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a b s t r a c t

The observed adsorption of acid orange 7, AO7−, on P25 titania over a range of pH values (pH 2–8) gives
a good fit to data generated using a charge distribution, multisite complexation, i.e. CD-MUSIC, model,
modified for aggregated dye adsorption. For this system the model predicts that both the apparent dark
Langmuir adsorption constant, KL, and the number of adsorption sites, no, increase with decreasing pH,
and are negligible above pH 6. At pH 2 the CD-MUSIC model predicts the fraction of singly co-ordinated
sites occupied by the dye, fAO7, is ca. 32% under the in situ monitoring experimental conditions used in this
work to study the photocatalytic bleaching of AO7− under UV light illumination ([TiO2] = 20 mg dm−3;
[AO7−]total = 4.86×10−5 M). Although AO7− adsorption on P25 titania is insignificant above pH 6 and

−
increases almost linearly and markedly below this pH, the measured initial rate of bleaching of AO7 ,
photocatalysed by titania using UV appears to only increase modestly (<factor of 2) over the pH range
2–10 studied. Possible reasons for the lack of a strong dependency of initial rate of photobleaching, ri,
upon fAO7 are discussed briefly. In contrast, the rate of bleaching of AO7− via a visible light driven, dye-
sensitised process, shows some correlation with the CD-MUSIC model-calculated variation of fAO7 as a

relat
rface
function of pH. Such a cor
direct contact with the su

. Introduction

Semiconductor photocatalysis (SPC) is an expanding field based
n an apparently simple set of processes [1]. Thus, ultra-band-gap
rradiation of the semiconductor generates an electron–hole pair

hich may recombine in the bulk or migrate to the surface. At the
urface they may recombine or undergo reactions with an electron
cceptor, such as O2, and an electron donor, such as an organic. In
he latter case, the semiconductor will have acted as a photocata-
yst for the oxidation of the organic by O2 and extensive research
as shown that titania (TiO2) is particularly effective in this role
2]. Indeed, the list of organics that can be mineralised via SPC is
xtensive and includes many common water pollutants, such as:
esticides, surfactants and dyes [3]. In the case of dyes, one of the
ost popular ones used in SPC is the anionic azo dye, AO7−, which

s believed to adsorb as a bidentate ligand onto the surface of TiO2
4–6].

With the increasing research into semiconductor photocataly-
is, many new materials and commercial products have emerged.

popular method used to assess rapidly and simply the photocat-

lytic activity of such new photocatalytic materials is to monitor its
bility to promote the photobleaching of a dyestuff, such as AO7−

2,7,8], via SPC. However, such test systems are not as simple as at

∗ Corresponding author. Tel.: +44 0 141 548 2458; fax: +44 0 548 4822.
E-mail address: a.mills@strath.ac.uk (A. Mills).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.07.006
ion follows from the basic assumption that only dye molecules that are in
can undergo photodegradation via a dye-sensitised route.

© 2010 Elsevier B.V. All rights reserved.

first they might seem. For example, in the case of AO7−, although
the dye is usually (for solutions in which 10 > pH > 2) in its anionic
form, the sign and size of the charge on the surface of the semicon-
ductor photocatalyst under test is usually pH, type of electrolyte,
and ionic strength dependent. As a consequence, the amount of dye
adsorbed onto the surface, due to electrostatic attractive forces, is
also pH and ionic strength dependent. For example, the adsorption
of AO7− on the photocatalyst under test will be significant if the
pH of the test solution is much lower than the point of zero charge
(PZC) of the photocatalyst and negligible if the pH�PZC [7]. Indeed,
in a recent paper, Bourikas et al. modelled the adsorption features
of AO7− on the surface of that most notable of semiconductor
photocatalysts, Degussa P25, using a charge distribution, multi-
site complexation (CD-MUSIC) model, which takes into account the
different types of surface species on the metal oxide [6]. Amongst
other things this model showed, as noted by others, that decreasing
the solution pH with respect to the PZC of the titania photocatalyst
(pH 6.6), increases the apparent dark Langmuir adsorption con-
stant, KL, and the apparent number of adsorption sites, no, exhibited
by AO7− adsorption isotherms [6,9].

As a consequence of the above it is clear that the initial pH of
the reaction solution is important when using such a test system.

This feature is further complicated by the fact that the photobleach-
ing process often generates acidic species (and ultimately mineral
acids) which will reduce the pH of the reaction solution as the pho-
toreaction proceeds [10]. This effect is of particular significance if
the initial pH is near neutral, or ‘natural pH’, as is often the case in

dx.doi.org/10.1016/j.jphotochem.2010.07.006
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:a.mills@strath.ac.uk
dx.doi.org/10.1016/j.jphotochem.2010.07.006
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PC activity measurement studies [11,12]. In the case of AO7− the
omplete photomineralisation process, by SPC, is summarised by
he following reaction equation:

C16H11N2NaO4S+ 21O2

semiconductor−→
h�≥Ebg

16CO2 + 2HNO3 +NaHSO4 + 4H2O (1)

It should also be recognised, when using a dye test system for
ssessing SPC activity, that dye photobleaching can also occur via
dye photosensitised process in which the electronically excited

tate of the dye injects an electron into the conduction band of the
emiconductor to produce an oxidised dye radical which is unstable
nd capable of decomposing to bleached products [11,13–15]. The
njected electron can also promote this process via its subsequent
eaction with O2 to produce a number of different oxidising species,
uch as hydrogen peroxide. In order to discriminate between these
wo very different processes, and so be able to comment on SPC
ctivity, careful selection of the wavelength(s) of excitation must
e made. The importance of achieving this discrimination is most
ertinent when visible light photocatalytic activity is assessed, as
oted by Ohtani and his co-workers [14]. Fortunately, AO7− has a
inimum in its UV absorption spectrum around the wavelength of
V light usually used (365 nm from a BL or BLB lamp) for assessing

he activity of UV-absorbing semiconductor photocatalysts such as
25 TiO2. The quantum efficiency of the dye-sensitised reaction is
lso much lower than that for photocatalytic reaction (1) using P25.
or example, in contrast to work with BLBs, when using the same
attage visible fluorescent tubes as BLBs, but filtered to remove the
V, there is little evidence of bleaching via dye sensitisation when

tudying the AO7−/P25 titania system.
Finally, a less well recognised, complicating, feature involving

he use of dyes to assess photocatalytic activity is the tendency
f many dyes (including the most popular test dyes) to aggregate
ven at low concentrations (<10−4 M) to form multimers such as
imers, trimers, etc. AO7− is particularly interesting in this regard
ince its aggregated forms have very similar UV/Vis characteris-
ics to its monomeric form and higher aggregates than dimer or
rimer [16–20], including colloidal AO7− give only ‘a small spectral
erturbation’ [20]! As a consequence, it is not surprising that the
ormation of these aggregates is not commonly recognised in SPC
ctivity measurements using this dye.

In this paper we investigate the effect of AO7− aggregation on
he CD-MUSIC model of its adsorption on P25 TiO2 and examine
ow the results relate to the SPC activity of P25 as a function of pH.

. Experimental

All chemicals were purchased from Aldrich Chemicals and used
s received, unless stated otherwise. The P25 TiO2 used was a gift
rom the Degussa-Evonik Corporation. The water used to make up
olutions was double distilled and deionised.

All UV irradiations were conducted using two 8W black light
lue (BLB) fluorescent tubes with an output maximum at 365 nm
nd a typical UV irradiance of 2 mW cm−2. All visible irradiations
ere carried out using a 180 W Xe arc lamp fitted with a 400 nm

ut-off filter to remove the UV component of the light. In a typi-
al irradiation, 1.7 mg of the sodium salt of AO7− were dissolved
n 100 cm3 of a 0.01 M NaCl solution and its pH adjusted to the
esired value using small amounts of 0.1 M solutions of NaOH
r HCl. To this solution were added 2 mg of P25 and the disper-

ion was then subjected to ultrasound from a bath for 10 min
o ensure complete dispersion. For each dispersion, 3.5 cm3 of
he dispersion were added to a quartz 1 cm cuvette and left stir-
ing for 1 h before being irradiated. The photobleaching of the
ye was monitored as a function of irradiation time via UV/Vis
Fig. 1. Fractions of AO7− , in the form of a monomer (thin solid line), dimer (broken
line) and trimer (thick solid line), in solution as a function the total dye concen-
tration, [AO7−]total, calculated using the dimerisation and trimerisation constants
reported Ghosh and Mukerjee [19].

spectrophotometry and the absorbance at the wavelength of max-
imum absorbance, 484 nm. The above low concentrations of AO7−

(4.86×10−5 M) and, particularly, TiO2, (20 mg dm−3) allow for the
in situ monitoring of the photobleaching of AO7−, i.e. no filtering
of solution is required. It is, however, also quite common [12,15]
to use much high concentrations (e.g. [AO7−]total = 8.57×10−4 M;
[TiO2] = 750 mg dm−3), which, as a consequence, require filtering
before being assessed spectrophotometrically; and we shall refer
to this method as ex situ monitoring. Over the pH range studied
(pH 2–10) there is no significant change in the UV/Vis absorption
spectrum of the AO7− solution (4.86×10−5 M).

MUSIC [21] and CD-MUSIC [6,22] calculations were performed
using appropriate in-house generated macros run in ExcelTM.
Details of the key reaction equilibria and mass balance equations,
the model constants and optimised parameter values are given in
the text, with further details in Appendix A.

3. Aggregation of AO7−

The aggregation of azo dyes, such as AO7−, has been well studied
[16–20], including by Ghosh and Mukerjee [19], who studied the
dimerisation and trimerisation of many dyes, including AO7− via
UV/Vis spectrophotometry, and the following equilibria:

2AO7−
KD←→(AO7−)2 (2)

(AO7−)2 + AO7−
KTr←→(AO7−)3 (3)

These workers report values of 1400 M−1 and 3500 M−1 for the
equilibria constants, KD and KTr and others [16–18] have reported
similar values (e.g. 953, 1030, 1320 M−1) for KD. Using the values
of KD and KTr reported by Ghosh and Mukerjee [19] the fractions
of AO7− in its monomeric, dimeric and trimeric form, i.e. fM, fD
and fTr, present in different total dye concentrations, [AO7−]total,
spanning the range 0–1.5 mM, were calculated and the results of
this work are illustrated in Fig. 1. Thus, at a typical [AO7−]total used
for in situ SPC studies, where the absorbance of the solution has a
value of ca. 1 in a 1 cm cell, i.e. 4.86×10−5 M, the values of fM, fD
and fTr are ca. 0.78, 0.1 and 0.02, respectively. From these values
it is clear the level of dimer in solution is not insignificant even
at this low [AO7−]total. It should also be noted, that the fractions

−
of these aggregated species increases with increasing [AO7 ]total,
so that at an [AO7−]total = 8.57×10−4 M – not atypical of the dye
concentrations used in ex situ monitored SPC studies – the values
of these fractions are increased to:0.33, 0.27 and 0.40, respectively,
which are disturbingly appreciable levels!
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Fig. 2. Schematic diagram illustrating the basic features of a three plane model of
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Table 1
Parameters used in the MUSIC and Monomer and Multimer dye CD-MUSIC Models
(at 298 K).

Parameter Value Parameter Value

MUSIC (Basic Stern) model
C (F m−2) 0.9 log KH 6.6
log KNa −0.5 log KCl −1.1
NS (nm−2) 5.6

Monomer and Multimer Dye CD-MUSIC models
C1 (F m−2) 1.1 log KAO7-in (ref [6]) 15.1

−2

charging behaviour of many oxides, including TiO2, in well-stirred
systems. Although particle size measurements were not performed
as part of this work, the absorption spectra of the titania dispersions
with and without dye were recorded, since the turbidity of these
dispersions, as measured by the absorbance at 800 nm say, provides
metal oxide–electrolyte interface with inner sphere complex formation at the 1-
lane and outersphere complex formation with the counterions at the head of the
dl in the 2-plane.

. MUSIC and CD-MUSIC models

The most commonly used model of the charging behaviour of
etal oxides has been the one site/two-pKa model [23] which

ssumes a single surface site type which can absorb or desorb a
roton, i.e. for TiO2

iO− + 2H+
Ka1←→TiOH+H+

Ka2←→TiOH2
+ (4)

here Ka1 and Ka2 are the sequential acid association constants for
he TiO− surface species. This simple model reflects the amphoteric
ature of the metal oxide, but not the different types of surface site
hich are known from surface spectroscopy studies [21–23].

A more recent, and increasing popular, model that takes such
pecies into account is called the multisite complexation (MUSIC)
odel [2,23]. In the case of titania, the MUSIC model identi-

es singly (TiOH−1/3) and doubly (Ti2O−2/3) co-ordinated surface
roups as responsible for the observed charging behaviour of the
itania surface via the following protonation reactions:

iOH−1/3 +H+
KH1←→TiOH2

+2/3 (5)

i2O−2/3 +H+
KH2←→Ti2OH+1/3 (6)

here KH1 and KH2 are the acid association constants for these two
urface species. Other work indicates that these two constants have
imilar values and so, for simplicity, are usually assumed equal
nd represented by one parameter, KH [21,23]. It is also usual to
ssume that the densities of the singly and doubly co-ordinated
ites, TiOH−1/3 and Ti2O−2/3, are the same and equal to NS [21,23].

Hydrated counterions of the background electrolyte have a
inimum distance of approach to the surface and so form a dif-
use double layer (ddl) with its head at the 2-plane illustrated in
ig. 2. The hydrated ions at the 2-plane are usually treated as point
harges, which form outersphere, ion-pair complexes with the sur-
ace groups. The ion-pair reactions of the surface groups with these
C2 (F m ) 5.0 log KAO7-in (this work) 14.54
General data

A (m2/g) 50 KD (M−1) 1400
KTr (M−1) 3500

hydrated ions at the head of the ddl are as follows:

TiOH−1/3 + C+
KC1←→TiO−1/3 − C+ (7)

TiOH2
+2/3 + A−

KA1←→TiOH2
+2/3 − A− (8)

Ti2O−2/3 + C+
KC2←→Ti2O−2/3 − C+ (9)

Ti2OH+1/3 + A−
KA2←→Ti2OH+1/3 − A− (10)

where C+ and A− are the hydrated cations and anions of the counte-
rions at the head of the ddl and KC1, KC2, KA1 and KA2 are the relevant
ion-pair complexation constants. As with KH1 and KH2, it is usual to
assume that KC1 = KC2 = KC and KA1 = KA2 = KA [21,23].

The above, simple basic Stern MUSIC model has been used by
Bourikas et al. to model very effectively the observed primary
charging behaviour of titania, including P25, as a function of pH,
for a wide variety of different electrolytes [21]. In this work, the
surface charge (�o) versus pH plots for P25 TiO2 in solutions of
different [NaCl] were generated using the MUSIC model and the
parameters in Table 1. The results are illustrated in Fig. 3 and show
that with increasing difference between the solution pH and the PZC
of P25 TiO2 (i.e.�pH = pH−PZC) the surface charge either becomes
increasingly positive (for increasing negative values of�pH) or neg-
ative (for increasing positive �pH). This model assumes that the
tendency of the particles to aggregate – which is greatest at the PZC
– does not reduce the effective number of adsorption sites available
and this is supported by the work of many workers [22,23] in their
excellent fits of the Stern model generated curves to the observed
Fig. 3. Charging behaviour of P25 titania at various [NaCl] levels as a function of
pH, as calculated using the MUSIC model and the parameters listed in Table 1. The
[NaCl] values used were: 0.1 (�), 0.01 (�) and 0.001 (�) M, respectively.
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Fig. 4. Adsorption edge data for AO7− on P25 titania measured under ex situ con-
ditions ([TiO2] = 750 mg dm−3) reported by Bourikas et al. [6], for [AO7−]total values
of: 8.56×10−4 M (�) and 1.43×10−4 M (�). The solid lines were those calculated
u
t
B
C

a
w
w
2
t

m
f
n
p
t
o
P

s
s
w
c
r
f
S
f
r

)
F

g
i
s
A

2

t
a
t
i
w
a
c

Fig. 5. Plots of the apparent values of the Langmuir adsorption constant, KL , (main
diagram) and the total number of surface sites available for innersphere complex
sing the CD-MUSIC model (assuming all free and adsorbed dye is monomeric) and
he constants given in Table 1; the curves are identical to those reported earlier by
ourikas et al. [6]. The broken lines were those calculated using the revised multimer
D-MUSIC model and the constants given in Table 1.

reasonable guide to the degree of dispersion of the particles. In our
ork it was found the absorbance of the P25 dispersion at 800 nm,
ith and without the dye (17 mg L−1) did not vary over the pH range

–10, thereby indicating a reasonably consistent dispersion of the
itania, with and without dye, at all pHs studied.

It follows from the above that, if the adsorption of AO7− is due
ainly to electrostatic attractive forces then the values of KL, and no

or AO7− adsorption would be expected to increase with increasing
egative �pH and become increasingly negligible for increasing
ositive values of�pH. This simple model provides a rationale for
he well established observation that ‘cationic dyes bind [on metal
xide semiconductor photocatalysts] at pH values greater than the
ZC, while anionic dyes show the opposite trend’ [7].

The above simple MUSIC model has been extended to include
urface (innersphere) complexes which form between the surface
pecies and a strongly binding species, such as a dye [6]. Unlike
eak, outersphere complexes, part of the charge of the innersphere

omplexes is attributed to the surface (the 0-plane in Fig. 2) and the
emaining part resides in the first plane (the 1-plane) at a distance
rom the surface but before the ddl. The capacitance of the basic
tern layer, C, divides into two when innersphere complexes are
ormed, with the inner- and outer-layer capacitances, C1 and C2,
elated to C via:

1
C
= 1
C1
+ 1
C2

(11)

The charge densities and potentials of the three (0-, 1- and 2-
planes are: �o, �1 and �2 and  1,  2 and  d, respectively (see
ig. 2).

It is generally assumed that only the singly co-ordinated surface
roups form innersphere complexes with anions [6]. Thus, assum-
ng AO7− forms a bidentate innersphere complex with TiOH−1/3, as
uggested by the work of others [16–20], the key reaction involving
O7− adsorption at such sites is:

TiOH−1/3 + 2H+ + AO7−
KAO7←→Ti2AO7+1/3 + 2H2O (12)

The CD-MUSIC approach, coupled with reactions (4)–(12) and
he key model parameters in Table 1, were used by Bourikas et
l. (with log KAO7-in = 15.1, vide infra) to generate the solid line fits

o their adsorption edge data recorded for AO7− on P25 that are
llustrated in Fig. 4. Further details of how the CD-MUSIC model

as used to generate these curves are given in Appendix A. The
bove fit to the data is good, but is based on the erroneous, but
ommonly made, assumption that the dye is monomeric at all the
formation, no , (insert diagram) as a function of pH. Each KL and no data set was
obtained using the multimer CD-MUSIC model to predict the adsorption isotherm
at a pH, which was then analyse as if they were Langmuir-type isotherms, so as to
reveal values for KL and no .

concentrations used to generate the data in Fig. 4. An obvious and
simple improvement to this model is to assume that the TiOH−1/3

surface species adsorb the monomer, dimer and trimer forms of
AO7− equally well (not including the electrostatic element), i.e. for
the relevant adsorption processes:

2TiOH−1/3 + 2H+ + (AO7−)2

K ′
AO7←→Ti2(AO7)−2/3

2 + 2H2O (13)

2TiOH−1/3 + 2H+ + (AO7−)3

K ′′
AO7←→Ti2(AO7)−5/3

3 + 2H2O (14)

K ′AO7 = K ′′AO7 = KAO7. Note that KAO7 is an apparent constant in
which the concentrations of surface sites are in units of M. In con-
trast, in Table 1, intrinsic constants are reported, i.e. ones in which
the surface sites are expressed as mole fractions, which renders
them independent of experimental conditions such as �, the solid
solution ratio (in this case [TiO2] in g dm−3) and A, the specific sur-
face area (m2 g−1). As a consequence, because it is for a bidentate
reaction, KAO7 is related to the intrinsic constant, KAO7-in (in Table 1)
via the following expression:

KAO7 =
KAO7-in

(�ANS)
(15)

The solid lines illustrated in Fig. 4, showing an improved fit, were
generated using: the above revised (multimer) version of the CD-
MUSIC model employed by Bourikas et al. [6], the constants given
in Table 1, with a revised value for KAO7 (log KAO7-in = 14.54), and
the values of KD and KTr reported by Ghosh and Mukerjee [19] and
given earlier. These lines reveal an encouragingly overall improved
fit to the adsorption edge data.

The above multimer CD-MUSIC model can also be used to gener-
ate adsorption isotherms for AO7− as a function of pH which can be
subsequently analysed as if they were Langmuir adsorption curves,
so as to generate apparent values of KL, and no as a function of pH,
plots of which are illustrated in Fig. 5. These plots reveal the not too
surprising finding that KL, and no increase with increasing negative
�pH and are negligible for positive values of�pH; trends that have
been observed by others [12,24].

5. AO7− as a test dye for assessing photocatalyst activity
with UV light
In a series of experiments carried out under in situ monitor-
ing conditions ([TiO2] = 20 mg dm−3; [AO7−]total = 4.86×10−5 M)
the initial rates of AO7− bleaching, ri, photosensitised by UV-
excited titania, were measured as a function of pH and the results
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Fig. 6. Measured initial rate of photobleaching of AO7− (in units of absorbance
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nits at 484 nm per min, i.e. au min−1) as a function of pH for experiments con-
ucted under in situ conditions ([TiO2] = 20 mg dm−3; [AO7−]total = 4.86×10−5 M),
ith [NaCl] = 0.01 M, using either: (�) two 8 W BLB lamps (UVA: 2 mW cm−2) or (©)
180 W Xe arc lamp with a 400 nm filter (i.e. a visible – no UV – light source).

f this work are illustrated in Fig. 6. Surprisingly, these results
eveal the rate increases by less than a factor of 2 over the pH
ange 2 to 10 and are not too dissimilar to those reported by oth-
rs using P25 TiO2 as the semiconductor photocatalyst [15,25].
or example, using an ex situ method ([TiO2] = 750 mg dm−3;
AO7−]total = 8.57×10−4 M), Verykios et al. found the rate of pho-
obleaching under solar-simulator Xe-arc light irradiation to be
H independent over the range pH 2–9, but faster at pH 10–12
15]. Palmisano and his co-workers reported, also using an ex situ

ethod ([TiO2] = 200 mg dm−3; [AO7−]total = 2.86×10−5 M), that
hilst the rate of photobleaching of AO7− under solar light irra-
iation dipped at pH 6, at pH 2 and 11 the rates were similar [25].
ote that the results from the above two reports are complicated by

he fact that dye bleaching can occur by both semiconductor pho-
ocatalysis and dye photosensitisation as solar, or solar simulated,
ight was used.

The multimer CD-MUSIC model reported here can be used to
stimate the total fraction of singly co-ordinated sites occupied
y the dye, fAO7, as a function of solution pH, under the ex situ
easurements employed in this work, and the results are illus-

rated in Fig. 7. This plot shows that, as expected, fAO7 increases
arkedly with increasingly negative�pH; note also that the model

redicts this effect is even more pronounced under ex situ moni-

oring conditions, since fAO7 increases significantly with increasing
AO7−]total. The results illustrated in Fig. 7 do not provide a ready
xplanation of the kinetic results illustrated in Fig. 6 for UV irra-
iation of the AO7−/TiO2 system, since it would seem reasonable
o expect ri to be related to fAO7. The reasons as to why that this is

ig. 7. Multimer CD-MUSIC model-calculated values of the fraction of singly co-
rdinated surface sites on P25 titania with adsorbed AO7− , fAO7, as a function of pH.
he insert plot is of the ri values from Fig. 6, for visible light versus the value of fAO7

t the associated pH.
hotobiology A: Chemistry 216 (2010) 261–267 265

not the case are unclear. The simplest explanation is that the pho-
tocatalysed bleaching of AO7− occurs via the doubly co-ordinated
sites, i.e. Ti2O−2/3, since – according to the CD MUSIC model – dye
adsorption (via innersphere complex formation) does not occur at
these sites at any pH. However, a number of alternative explana-
tions are also possible. Interestingly, a modest variation in ri (initial
photocatalytic rate) as a function of pH appears a common feature
of both anionic and cationic (such as methylene blue) dyes when
used to assess the activity of P25 titania [12]. Clearly, further work
is required to ascertain the underlying cause(s) for this notable,
apparently common, largely indifferent variation in rate as a func-
tion of pH for anionic and cationic dyes when used to test titania
under UVSPC conditions.

6. AO7− sensitised bleaching using visible light

As noted earlier, AO7− can also be photobleached via a dye-
sensitised process in which the electronically excited state of the
dye, AO7−*, injects an electron into the conduction band of the
titania to produce an oxidised dye radical, AO7•, which is unstable
and capable of decomposition into colourless products, i.e.

AO7−∗ + TiO2→ AO7• + TiO2 (e−) (16)

Since AO7− does not absorb strongly in the UV, this dye-
sensitised process is most easily and usually demonstrated using an
intense visible light, such as provided by a Xe-arc light. Thus, using
the same in situ reaction conditions as described previously, but
with a 180 W Xe arc light, combined with a 400 nm cut-off filter, the
initial rate of dye photobleaching was measured as a function of pH
and the results are also illustrated in Fig. 6. These results show the
rate increases from a small value at pH 6 to a significant rate at pH 2,
much like the fraction of sites occupied by adsorbed dye on the TiO2
increases with decreasing pH (see Fig. 7). Indeed, the insert diagram
in Fig. 7, which shows a plot of ri values measured using visible light
at different pHs versus the multimer CD-MUSIC model-calculated
value of fAO7, reveals a clear, if not simple, correlation between
the two parameters. This correlation seems appropriate given the
nature of the key process, i.e. reaction (16), and its implication that
only dye molecules that are in direct contact with the surface can
undergo photodegradation via such a dye-sensitised route [26].
Note however, at surface coverages approaching or exceeding a
monolayer, as might be expected using high dye concentrations,
dye excited state annihilation and self-quenching processes can
compete with the charge injection process and so decrease the effi-
ciency of dye-sensitised photobleaching [26]. The latter effect may
be responsible for the apparent negative deviation from linearity
in the insert plot at high values of ri versus fAO7.

7. Conclusions

The observed adsorption of AO7− on P25 titania over a range
of pH values (pH 2–8) is well described using a CD-MUSIC model
which accounts for dye aggregation in solution and subsequent
adsorption of these aggregates. The model predicts the appar-
ent dark Langmuir adsorption constant, KL, and the number of
adsorption sites, no, increases with decreasing pH, as has been
observed by others [12,24]. The rate of bleaching of AO7−, pho-
tocatalysed by titania using UV light, appears to increase modestly
(by a factor < 2) over the pH range 2–10, despite the fact that AO7−

adsorption on P25 titania is not significant above pH 6 and increases

almost linearly and markedly below pH 6, covering ca. 32% of the
singly co-ordinated surface sites at pH 2 under in situ experimental
conditions ([TiO2] = 20 mg dm−3; [AO7−]total = 4.86×10−5 M). The
reasons for the lack of a strong dependency of initial rate of pho-
tobleaching upon fAO7 remain unclear. In contrast, the initial rate
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Table A1
Surface speciation for the adsorption of AO7− on the surface of P25 titania.

Dissolved component Surface component Electrostatic component

Surface species H+ Na+ Cl− AO7− TiOH−1/3 Ti2O−2/3 e−F� 0/RT e−F� 1/RT e−F� 2/RT log K
TiOH−1/3 0 0 0 0 1 0 0 0 0 0
Ti2O−2/3 0 0 0 0 0 1 0 0 0 0
TiOH2

+2/3 1 0 0 0 1 0 1 0 0 log KH

Ti2O+1/3 1 0 0 0 0 1 1 0 0 log KH

TiOH−1/3–Na+ 0 1 0 0 1 0 0 0 1 logKNa+
Ti2O−2/3–Na+ 0 1 0 0 0 1 0 0 1 logKNa+
TiOH2

+2/3 −Cl− 1 0 1 0 1 0 1 0 −1 logKCl− + logKH

Ti2OH+1/3 −Cl− 1 0 1 0 0 1 1 0 −1 logKCl− + logKH
+1/3
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Ti2AO7 2 0 0 1 2
Ti2(AO7)2

−2/3 2 0 0 2 2
Ti2(AO7)3

−5/3 2 0 0 3 2
Sum

f bleaching of AO7− via a visible light-driven, dye-sensitised pro-
ess, appears to correlate to some degree with fAO7 at different pHs,
s expected given that the reaction mechanism implies only dye
olecules that are in direct contact with the surface can undergo

hotodegradation via a dye-sensitised route.
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ppendix A.

Table A1 (below) defines the formation of each species in terms
f the following components (columns): dissolved species, sur-
ace species and electrostatic components. The latter are defined
n terms of the expression exp(−F i/RT), with i = 0, 1 and 2 for the
orresponding planes (see Fig. 3). The species concentrations are
alculated using the coefficients in Table A1, where, reading across
he table, the general expression for the species concentration, S
units: M) is:

S] =˘[[Ck]
nk10logK (A1)

here Ck is the component’s concentration (units: M), includ-
ng electrostatic components, exp(F k/RT), surface components
TiOH−1/3 and Ti2O−2/3) and solution components. The coeffi-
ients nk are in the rows. The final column comprises the relevant
xpressions for the logarithms of the intrinsic reaction equilibrium
onstants with, where appropriate, concentration terms of known
omponents.

Briefly the equations in the CD-MUSIC model can be solved
sing the parameters in Table 1 and the functions generated using
able A1. Thus, it can be shown for titania that:

0
= (�A/F)(�o + NS) (A2)

For a given pH, a set of potentials,  o,  1 and  d (= 2) are
hosen so that a value for �1 and then �o (via Eq. (A2)) can be
alculated.

Similarly, the summations:

1
= (�A/F)�1 (A3)

nd
2
= (�A/F)�2 (A4)

Allow values for �1 and �2 to be calculated. However, these val-
es must also be related to each other via the following electrostatic

[

[

[

0 1.5 −0.5 0 log KAO7

0 1.5 −1.5 0 log KAO + log KD

0 1.5 −2.5 0 log KAO7 + log(KDKTr)
�0 �1 �2

equations:

�o = C1( 0 − 1) (A5)

�1 + �o = C2( 1 − 2) (A6)

�0 + �1 + �2 + �ddl = 0 (A7)

where

�ddl (units �C cm−2) = −11.72c1/2 sinh(zF d/RT) (A8)

where c is the background electrolyte concentration. Thus, for any
pH, by varying the values of  o,  1 and  d (= 2) eventually a
unique set of values for these potentials can be obtained which
generate �0, �1, �2 and �ddl values (via Eqs.: (A2)–(A4) and (A8),
respectively) that are the same as those generated using Eqs. (A5)
and (A6) and which also satisfy the need for overall electroneutral-
ity, i.e. Eq. (A8). In this work the optimisation process was carried
out using an in-house written, macro incorporated in Excel. Others
[6,21] use the significantly faster and equally effective ECOSAT pro-
gram for calculating chemical equilibria. Both approaches generate
the same data sets for both basic Stern (i.e. MUSIC) and three plane
(CD-MUSIC) model calculations.

In applying the CD-MUSIC model as proposed by Bourikas et
al. [6], where AO7− is assumed to be monomeric in solution and
adsorb onto the surface as such, the last 2 surface species rows in
Table A1 are not applicable and the value of KAO7-in used is given in
Table 1. In extending this model to allow for the monomers, dimers
and trimers of AO7− present in solution to adsorb equally well onto
the surface of the titania, all surface species rows in Table A1 are
used, along with the knowledge of the total dye concentration and
the fraction of that which, in solution, is in monomeric form (from
Fig. 2) and the revised value of KAO7-in given in Table 1.
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