, 9
and 10; C9H19-C6H4-O-(CH2CH2O)n-H; 0.1 mM) surfactants
and nonylphenol (NP; C9H19-C6H4-OH; 0.1 mM) were sup-
plied by Miyoshi Oil & Fat Co. and Lancaster, respectively.
The supporting electrolyte was an aqueous NaCl solution
(100 mM). Optically transparent glass plates (OTE: SnO2-
coated sodalime glass; neat resistance, 5.6 W cm�2; film thick-
ness of SnO2 , 960 nm; a generous gift from Asahi Glass Co.)
were used to prepare TiO2/OTE electrodes. The active TiO2

photocatalyst was Degussa (titania, P-25; BET area, 53 m2

g�1; TEM particle size, 20–30 nm; XRD structures, ca. 78%
anatase, 22% rutile). The dimensions of the OTE plate were
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2� 4 cm (8 cm2); TiO2 covered a 2� 3 cm (6 cm2) area. The
details of the preparation of the various TiO2/OTE electrodes
by the PA, SG, and HY methods were reported earlier.9

Photoreactive device and analytical measurements

The details of the two-compartment photoreactor used to eval-
uate the TiO2/OTE electrodes fabricated by the PA, SG and
HY methods to immobilize TiO2 on the OTE glass plate,
together with the operating procedure, were given earlier.9 In
essence, the photoreactor consists of two Pyrex cells which
were separated with a glass frit.10 Aqueous NPEs or NP solu-
tions (0.1 mM, 50 mL) and the supporting electrolyte (NaCl,
100 mM) were contained in this two-compartment photoreac-
tor. The TiO2/OTE working electrode, the Pt counter-elec-
trode, and the Ag/AgCl reference electrode were all
connected to a BAS CV-50 W voltammetric analyzer. The irra-
diation source was a Toshiba 75-W Hg-lamp, unless otherwise
noted. The analyzer was used to control the potential at the
TiO2 surface and to measure the current between the working
electrode and the counter-electrode. The UV light was incident
on the front side of the TiO2/OTE plate, which was under an
applied anodic bias of +0.3 V (or no applied bias). The light
irradiance from this source was 12.5 mW cm�2 in the wave-
length range 320–400 nm (maximal irradiance, 360 nm).
Some of the characteristic features of the TiO2 electrodes

were given earlier.9 Scanning electron micrographs (SEM)
were taken with a JEOL JSM-5200 electron microscope. The
ratio of crystalline type (anatase/rutile ratio) for TiO2 was
obtained with a Rigaku Rad-B X-ray diffractometer (XRD).
The contact angles between H2O, or the NPE-9 solution,
and the TiO2/OTE electrode were assessed with a CA-W150
automatic contact angle meter (Kyowa Interface Science Co.
Ltd.). A UV-visible spectrophotometer {JASCO V-570 UV/
VIS/NIR} monitored the disappearance of the benzene ring
absorption features during the photodegradation of the
NPE-9 and NP substrates. The temporal evolution of CO2

was assayed on a Shimadzu gas chromatograph with TCD
detection and equipped with a Porapack Q (CO2 gas) column;
helium was the carrier gas.

Results and discussion

Photodegradation mechanism and photocurrent generation

Photocurrent was generated under 0 V applied bias and under
an applied bias of +0.3 V. Conduction band electrons (e�CB)
and valence band holes (h+VB) in the electrode are produced
on titania under UV illumination (l < 387 nm; anatase poly-
morph) of the electrode (reaction 1). The holes are subse-
quently trapped by HO� ions on the electrode surface (or by
H2O) to yield �OH radicals (and H+; reaction 2). Adsorbed
organic pollutants are oxidized by these radicals to give inter-
mediate products and/or are mineralized to carbon dioxide.
Our data do not preclude direct oxidation of the substrate
(reactions 3 and 4). However, the concentration gradients
between water and NPE (or NP) are such that oxidation by
�OH radicals should be the predominant pathway.

TiO2 þ hv ! TiO2ðe�CB þ hþVBÞ ð1Þ

hþVB þ ðHO� and=or H2OÞads
! Hþ þ �

OHðstrong oxidative speciesÞ ð2Þ

hþVB þ ðRHÞads ! Hþ þR
� !! ðintermediatesÞads ð3Þ

hþVB þ ðintermediatesÞads ! Hþ þ ðintermediatesÞ�

!! ::::::mineralized products ð4Þ

The photoproduction of mobile conduction band electrons
(e�) leads to photocurrent generation (process 5) in competi-
tion with formation of a small quantity of superoxide radical
anions O2

�� (reaction 6) that may also form on the outer sur-
face of the TiO2 film facing the bulk solution. These O2

�� can
interact with protons under acidic conditions to produce
�OOH radicals, also reasonably good oxidizing agents.

e�CB ! e�OTE ! photocurrent ð5Þ

e�CB þ ðO2Þads ! ðO2
��Þads �!

Hþ �
OOH ðoxidative speciesÞ ð6Þ

The process(es) occurring at the counter-electrode is (are)
depicted in reactions 7 and 8. Reduction of H+ ions in the
(NPEs or NP)-NaCl solution yields 1

2H2 at the counter-elec-
trode, and/or HO� ions by the reduction of water at the Pt
electrode. The pH of the solution in the cell with the TiO2 elec-
trode decreases owing to formation of H+ ions, whereas the
pH of the solution in the cell containing the Pt electrode
increases because of formation of OH� ions and consumption
of H+ ions in reaction 7.

Hþ þ Ptsurf ! 1=2 H2 ð7Þ
H2Oþ Ptsurf ! 1=2 H2 þHO� ð8Þ

Characteristics of the three TiO2/OTE electrodes

The degradation of NPE-9 was monitored by the disappear-
ance of the UV absorption band (222 nm) corresponding to
the aromatic component in the NPE-9, as well as by the tem-
poral mineralization of the substrate to CO2 . The photocur-
rent generated during the photodegradation of NPE-9 on the
HY TiO2 thin film electrode was measured and compared to
the photocurrent from the PA and SG electrodes (shown in
Fig. 1). Initially, the order of photocurrent generation was
SG > HY�PA; that continued to ca. 100 min of UV irradia-
tion, subsequent to which the order changed to
HY > SG�PA on further illumination (Fig. 1(a)). The mag-
nitude of photocurrent generated on the PA electrode was rela-
tively low, nearly identical to that observed in the absence of
NPE-9 in the H2O–NaCl control experiment. For the latter,
any photocurrent observed with the PA electrode must be
due to the photooxidation of water (reaction 2).
The relative disappearance of the UV absorption feature of

the benzene ring followed the order HY > SG > PA after 5 h
of UV irradiation (Fig. 1(b)). Interestingly, the order is
SG > HY > PA for illumination of less than 1 h, remarkably
similar to the results obtained in photocurrent generation (note
that our data were reproducible to about �10%). The photo-
mineralization yield in carbon dioxide was 60% when the
HY electrode was used, 48% for the SG electrode, and 41%
for the PA electrode also after illumination for 5 h. The photo-
decomposition of NPE-9 occurred on the positively charged
TiO2 surface presumably by initial adsorption through the
oxygen atom(s) of one or more of the ethoxyl groups in the
side-chain (see the chemical structure in Table 2 below), fol-
lowed by photooxidative degradation of the ethoxyl side-
chain. A possible mechanism for such photooxidations was
considered earlier.11 The total number of carbon atoms in
NPE-9 is 33, which consists of 9 alkyl chain carbons
(27.3%), 6 benzene ring carbons (18.2%) and 18 carbons for
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the ethoxylate side-chain (54.5%). Since the mineralization
yield of CO2 was 60% from the experimental HY procedure,
we deduce that oxidation and cleavage of the benzene ring
must have occurred concomitantly with the ethoxyl groups.
This is as a result of �OH radical (a strong electrophile) attack
on the aromatic ring carbon atoms that possess the larger elec-
tron densities (see Table 2 below).
Photooxidations were enhanced on the HY electrode rela-

tive to those occurring on the PA or SG electrodes. Evidently,
the sol–gel dip-coating procedure to fabricate TiO2/OTE elec-
trodes from the PA method led to a significant improvement in
the photocatalytic features of the HY electrode. The superior-
ity of this HY electrode is likely due to a variety of reasons.
(1) The surface imperfections on the PA electrode, as con-

firmed by further microscopic magnification,9 are the result
of formation of aggregates by the TiO2 nanoparticles and of
deep crevasses defined by the aggregates. By contrast, the sur-
face of the HY photoelectrode was relatively smooth and flat;
the crevasses and imperfections were ‘‘annealed ’’ by the sol–
gel membrane. The surface characteristics of the HY electrode
might be the factor that governs the high retention of TiO2

particles (Table 1). Weight loss of TiO2 from a TiO2/OTE thin
film electrode occurred in the degraded solutions when

subjected to vigorous agitation for long periods of time. As
such, the retention of TiO2 on TiO2/OTE electrodes was
examined, under otherwise identical conditions, in water (only)
under irradiation for 15 h and under vigorous magnetic agita-
tion at 200 rpm; the relevant data are displayed in Table 1. The
results show that substantive loss of TiO2 occurred in the PA
electrode (6.5%), none in the SG electrode, and about 1% in
the HY electrode.
(2) The crystalline structures of titanium dioxide in the

TiO2/OTE electrodes are also listed in Table 1. The PA proce-
dure did little to the ratio of anatase to rutile in the Degussa
P-25 TiO2 particles immobilized on the OTE glass. The SG
method used to prepare titanium dioxide produced 100% ana-
tase. For the HY TiO2/OTE electrode (SG coating of the PA
electrode) the XRD pattern showed a slightly greater quantity
of the anatase form (84.3% versus 15.7% rutile). This demon-
strates that the sol–gel TiO2 membrane did not completely
cover the particles fixed onto the OTE glass by the PA
method.9 The P-25 TiO2 particles protruding from the HY
electrode surface were very photocatalytically active toward
degradation of the substrates.
(3) The contact angles between the PA, SG and HY electro-

des and a water droplet were 10.3, 39.0 and 17.6�; that is, the
affinity of the electrode surface for water varied in the order
PA > HY > SG. By contrast, the corresponding contact
angles between the electrodes and the NPE-9 solution (see
Table 1) show the order of affinity to be HY > PA > SG.
(Note that all the contact angle data were obtained under a
light irradiance of ca. 3 mW cm�2).

Photocurrent generation during the photooxidation of NP and
NPEs with different ethoxyl side-chain lengths.

The temporal variations of photocurrent generated and the
current densities (mA cm�2) are depicted in Fig. 2. It is evident
that the magnitude of the photocurrents depends on the length
of the ethoxyl side-chain. In other words, the current density
increased with increasing length of the ethoxyl side-chain.
The control experiment in which only the electrolyte (NaCl)
solution was used (no organic materials) showed that photo-
currents are smaller than 0.5 mA, even after irradiation for 5
h. The highest photocurrents were observed during the photo-
degradation (or direct oxidation) of NPEs and their intermedi-
ates on the TiO2 surface. The initial decrease seen in the first
0.5 h likely reflects the adsorption of the ethoxyl moiety on
the TiO2 electrode surface, subsequent to which the photocur-
rents increased with further illumination.
Interestingly, the temporal photocurrent generation occurs

concomitantly with photodegradation of the NPEs and their
intermediate products (see Fig. 2 and 3). Under no bias condi-
tions, the order of the increase in photocurrent was the same as
the order observed under the applied bias of +0.3 V; however,
some differences were evident. The difference in the applied bias
will be relevant to our discussion of the point charge

Table 1 Anatase content (%) of TiO2 on TiO2/OTE electrodes from XRD measurements; percent (%) TiO2 left on TiO2-fixed OTE electrodes
after agitation for 15 h in water only; contact angles between a drop of water or a drop of the NPE-9 solution (0.1 mM) and the TiO2/OTE elec-
trode surfaces

PA method SG method HY method SnO2/glass

% anatasea 77.8 100 84.3 —

% retentionb 93.5 �100 98.8 —

Contact angles with H2O/� 10.3 39.0 17.6 101

Contact angles with NPE-9/� 20.9 54.3 10.2 75.7

a Percent anatase ¼ 100/{1+1.265(Irutile/Ianatase)}; Irutile , 2y ¼ 27.42 degrees; Ianatase , 2y ¼ 25.28 degrees]. b Percent retention ¼ 100� {(weight

after 15 h-stirring)/(initial weight)}� 100.

Fig. 1 (a) Temporal generation of photocurrents and current densi-
ties, (b) temporal disappearance of the benzene moiety in NPE-9 and
(c) temporal photomineralization yields of CO2 gas in the photodegra-
dation of NPE-9 (0.1 mM, 50 mL) using the PA, the SG, and the HY
TiO2/OTE electrodes under an applied bias of +0.3 V.
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calculations of all the relevant carbon and oxygen atoms in the
NPE-n (n ¼ 0, 1, 5, 7, 9, and 10) molecules (e.g., see Table 2).
The frontier electron densities and point charges in these

NPE-n substrates were obtained by MOPAC 97 calculations
at the AM1 level available in the CAChe package (see ref.
12–14). These calculations reveal that the largest electron den-
sities on the carbon atoms occur on C10 followed by C13;
these are the carbons bonded to the nonyl hydrocarbon residue
and to the ethoxyl side-chain, respectively. As a result, these
carbon atoms will likely be the prime target for attack by the
electrophilic �OH radicals. By contrast the O1 oxygen atom
bears the largest electron density among the oxygens, but is
approximately four times smaller than those on the carbons.

To the extent that the TiO2/OTE electrode surface is posi-
tively charged, and that adsorption is mostly a coulombic
interaction between this positive surface and the most (par-
tially) negatively charged atoms, the MOPAC 97 calculations
can predict which atoms in the structure of the NPE-n sub-
strates (Table 2) will be involved. The calculated results also
demonstrate that the oxygen atoms of the ethoxyl side-chains
carry the largest negative charge; thus, we expect that adsorp-
tion of NPEs will occur on the electrode surface predominantly
through these oxygens. As well, the greater the number of such
partially negatively charged oxygen atoms, the stronger will
the substrates be adsorbed on the electrode surface. Accord-
ingly, we infer the order for adsorption to be: NPE-10 ¼
NPE-9 > NPE-7 > NPE-5 > NPE-1 > NPE-0 (or NP). Also,
it is apparent that the greater the number of oxygen atoms on
the ethoxyl moiety, that is the longer the side-chain, the greater
should be the adsorption of the NPEs on the TiO2 surface.
This relative order should also mirror the experimental kinetics
of degradation and mineralization of the NPEs (compare
Fig. 2 and 3), as well as the magnitude of the photocurrents
generated.
In aqueous acidic media, the surface charge of the TiO2 par-

ticles is positive. As we noted earlier (reactions 2–4), photoox-
idation leads to production of H+ ions rendering the solution
more acidic as the reaction progresses (see Experimental sec-
tion). The applied bias of +0.3 V increases the surface charge
of the TiO2/OTE electrode. Consequently, adsorption of the
NPE systems through the more negatively charged oxygen
atoms is enhanced with respect to the condition where no bias
is applied (i.e., at 0 V). This prediction is consistent with the
experimentally measured photocurrents illustrated in Fig. 2,
which show that the magnitude of the photocurrent does
scale with the number of ethoxyl groups in the NPEs. It is also
consistent with the relative order of photodegradation and
CO2 evolution displayed in Fig. 3 for the NPE-n systems.
These data provide further support for the notion that ads-
orption is an important step in the overall degradation
process.15

In accord with the above expectations, the order of ring
opening in the NPE and NP substrates using the HY TiO2/
OTE electrode was NPE-10 ¼ NPE-9 > NPE-7 > NPE-
5 > NPE-1 > NP. The rates decreased with increasing UV
illumination time. The rates of benzene ring opening also scale
with the length of the ethoxyl side-chain. In other words,
adsorption of NPEs on the TiO2 surface is enhanced for longer
ethoxyl moieties in the NPE structure. This factor enhances, at
least partially, the photodegradation of NPEs. The photomi-
neralization yields with respect to the evolution of CO2 in
the photodecomposition also varied in the same order as the
decrease in UV absorption (ring opening). Note that the data
for the NPE-9 system in Fig. 2 and 3 are slightly different from
the data when the HY electrode was used (see Fig. 1). This
deviation is caused by the position of the salt bridge. However,
all the experiments in Fig. 1 were done under otherwise iden-
tical conditions. Results from Fig. 2 and 3 were also carried
out under the same conditions. Therefore, comparison of the
data in Fig. 1 or in Fig. 2 and 3 can be made.
In acid solutions, the surface of TiO2 contains Ti-OH2

+

functions. The z-potential for P-25 TiO2 particles was ca. 0
V at pH ¼ 6.2 in the initial solution, whereas the z-potential
was greater than ca. 0.04 V at pH ¼ 2.8 after irradiation for
5 h. Thus, the surface electric potential was somewhat greater
than ca. 0.34 V. That is, application of the 0.3 V bias to the
total electric potential led to higher rates of photooxidation.
This is consistent with the notion that the oxygen positions
with greater negative point charges enhance adsorption on
the more positive TiO2 surface. Finally, to the extent that
photooxidation and ultimately photomineralization do occur
on the TiO2 photocatalyst surface, photocurrents are also
enhanced (Fig. 2). Furthermore, the photocurrent generation

Fig. 2 Temporal evolution of photocurrents and current densities
during the photodegradation of NPE-10, -9, -7, -5, -1 and NP (0.1
mM, 50 mL) using the HY TiO2/OTE electrodes under an applied bias
of (a) +0.3 V and (b) under no bias (0 V).

Fig. 3 (a) Temporal degradation of NPE-n (benzene ring cleavage),
and (b) mineralization yields of CO2 evolution during the photooxida-
tion of NPEs using the HY TiO2/OTE electrode under the applied bias
of +0.3 V.
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and the photodegradation of NPE-9 using the TiO2/OTE elec-
trode produced by the HY method are more suitable than
those from the SG and the PA methods. The relatively large
quantity of �OH radicals led to a better harmony between
NPE-9 and the TiO2 surface by the HY method and the high-
est retention ratio of TiO2 on the OTE electrode.
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C26 0.0013(�0.043) 0.0014(�0.043) 0.0013(�0.043)

C27 0.0012(�0.044) 0.0013(�0.043) 0.0013(�0.043)

C28 0.0012(�0.049) 0.0013(�0.043) 0.0013(�0.044)
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C32 0.0010(�0.032) 0.0011(�0.043)

C33 0.0012(�0.050) 0.0013(�0.043)

C34 0.0011(�0.048)

C35 0.0009(�0.034)

O1 0.1292(�0.339) 0.1342(�0.276) 0.1305(�0.274) 0.1278(�0.275) 0.1265(�0.272) 0.1262(�0.274)

O2 0.0014(�0.433) 0.0035(�0.355) 0.0036(�0.355) 0.0035(�0.355) 0.0034(�0.356)

O3 0.0035(�0.357) 0.0035(�0.359) 0.0035(�0.354) 0.0034(�0.359)
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O7 0.0015(�0.435) 0.0034(�0.357) 0.0034(�0.358)

O8 0.0034(�0.360) 0.0034(�0.358) 0.0034(�0.357)

O9 0.0033(�0.357) 0.0033(�0.358)

O10 0.0015(�0.434) 0.0033(�0.359)

O11 0.0014(�0.434)

*Frontier electron density (point charge)
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