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bstract

Photooxidation and photoreduction reaction rates on nanoparticulate TiO2 have been studied using a series of silica coated samples prepared
rom the same parent material—a high area rutile. Oxidation of propan-2-ol was measured by GC analysis of acetone product. Reduction of DPPH
1,1-diphenyl-2-picrylhydrazyl radical) was followed by the decrease in absorbance at 520 nm and photogreying of TiO2 was measured as a change
n L, the reflectance of the CIE Y illuminant centred at 550 nm, using a Minolta chroma meter.

The activity for oxidation of propan-2-ol correlated well with two measures of photoreduction, the reduction of the stable DPPH and TiO2

hotogreying in an oxygen free system.
In all cases, low silica loadings resulted in a small increase in activity. For silica levels >1 wt.% the dependence of activity decreased with increasing
evels of silica treatment. The pattern of activity versus silica-level was consistent with elimination of both photooxidation and photoreduction at
2–16% silica. A speculative interpretation of these changes was based on changes in the silica environment as determined by magic angle spinning
MR.
2006 Elsevier B.V. All rights reserved.
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. Introduction

TiO2 photocatalysis has developed rapidly since early obser-
ations by, for example Stone [1,2]. Photoexcitation of rutile
iO2 (λ < 400 nm) generates highly oxidising holes in the
alence band (+2.7 V versus NHE at pH 7) and mildly reducing
lectrons in the conduction band (−0.5 V versus NHE). Pho-
ooxidation has been considered extensively by many authors,
wide range of molecules including alcohols [3–5], carboxylic
cids [6–9] and substituted aromatics [10,11] have been studied
n depth, and the mechanism of oxidation is generally under-
tood. However, much less research has been done on photore-
uction reactions (perhaps because the photogenerated electron
s not particularly reducing).
The reduction of methyl-viologen (MV2+/MV•+, E0 = −0.42
versus SHE)) has been studied [12,13] by monitoring the for-
ation of the 602 nm absorption of the reduced molecule. The
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hotocatalytic degradation of CCl4 has also been shown to fol-
ow a reductive mechanism [14,15]. The details of this reaction
re more complicated than methyl-viologen; oxygen does not
ave to be excluded from the system but does have an effect
n the measured rate. In a separate study, Pelizzetti et al. [16]
as shown that for a series of chloromethanes the importance of
eduction decreases as the degree of substitution decreases, and
ichloromethane degradation is essentially oxidative.

Truscott et al. [17] showed that the rate of TiO2 photocatal-
sed bleaching of the DPPH absorption at 520 nm depended on
he type of TiO2, and followed the order P25 (uncoated, mainly
natase) > Tayca MT100T (coated rutile) > Ishihara FPT4-12
coated rutile) ≥ Tayca MT100Z (coated rutile) > no TiO2.
lthough the reaction of DPPH with solvated electrons, gen-

rated by pulse radiolysis, was very fast, with a rate con-
tant of 1 × 1010 M−1 s−1, bleaching during irradiation of Tayca

T100T followed a bi-exponential decay with rate constants

f 5 and 0.6 s−1 (speculated to be bi-exponential because the
article size of the TiO2 exerted a controlling influence). They
howed that neither water nor propan-2-ol affected the observed
inetics and that there was no significant difference in the rate

mailto:T.A.Egerton@ncl.ac.uk
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Table 1
List of samples used for all experiments

Sample name Surface treatment
(wt.% SiO2)

XRF analysis
(wt.% SiO2)

A None –
B 0.1 –
C 0.25 –
D 0.5 0.7
E 1
F 3 3.2
G
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f decay when oxygen was replaced by argon. Although this
tudy established mechanistic detail of the observed bleaching,
o attempt was made to quantitatively compare the changes in
he rate of reduction with other measures (e.g., propan-2-ol oxi-
ation and photogreying) of photoactivity. Work by Wakefield
t al. [18] has also utilised the DPPH reduction reaction for com-
aring a range of doped and coated rutile samples. In this case,
he work was conducted in the dark in order to compare the
ntrinsic radical scavenging ability of the powders but not their
hotoactivity.

In this paper, we have examined in more detail the reduc-
ion of DPPH by a range of TiO2 samples. To obtain a series
f samples with different photoactivity but with no change in
he primary particle size we have reduced the activity of a high
rea rutile sample by progressively covering the surface with
ilica. The effect of the silica coating on photoactivity has been
etermined by oxidation of propan-2-ol and the activity for pho-
ooxidation correlated with the activity for photoreduction of
PPH. We also report the correlation between the photoreduc-

ion of DPPH and the UV-induced photogreying of the TiO2
amples. From this we conclude that photogreying is caused by
he reduction of the TiO2 (probably Ti4+ to Ti3+) during UV
rradiation in the absence of oxygen.

. Experimental

.1. Sample preparation

The materials used in this study are listed in Table 1. Sample
is high area (∼140 m2 g−1) rutile prepared by the hydrolysis of

iCl4 and supplied by Uniqema. Samples B–H were all prepared
rom sample A.

All silica coatings were applied using Iler’s “dense silica”
ethod [19]. A 30 g dm−3 aqueous supension of sample A was

eated to 90 ◦C at pH 9. To this, the required amount of sodium
ilicate was co-added (as an aqueous solution) with sulphuric
cid to maintain a pH of 9. Once addition was complete the pH
as adjusted to 6.5 and the slurry was filtered, washed and dried

110 ◦C for 16 h).
.2. Sample characterisation

XRF confirmed that silica had been deposited. Deposition
as successful at low, medium and high silica loadings. Solid

d
g
m
d

ig. 1. Si-29 MAS NMR of three silica-TiO2 samples, with silica loadings from
.5 to 10 wt.%, measured using Varian Unity Inova spectrometer.

tate 29Si magic angle spinning (MAS) NMR spectra were mea-
ured on three samples (0.5, 3.0 and 10.0 wt.%). The results
onfirmed the existence of silica on the surface but also gave
ore information about the environment of the silicon atoms in

ach case. The 29Si NMR are given in Fig. 1 and show that the
ilicon are largely in Q1 [O3SiOSi] and Q2 [O2Si(OSi)2] envi-
onments where there is a small amount of cross-linking [20]. At
ower loadings a single peak was observed at −79 ppm which
ndicates only Q1 type silica being present (and possibly Q0)
nd negligible cross-linking. For the high silica content sample
10 wt.%) the spectrum showed a greater amount of Q2 silicon
as present as well as considerable Q3 [O3Si(OSi)3] and poten-

ially some Q4 [Si(OSi)4] bonding. This means that at higher
oadings there is more of the condensed silica species than at
ower loadings.

A numerical simulation based on the random occupation of
400 × 400 square grid suggested that at low surface coverages

0.5 wt.%) 100% of the silica was present as Q0 and Q1, whereas
t higher coverages (10 wt.%) approximately 95% of the silica
as present as Q2 and Q3.

.3. Photoactivity measurements

.3.1. Propan-2-ol photooxidation
Oxidation of propan-2-ol was monitored by following the

ormation of acetone over time by gas chromatography (GC), as
etailed elsewhere [21].

.3.2. DPPH photoreduction
DPPH photoreduction was carried out in the same cell as used

or propan-2-ol oxidation using the general method described
y Truscott et al. [17]. The TiO2 was dispersed in a solution
f DPPH (Aldrich, 90%) in a 50:50 mix of mineral oil and
aprylic acid triglyceride (MOTG; supplied by Uniqema). DPPH
olutions were prepared fresh and used within 2–3 days of prepa-
ation. No degradation of DPPH (as determined by the initial
V–vis peak at 520 nm) was observed in this time period. The

ependence of DPPH reduction rate on TiO2 loading was investi-
ated (Fig. 2) and showed no sign of a plateau. The final reaction
ixture consisted of 50 cm3 of 2 × 10−4 M DPPH with a stan-

ard TiO2 concentration of 0.25 g dm−3. The light source, as



T.A. Egerton, J.A. Mattinson / Journal of Photochemistry and Photobiology A: Chemistry 186 (2007) 115–120 117

u
e
t
w
f
c
d
p
s
s
r
r
“
s
a
t
t
a
w

2

t
(

F
D

F
(

m
(
w
t
b
t
a
q
o
a
2
c
g
i

3

e
s
t

Fig. 2. Loading curve for DPPH• reduction reaction.

sed for propan-2-ol oxidation [21] showed a maximum UV
mission at 365 nm. Preliminary experiments showed that, at
his loading level, the repeatability of replicate measurements
as good, whereas at higher (8 g dm−3) TiO2 loadings, as used

or propan-2-ol oxidation, the reaction was too fast to achieve
onsistent results. The mixture was stirred for 1 min before irra-
iation and 1 cm3 of sample was removed at regular intervals and
assed through a filter to remove the TiO2 so that the UV–vis
pectrum could be recorded using a Shimadzu UV-Mini 1240
pectrometer. The decrease of the peak at 520 nm represents the
eduction of DPPH with the product absorbing very little in this
egion (Fig. 3). Wakefield has shown previously that there is a
dark” reaction associated with DPPH reduction [18]. For our
ystem (Fig. 4) this “dark” reaction, to which adsorption could
lso contribute, was ca. twenty times slower than the UV reac-
ion and was neglected in any results. In a typical experiment,
he 520 nm peak fell from 1.5 to a minimum of 0.4 and plots of
bsorbance versus time were linear (R2 > 0.98), but no attempt
as made to establish kinetics of bleaching.

.3.3. Photogreying measurements (�L)

The dispersions used for the photogreying experiments con-

ained 5 wt.% of TiO2 sample in a C12–C15 alkyl benzoate
Finsolv) medium. The dispersions were prepared by milling the

ig. 3. DPPH• absorption spectra, 2 × 10−4 M, 0.5 cm path length (a) and
PPH2 absorption (b).
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ig. 4. Loss of peak at 520 nm without UV light (left of line) and with UV light
right of line) for a typical experiment in the presence of 0.25 g dm−3 TiO2.

ixtures for 15 min at 5000 rpm with a “MINI MOTOR” mill
Eiger Torrance MK M50 VSE TFV), which was filled (70%)
ith zirconia beads (0.8–1.25 mm). The dispersions were then

ransferred to a reaction cell and placed on a turntable 12 cm
eneath a 75 W UV light source. The quartz cover on the reac-
ion cell is intended to maintain an oxygen free environment
s oxygen would reverse/prevent the photogreying process. The
uartz was held in place by a movable brass catch. Measurements
f L, derived from the reflectance of the CIE Y illuminant with
maximum intensity at ∼550 nm, were taken every 30 min for
40 min using a Minolta chroma meter (CR-300), previously
alibrated against a white tile (L = 97.95). Egerton et al. have
iven elsewhere [22] a more detailed explanation of photogrey-
ng and its measurement.

. Results

Photooxidation of propan-2-ol to propanone increased lin-
arly with time, as previously reported [21]. For a series of
ilica-coated samples, a linear decrease in propan-2-ol oxida-
ion rate was observed as silica loading was increased (Fig. 5a).
xtrapolating the activity versus loading line suggests that a

oading level of ∼12 wt.% would be required to eliminate essen-
ially all activity for propan-2-ol oxidation. This is in good
greement with the range of 9–20 wt.% reported by Egerton and
ooley [21] for a different series of samples prepared by silica
oating a separate batch of TiO2 similar, but not identical to A.

The DPPH 520 nm absorbance peak decreased linearly with
ime over the course of reaction studied here (Fig. 4). For TiO2
amples with a higher level of silica coating the bleaching was
lower and a corresponding analysis to that described above
or propan-2-ol shows (Fig. 5b) that 16 wt.% silica would be
equired to remove all the bleaching ability of TiO2. This value
lso falls within the range suggested previously.

Fig. 6 shows typical results for increased photogreying as
function of time. Comparisons between the photogreying

f different samples were based on �L120, photogreying after
20 min, when the values of L are no longer changing rapidly. If

ther �L values were used (90 or 150 min) the overall trend was
ssentially the same. Higher silica levels resulted in a decrease
n photogreying (�L was less). Extrapolation of photogreying
esults versus % of silica content (Fig. 5b), as for the two
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Fig. 5. (a) Decrease in relative propan-2-ol oxidation rate at higher silica coat-
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Fig. 7. Photogreying (for three different photogreying exposure times) vs.
propanol oxidation rate. (The 90 and 150 min photogreying values have been
arbitrarily displaced by 5 units to avoid overlap of the results.)
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with a radius, r, given by r = 3/AρTiO2 , where A is the specific
surface area, measured by nitrogen adsorption, and ρTiO2 is the
density of rutile. If we further assume that the silica is deposited
as a uniform layer of thickness, t, and density ρcoat, the weight
ngs. The uncoated rutile has a relative rate of 1 (=9.33 × 10 mol dm min )
nd (b) linear decrease in rates of DPPH• reduction (dashed line) and photogrey-
ng at 120 min (full line) at higher silica levels.

revious reactions, indicates that a coating level of 13 wt.%
ilica would reduce the amount of photogreying to a level close
o 0.

Fig. 7 compares the measured photogreying at three different
xposure times (for clarity five photogreying units were added
o the 90 min values and five were subtracted from the 150 min
alues) with the rate of propan-2-ol photooxidation. Fig. 8
hows the corresponding comparison of the rates of DPPH
hotoreduction and propan-2-ol photooxidation. Both show
good correlation (R2 = 0.96 for the former and 0.94 for the
atter). Consequently a good correlation was also observed
etween photoreduction and photogreying measurements
Fig. 9).

ig. 6. Change in photogreying (�L) over time for a selection of samples.
ig. 8. Correlation of the DPPH• photoreduction rate with the rate of photoox-
dation of propan-2-ol.

. Discussion

.1. Photoactivity dependence on coating level

For simplicity we assume that the TiO2 crystals are spherical
Fig. 9. Comparison of DPPH• photoreduction rate and photogreying.
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f coating is W = 4πr2ρcoatt. The density of rutile is 4.26 g cm−3

nd although we do not know exactly the density, ρcoat, of the
ilica coating, an estimate of 2.13 g cm−3 [23] is convenient and
easonable. The weight of a rutile sphere is 4πr2ρTiO2 and if
e assume a silica monolayer thickness of 0.5 nm, the amount

alculated to cover the rutile surface is:

iO2 (wt.%) =
[

weight of silica

weight of TiO2

]
× 100

=
[

4πr2ρcoatt

(4/3)πr3ρTiO2

]
× 100 =

[
3tρcoat

rρTiO2

]
× 100

ubstituting for ρ:

ilica (wt.%) = 3t × 0.5 × 100

r
= 15%

hich compares well with the three experimentally obtained val-
es of 12 wt.% from propan-2-ol oxidation, 16 wt.% from DPPH
hotoreduction and 13 wt.% from photogreying. This suggests
hat the integrity of the coating is good and that the silica forms
reasonably uniform layer on the surface.

.2. Correlation of photoreduction reactions with
hotooxidation

The good correlation, passing through the origin, shown in
ig. 7 between the measured photogreying and the rates of pho-

ooxidation is consistent with the earlier [22] hypothesis that
hotogeneration of charge carriers is the initial step in the oxi-
ation of propanol and, in the absence of alternative electron
cceptors, reduction of Ti4+ to Ti3+. Fig. 8 demonstrates that
here is also a good correlation between rates of DPPH reduc-
ion and propan-2-ol oxidation. However, for DPPH the best-fit
ine does not go through (or near) zero. The DPPH reduction rate
orresponding to zero photooxidation is ∼25% of the rate for
ncoated rutile (or 15% if the comparison is based on first order
inetic plots for DPPH reduction—for which the R2-values are
ess good) and this is larger than the ‘dark’ reaction contribution
f ∼5% reported above and shown in Fig. 4. The plot of DPPH
eduction versus photogreying, Fig. 9 shows a similar non-zero
ntercept.

The difference in the intercepts is consistent with the hypoth-
sis that in the absence of an electron acceptor, all unrecombined
hotogenerated electrons are captured by a Ti4+, whereas in the
resence of the DPPH some electrons may still be accepted
y the Ti4+. Consequently, reduction of DPPH by the uncoated
utile will be less than if all electrons are transferred. Thus, low-
ring of activity of the uncoated rutile would lower the gradient
f the DPPH/propan-2-ol, or DPPH/photogreying line and result
n a positive intercept on the DPPH axis.

.3. A comparison of the absolute rates of photoreduction
nd photooxidation
Because of the need to obtain reproducible measurements of
he DPPH bleaching, the study of DPPH reduction was carried
ut at lower catalyst loadings than were used for propan-2-

l
s
p
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nd Photobiology A: Chemistry 186 (2007) 115–120 119

l oxidation. If no correction was made for catalyst loading,
0 propan-2-ol molecules were, on average, oxidised for each
PPH molecule reduced.
A comparison has been based on normalizing the rates to a

atalyst loading of 1 g dm−3 (since doubling the TiO2 loading
ncreased DPPH reduction rate by 20% and propan-2-ol oxida-
ion rate by 25% [24].) However, this normalization is crude,
nd, e.g., it ignores the effects of possible differences of cat-
lyst dispersion on the optics of suspension. Nevertheless the
stimate suggests that on average 2.5 molecules of propan-2-ol
re oxidized for each DPPH reduced. This would be consistent
ith a mechanism by which each molecular radical of DPPH is

educed by one electron:

− + DPPH• → DPPH−

hereas each propan-2-ol may be oxidized both by a hydroxyl
adical and by the less reactive perhydroxyl radical (proton
ransfer from water to O2

•− is considered favourable to direct
ropan-2-ol oxidation by the oxygen radical due to the pKa of
ater being lower than that of propan-2-ol) [25]:

h+ + OHsurf
− → OH•,

e− + O2 → O2
•−,

followed by O2
•− + H2O → HOO• + OHsurf

−

.4. The dependence of the rates of photoreduction and
hotooxidation on the level of silica surface treatment

The dependence, shown in Fig. 10a, of photoreduction and
hotooxidation reaction rates on the level of silica coating sug-
ests that the relationship is more complex than a simple 2.5:1
atio (although this comparison is based on the normalized rates,
he same activity pattern, though not the same ratio of rates,
ould be obtained for the non-normalized results). At low coat-

ng levels the ratio increases, reaching a maximum of 3:1 at
wt.% and then begins to decrease. By 10 wt.% the ratio is
pproaching 1:1. A possible explanation is that as the silica coat-
ng level increases from 0 to ∼1 wt.%, the coating, which NMR
hows to be not extensively cross-linked, preferentially blocks
he transfer of electrons rather than holes. These blocked elec-
rons could either recombine with a hole or become trapped
y titanium atoms. Fig. 10b shows that at low loadings pho-
ogreying increases with respect to DPPH reduction, which is
onsistent with blocked electrons becoming trapped at Ti4+ sites
nd not recombining with holes. It has been shown previously
26,27] that Ti4+ sites involved in Ti–O–Si bonds have a greater
lectron affinity than those in Ti–O–Ti bonds which is in agree-
ent with the changing ratios observed at low loadings. At

igher levels of silica coating, corresponding to the increased
ross-linking of silica shown by the NMR, transfer of holes is
rogressively blocked allowing the ratio to approach 1:1. Such
ifferences could reflect either increased probability of cross-

inking/condensation of silica at higher coverages or changes in
ilica location on the titania surface as the initial sites are occu-
ied with increasing coverage. However, the above discussion
s necessarily speculative and additional NMR studies to fur-
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Fig. 10. (a) Variation in photooxidation:photoreduction ratio with silica con-
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[24] I.R. Tooley, Ph.D. Thesis, University of Newcastle Upon Tyne, 2001.
ent and (b) variation in photogreying:photoreduction reduction ratio with silica
ontent. Photogreying values are as �L120 and photoreduction values are as
olecules of DPPH• reduced per minute per gram of catalyst.

her test this speculation are in progress. Systematic trends such
s those associated either with the differences in TiO2 disper-
ion or with our normalisation procedure, might also account
or differences in the estimated ratio.

Finally, if we compare the measured �L120 values with the
PPH reduction it can be seen that (under the experimental

onditions used for photogreying) a value of one photogreying
nit is equivalent to approximately 15 × 1016 DPPH molecules
per minute per gram of catalyst) being reduced. Correspond-
ngly a �L value of one is equivalent to approximately 40 × 1016

ropan-2-ol molecules being oxidised.

. Conclusion

Our results demonstrate, to a first approximation, that on a
eries of treated rutile samples, photooxidation, as measured by
ropan-2-ol oxidation and photoreduction, parallels one another.
or both reactions, the relationship between activity and sil-

ca coating level suggest that around 15 wt.% silica would be

equired to reduce the activity to effectively zero which is con-
istent with simple calculations. There is also an excellent corre-
ation between photogreying and propan-2-ol oxidation. Based
n a more detailed study of the effect of low levels of surface

[

[
[

nd Photobiology A: Chemistry 186 (2007) 115–120

reatment, we speculate that at low silica levels electron transfer
ay be blocked more effectively than (direct or indirect) hole

ransfer.
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