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Abstract

UV illumination of aqueous TiO2 suspensions yields hydroxyl radicals which can be trapped by methanol yielding formaldehyde
(HCHO). The photonic efficiency of HCHO formation (345± 35 nm cw illumination) in aqueous, oxygenated TiO2 suspensions (2.4 nm
diameter TiO2 particles, Degussa P25 and Sachtleben Hombikat UV 100) containing methanol at pH ca. 1–12 has been determined as
well as the respective quantum yield in case of 2.4 nm TiO2. Differences in the activity of the three photocatalysts have been found and
are discussed. The photonic efficiency in the presence of P25 and Hombikat UV 100 depends on the catalyst loading (g l−1) and the pH.
Below 2.5 g l−1 the photonic efficiency is higher for P25 than for Hombikat UV 100 and vice versa at above 2.5 g l−1. Optimum pH values
for P25 and Hombikat UV 100 resulting in maximum photonic efficiencies (ca. 0.13 for P25 and 0.07 for Hombikat UV 100) are 7.7 and
10.4, respectively. Other than with P25 and Hombikat UV 100, which scatter light strongly, the quantum yield of HCHO formation in the
colloidal 2.4 nm TiO2 suspension varies but little with the pH and virtually does not change with the photocatalyst loading (0.1–1.0 g/l).
Employing these colloidal particles as photocatalysts the quantum yield varies as the inverse square root of light intensity. It increases
from 0.02 to 0.08 when the absorbed photon flux decreases from 8.1 × 10−7 to 4.9 × 10−8 Einstein l−1 s−1. A simple model is presented
to explain this observation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photocatalytic detoxification reactions employing light-
absorbing semiconductors have attracted considerable
attention in the last 20 years as a potential solution to global
environmental problems [1–12]. Several oxide and sulfide
semiconductors (e.g., TiO2, Fe2O3, ZnO and CdS) have
been used as photocatalysts. TiO2, however, has proven
most suitable for environmental applications because it
is highly photoactive, cheap, non-toxic, chemically and
biologically inert and photostable [3,4].

The mechanism of TiO2 photocatalysis has been an objec-
tive of extensive research [1–13]. The details of the mecha-
nism vary according to the substrate to be photo-oxidized.
Hence, the nature of the leading oxidizing species
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(surface-bound or quasi-free hydroxyl radicals from the
reaction of photogenerated holes with adsorbed hydroxide
ions or water molecules, deeply trapped holes, photo-holes
in the valence band) active in interfacial charge transfer to
the adsorbed substrate molecule or ion must also depend
on the properties of the latter since all the oxidizing species
originate from photogenerated valence band holes in a com-
petitive manner [14]. Nevertheless, this key feature of TiO2
photocatalysis has been discussed controversially [13–16].
It is therefore advisable to study the quantum yield or
the photonic efficiency for the photocatalytic oxidation of
small, weakly adsorbed molecules (e.g., aliphatic alcohols
[17]) to obtain a measure for the photogeneration rate of
the leading oxidizing species interacting with such a sub-
strate on various TiO2 catalysts. This is the approach of the
present work where methanol has been chosen as a model
compound thought to be oxidized by hydroxyl radicals [18].

Recently, Sun and Bolton [18] determined the quantum
yield of photochemical hydroxyl radical generation in sys-
tems containing powdered TiO2 (anatase, 100–210 nm in di-
ameter) by employing methanol as an OH• trap. Methanol
is converted to formaldehyde by OH• attack and further
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oxidation, by O2 or charge-injection to the CB of TiO2, of
the first-formed•CH2OH. Formaldehyde was assayed by
HPLC, and the absorbed photon flux in the light-scattering
TiO2 particulate suspension was obtained by use of an in-
tegrating sphere [18]. In the present work we compare the
photocatalytic activity of colloidal TiO2 particles (2.4 nm in
diameter) with that of two commercially available photocat-
alysts, namely Degussa P25 and Sachtleben Hombikat UV
100, by determination of the photonic efficiency1 and the
quantum yield (2.4 nm TiO2), respectively, of formaldehyde
generated by photocatalytic oxidation of methanol in aque-
ous suspension. Since these quantities reflect the production
rate of hydroxyl radicals in the reaction system [18], more
insight is gained into the environmental implications and
applications of these TiO2 photocatalysts. The effect of sev-
eral other important factors such as catalyst loading, pH and
photon flux on the photocatalytic activity is also reported.

2. Experimental

Chemicals including TiCl4 (Merck-Schuchardt), CH3OH,
HClO4 and NaOH from Merck (analytical grade reagents),
2,4-dinitrophenylhydrazine (DNPH, Aldrich), TiO2 P25
(Degussa) and TiO2 Hombikat UV 100 (Sachtleben Chemie)
were used as supplied. Water was purified by a Milli-Q/RO
system (Millipore) and had a resistivity of larger than
18 M� cm.

Colloidal TiO2 was prepared by controlled hydrolysis of
TiCl4 as reported by Kormann et al. [19]. As-prepared col-
loidal TiO2 comes as a white or slightly yellowish crystal-
like powder which can be resuspended in water, methanol
or in a mixture of both solvents. The colloidal suspension is
optically transparent in the visible and does not scatter the
incident light noticeably [15,19]. The particle diameter is ca.
2.4 nm as deduced from transmission electron micrographs.

The commercial photocatalysts, P25 (Degussa) and Hom-
bikat UV 100 (Sachtleben Chemie), were used without fur-
ther pretreatment. The catalysts were suspended in ultrapure
water (resistivity> 18 M� cm). Prior to measurements the
suspensions were sonicated for 30 min. Extinctance spec-
tra of the suspensions, in a 1 mm cuvette, were taken on a
Perkin Elmer Lambda-9 spectrophotometer equipped with
an integrating sphere.

The photolyzing light was provided by a Xe-lamp (Os-
ram XBO 450). The wavelength range 310–390 nm (maxi-
mal intensity at ca. 345 nm) was selected by band pass fil-
ters (black+ WG 320). The light intensity was adjusted
by neutral density filters. Photolyses were carried out in
50 ml spherical or 30 ml cylindrical cells equipped with flat
optical-grade quartz windows. Results were invariant with
respect to the reactor geometry. The determination of the
incident photon flux by chemical actinometry (Aberchrome

1 The photonic efficiency refers to the incident photon flux, while the
quantum yield refers to the flux of photons absorbed by the catalyst.

540 [20]) was performed in the same cells, thus avoiding the
necessity of corrections for any influence of light reflection,
beam position and reactor geometry. The pH values of the
suspensions to be photolyzed were adjusted by HClO4 or
NaOH. All the suspensions were saturated with oxygen and
were studied at room temperature. The suspensions were
prephotolyzed for 15 min before the addition of methanol.

The amount of HCHO formed by photocatalytic oxida-
tion of methanol was determined by HPLC after reacting
HCHO with 2,4-dinitrophenylhydrazine to give the corre-
sponding hydrazone which absorbs at 360 nm [18,21]. HPLC
employed a Dionex 4500i chromatograph equipped with a
250 mm reverse-phase column (Nucleosil-100-10C18, 4 mm
ID, Macherei & Nagel, Germany). The eluent consisted of
CH3OH, H2O and CH3COOH (100:100:1, v/v). The detec-
tor was set at 360 nm.

The optical absorbance of the colloidal TiO2 suspension
and of the band pass filters was measured with an Omega
spectrophotometer (Bruins Instruments). The relative error
of the measured concentration of HCHO was≤±8% as
judged from repeated runs under identical conditions of pho-
tolysis.

3. Results

Illumination of the aqueous TiO2 suspensions containing
methanol and oxygen leads to the formation of formaldehyde
(HCHO), the concentration of which increases virtually
linearly with illumination time (Fig. 1) when prephotolysis
(ca. 15 min) was applied before the addition of methanol.
The photolyses were carried out in a 50 ml spherical cell
(50 mm diameter) equipped with a flat quartz window
(35 mm diameter). The optical path length was between 42
and 50 mm resulting in a maximal absorbance of 0.25 for
colloidal TiO2 (0.1 g l−1) at 345 nm. No formaldehyde was

Fig. 1. Effect of illumination time on the concentration of HCHO formed
by photocatalytic oxidation of CH3OH (30 mM) in O2-saturated aqueous
suspension of 2.4 nm TiO2 particles, Degussa P25 and Hombikat UV 100.
λ = 310–390 nm,I0 = 3.37 × 10−6 Einstein l−1 s−1, 0.1 g l−1 catalyst
loading, pH= 3.5 (see text for analytical method).
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Table 1
Rate (r) and photonic efficiency (η) of HCHO formation in the systems containing colloidal TiO2, P25 and Hombikat UV 100 (for conditions, see Fig. 1)

System ra (×108 mol l−1 s−1) ηb (×102) η (relative to colloidal TiO2)

P25/CH3OH 19.10 5.70 11.8
UV 100/CH3OH 2.83 0.84 1.8
Colloidal TiO2/CH3OH 1.62 0.48c 1.0

a ±10%.
b η = r/I0, whereI0 is the incident photon flux in units of Einstein l−1 s−1.
c From the fraction of light observed by 0.1 g l−1 colloidal TiO2 the quantum yield isΦ = 0.02 as calculated byΦ = h/F s, whereF s = 0.238.

detected after keeping the system in the dark. HPLC did
not disclose photolysis products other than formaldehyde.

From Fig. 1 the production rate (r) of HCHO and the
photonic efficiency (η) were derived as listed in Table 1.
The photonic efficiency obtained for P25 is much higher
than for UV 100 and colloidal TiO2. Since light-scattering
is negligible in the latter system [15,19], the quantum yield
of HCHO formation could be determined asΦ = 0.02 for
I0 = 3.37 × 10−6 Einstein l−1 s−1 by making use of the
following relation:

Φ = η

Fs
(1)

whereη = r/I0 is the photonic efficiency andFs is given
by [18]

Fs =
∫ λ2
λ1

IλT
f
λf s

λ dλ∫ λ2
λ1

IλT
f
λ dλ

(2)

where Iλ is the relative incident photon flux in the wave-
length band dλ, T f

λ the transmittance of the filter set at wave-
lengthλ and

f s
λ = 1 ± 10±As

λ (3)

is the fraction of light absorbed, whereAs
λ is the measured

absorbance of the colloidal TiO2 sample at wavelengthλ.
For the light-scattering suspensions (P25 and Hombikat

UV 100) only the photonic efficiency is given in Table 1.
Fig. 2 shows the extinction as a function of wavelength

Fig. 2. Extinction spectra of aqueous suspensions (0.1 g l−1) of 2.4 nm
colloidal TiO2, Degussa P25 and Hombikat UV 100 taken by use of an
integrating sphere (0.1 cm cuvette, room temperature).

measured for the three photocatalysts (loading 0.1 g l−1 in
aqueous suspension) by use of an integrating sphere and a
1 mm cuvette (Perkin Elmer Lambda-9). The spectra demon-
strate vast differences in the optical properties. While the
colloidal TiO2 particles form a suspension transparent at
λ > 400 nm, there is residual extinction atλ > 450 nm for
P25 and Hombikat UV 100. Due to the anatase modifica-
tion of these photocatalysts (λg = 384 nm for bulk anatase,
Eg = 3.23 eV [22]) the residual extinction (ca. 0.025) can-
not be attributed to absorption of light. It rather indicates
some back-scattering of light from the 1 mm path length
suspension not seen (and not compensated for) by the detec-
tor placed at the exit slit of the integrating sphere. Hence a
rough estimate of the absorbance spectra of the suspensions
of P25 and Hombikat UV 100 can be made by considering
the residual extinction (0.025) atλ > 500 nm as the proper
zero-line for light absorption [15]. In this manner and by
use of Eqs. (2) and (3) the factorFs was estimated as ca.
0.99 for P25 and 0.87 for Hombikat UV 100 at a loading
of 0.1 g l−1 and for the average optical path (4.5 cm) of the
spherical reactor used here for the photolyses. From Eq. (1)
and the values ofη (Table 1) the following estimate is ob-
tained for the quantum yield of HCHO formation:Φ ≈ 0.06
for P25 andΦ ≈ 0.01 for Hombikat UV 100 at a loading
of 0.1 g l−1 andI0 = 3.37× 10−6 Einstein l−1 s−1. Hence,
P25 is clearly the most active photocatalyst for HCHO for-
mation from CH3OH under these conditions. It should be
noted, however, that a precise determination of the quantum
yield in the presence of P25 and Hombikat UV 100 would
require application of the more elaborate technique for elim-
ination of light-scattering developed by Sun and Bolton [18]
as well as consideration of the, supposedly small, influence
of a non-uniform light intensity distribution in slurry pho-
tocatalytic reactors [23,24]. This, however, was beyond the
scope of the present work.

Cabrera et al. [25] reported specific absorption coeffi-
cients,κ∗, for aqueous suspensions of P25 and Hombikat
UV 100 which exhibit a spectral dependence similar to the
absorbance deduced from Fig. 2. However,κ∗ from Ref. [25]
is smaller by factors of ca. 0.15 and 0.25 for P25 and Hom-
bikat UV 100 atλ = 350 nm, respectively, than calculated
from our spectra. (From Fig. 2 at 350 nm,κ∗ (cm2 g−1) is
ca. 2.2× 104 for P25 and 0.57× 104 for Hombikat UV 100
as compared with 0.34× 104 and 0.14× 104, respectively,
from Fig. 5 of Ref. [25].) This may point to incomplete elim-
ination of light-scattering by our procedure and/or different
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Fig. 3. Effect of loading on the photonic efficiency of the photocat-
alytic HCHO formation in the presence of P25 and Hombikat UV
100 (30 mM CH3OH, 10 mM KNO3, O2-saturated suspension, pH 3.6,
I0 = 3.37× 10−6 Einstein l−1 s−1, λ = 310–390 nm).

sample properties (e.g., presence of impurities, differences
in particle size and preparation of the suspensions). It should
be noted that use of smaller values ofκ∗ would result in val-
ues ofΦHCHO larger than given in the previous paragraph.
The conclusions as to the different photocatalytic efficiency
of P25 and Hombikat UV 100 would remain the same.

Both P25 and Hombikat UV 100 have been widely used as
photocatalysts with respective preference in different cases
[26,27]. Fig. 1, Table 1 and the above estimate of the quan-
tum yields show that at low loading (0.1 g l−1) P25 is more
efficient than Hombikat UV 100 and colloidal TiO2 for the
photocatalytic oxidation of methanol. However, the situation
changes with higher loading. As shown in Fig. 3 the pho-
tonic efficiency of Hombikat UV 100 drastically increases
with increasing loading and becomes even larger than that
for P25 at a loading higher than 2.5 g l−1. A similar phe-
nomenon has been observed in this laboratory for the pho-
todegradation of dichloroacetic acid [26]. Other than with
P25 and Hombikat UV 100 the loading of colloidal TiO2

Fig. 4. Influence of pH on the photonic efficiency of HCHO formation in P25 and Hombikat UV 100 suspensions at 0.1 g l−1 loading (30 mM CH3OH,
10 mM KNO3, O2-saturated suspension,I0 = 3.37× 10−6 Einstein l−1 s−1, λ = 310–390 nm).

Table 2
Effect of pH and catalyst loading on the quantum yield of HCHO for-
mation in the presence of 2.4 nm colloidal TiO2 (0.1 M CH3OH in
O2-saturated suspension, cylindrical reactor (l = 3 cm), I0 = 1.43 ×
10−6 Einstein l−1 s−1, λ = 310–390 nm)

pH 0.1 g l−1 TiO2 1.0 g l−1 TiO2

Fs (Eq. (2)) ΦHCHO (Eqs.
(1) and (2))

Fs

(Eq. (2))
ΦHCHO (Eqs.
(1) and (2))

1 0.370 0.017 0.830 0.016
2 0.523 0.020 0.843 0.019

10 0.474 0.024 0.843 0.024

does not influence the quantum yield of formaldehyde for-
mation (Table 2). This is similar to the finding reported by
Sun and Bolton [18] who used TiO2 particulates (anatase)
as a photocatalyst at low light intensity.

The quantum yield and the photonic efficiency of HCHO
formation in the presence of colloidal TiO2 (Table 2) and
P25/Hombikat UV 100 (Fig. 4), respectively, depend on
the pH of the suspension. The effect is more pronounced
in the case of P25 and Hombikat UV 100 where the pho-
tonic efficiency has maximal values at pH ca. 7.7 and 10.4,
respectively (Fig. 4). This may reflect different acid–base
properties of the photocatalysts. As discussed above, the
photonic efficiency given in Fig. 4 should not be much dif-
ferent from the quantum yield of HCHO formation. It can
therefore be concluded that, at a loading of 0.1 g l−1, P25
is the most active photocatalyst in the pH range 3.5–11.5
among the materials studied here.

The quantum yield of HCHO formation in the presence
of colloidal TiO2 was found to be inversely proportional
to the square root of the absorbed photon flux,Ia, in the
range of ca. 0.36 × 10−7 to 8.3 × 10−7 Einstein l−1 s−1

studied (Fig. 5).Ia was adjusted by use of neutral density
filters. The straight-line fit in Fig. 5 has a correlation co-
efficient of 0.97. At the lowest photon flux applied (ca.
4× 10−8 Einstein l−1 s−1) a quantum yield of 0.07± 0.006
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Fig. 5. Dependence of the quantum yield of HCHO formation on the
absorbed photon flux in the presence of 2.4 nm colloidal TiO2 (0.1 M
CH3OH, 0.11 g l−1 TiO2 in O2-saturated aqueous suspension, pH 3.5,
l = 310–390 nm).

was obtained. The inverse square root dependence (Fig. 5)
parallels the finding by Sun and Bolton [18] who reported
ΦHCHO ≈ ΦOH• ≈ 0.04 for the photocatalytic oxidation
of CH3OH in an aqueous suspension of powdered anatase
under comparable conditions. A linearΦ vs. Ia

−1/2 depen-
dence has also been found by Kormann et al. [28] for the
photocatalytic degradation of chloroform in aqueous sus-
pensions of TiO2.

4. Discussion

4.1. Primary photocatalytic processes and
kinetic analysis

The following processes in the TiO2-photocatalyzed ox-
idation of aqueous methanol and some simple kinetic con-
siderations can explain the inverse square root dependence
of the quantum yield of HCHO formation,ΦHCHO, on the
absorbed photon flux,Ia, shown in Fig. 5 for 2.4 nm TiO2
particles in the presence of oxygen [4,18,29]:

TiO2 + hν(≥ Eg)
(fs)[4],Ia→ hVB

+ + eCB
− (4)

hVB
+ + eCB

−k2(fast)[4]→ TiO2 + heat (5)

hVB
++ ≡≡TiIV OH/H2O

k3(fast)[4]→
≡≡TiIV OH•+/(OH• + H+) (6)

eCB
− + ≡≡TiIV OH

(<0.1 ns)[4]→ ≡≡TiIII OH/etr
− (7)

etr
− + O2

k5→O2
•− (8)

OH• + CH3OH
k6→•CH2OH + H2O (9)

•CH2OH + O2
k7→HCHO+ HO2

• (10)

•CH2OH+ ≡≡TiIV OH
(fast)[29]→ HCHO+

≡≡TiIII OH/etr
− + H+ (11)

Absorption by TiO2 particles of UV photons (hν ≥ bandgap
energy) at a rate proportional to the absorbed photon flux,
Ia, produces photo-holes, hVB

+, and electrons, eCB
−, see

reaction (4). These charge carriers may either undergo un-
desired recombination, reaction (5), or they may migrate to
the particle surface where they are trapped, see reactions
(6) and (7). To simplify the following kinetic analysis, any
subsequent reactions of the superoxide radical formed via
reaction (8) have been ignored which is justified since both,
the superoxide radical as well as its protonated form, are
known to be very weak oxidents in aqueous systems [4].
For the present analysis trapping of hVB

+ is taken to give
mobile OH• as the leading oxidizing species [15,30] which
react with CH3OH by H-atom abstraction, reaction (9) [18].
This process is fast in homogeneous aqueous solution,k6 =
5 × 108 M−1 s−1 [31]. The resulting•CH2OH is known ei-
ther to be further oxidized by O2 (k7 ≈ 5 × 109 M−1 s−1

[32]) or to inject the unpaired electron into the TiO2 con-
duction band, reaction (11) [29]. Both the reactions (10) and
(11) form HCHO which is the only product detected under
the conditions of the present study.

In the following simplistic analysis it is assumed that the
overall production rate of HCHO is controlled by the slow
rate of reduction of O2 by trapped electrons [18,33–35],
reaction (8), for whichk5 has been determined as 7.6 ×
107 M−1 s−1 for the colloidal TiO2 particles used here [14]:

d[O2
•−]

dt
= k5[etr

−][O2] (12)

[etr
−] in Eq. (12) can be approximated by the total

steady-state concentration of photogenerated electrons,
[e−], since reaction (7) is fast while reaction (8) is slow, i.e.
rate-controlling. Similarly, due to the small quantum yield
of OH• in reaction (6) which, according to Sun and Bolton
[18], is proportional to the steady-state quantum yield of
HCHO, the rate of e−/h+-recombination,k2[e−][h+], can
be approximated by considering [h+] as being close to the
total steady-state concentration of photogenerated holes.
Hence, [e−] can be obtained from the following steady-state
relation:

Ia − k5[e−][O2] − k2[e−][h+] ≈ 0 (13)

The small quantum yield of HCHO measured in the present
case (Fig. 5) further implies that most of the photogen-
erated charge carriers are consumed by recombination.
Hence, the second term in Eq. (13), which represents the
rate-controlling reduction of O2, can be neglected. For
[e−] ≈ [h+] in the photostationary state, Eq. (13) reduces to

[e−] ≈
(

Ia

k2

)1/2

(14)

Use of Eq. (14) in Eq. (12) and of the above relation [etr
−] ≈

[e−] yields
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d[O2
•−]/dt

Ia
≈ k5k2

−1/2[O2]Ia
−1/2 (15)

where(d[O2
•−]/dt)/Ia is the quantum yield of the forma-

tion of O2
•−. In the photostationary state the rates of O2

reduction and of the oxidation of CH3OH to •CH2OH, reac-
tions (8) and (9), respectively, must be equal for keeping the
electrical potential of the illuminated TiO2 particles constant
by balancing the cathodic and anodic one-electron partial
currents flowing through the particle–solution interface [29].
This implies thatΦ

O2
•− = ΦOH• . SinceΦHCHO = aΦOH•

(with a ≈ 0.93 [18]) one obtains from Eq. (15)

ΦHCHO ≈ ak2
−1/2k5[O2]Ia

−1/2 (16)

Eq. (16) is in agreement with observation as shown in
Fig. 5. From the slope of the straight line,kobs = ak2

−1/2k5
[O2] is obtained as 1.4 × 10−5 Einstein1/2 l−1/2 s−1/2 for
O2-saturated solution. Note that in the above analysis the
reasonable assumption has been made that the sequential
reactions (9)–(11) are fast as compared with the rate of
formation of mobile OH• by reaction (6).

The quantum yield of HCHO formation determined in
the present study is comparable to that of hydroxyl radical
and HCHO formation reported for similar conditions by
Sun and Bolton [18]. They used powdered anatase as a pho-
tocatalyst and also found that the quantum yield was pro-
portional toIa

−1/2. However, there are some features in the
above analysis which need further consideration. Fromkobs
given above the rate coefficient for e−/h+-recombination
is estimated ask2 = 4 × 1019 l mol−1 s−1. This value
refers to the mole number of photoelectrons present, in the
steady state, in 1 l of the photolyzed solution. Conversion
to the average concentration of photoelectrons stored in
the TiO2 particles (the loading of 0.1 g l−1 corresponds to
a particle concentration of 4.7�mol l−1) gives a rate co-
efficient of 8× 1014 l mol−1 s−1. This value is more than
three orders of magnitude larger than that reported for
e−/h+-recombination as studied by laser-flash photolysis
of aqueous suspensions of TiO2 particles in the absence
of oxidizable compounds [36,37]. This discrepancy may
either point to an incomplete kinetic scheme (e.g., H2O2
as an e−-scavenger formed from HO2• has been neglected
[18]) or may indicate contributions from surface recombi-
nation processes induced by CH3OH and species derived
therefrom. The average steady-state number of e−/h+-pairs
per TiO2 particle was far less than unity in the present
study. Therefore, a first-order rather than a second-order
rate-law should hold for e−/h+-recombination [36]. How-
ever, a first-order rate law in conjunction with the above
kinetic scheme cannot rationalize the observed depen-
dence ofΦHCHO on Ia. Finally, it should be noted that the
above analysis cannot differentiate between mobile OH•,
surface-bound OH• (trapped holes) or photogenerated va-
lence band holes [4,13–16] as the primary oxidizing species
for CH3OH, since in all cases a second-order rate law for

recombination with photoelectrons is required in order to
explain the finding shown in Fig. 5.

4.2. Comparison of the photocatalysts

The results presented above demonstrate different activ-
ity of the three photocatalysts for formation of formalde-
hyde from methanol. With respect to photonic efficiency,
2.4 nm TiO2 particles are least active (Fig. 1 and Table 1).
The quantum yield increases slightly on increasing the pH
from 1 to 10 (Table 2). It is known that the potential of
the conduction band edge of TiO2 shifts in negative di-
rection by −59 mV/pH [38]. Thus, the driving force for
the rate-controlling reduction of oxygen (reaction (8) in the
above kinetic scheme) increases with increasing pH. The
rate of formaldehyde formation and the respective quantum
yield should therefore be larger in alkaline solution. This
is in agreement with observation. A recent study of 2.4 nm
TiO2 particles by laser-induced optoacoustic calorimetry in
acidic solution indicated the formation of quasi-free OH•
[15]. These radicals are thought to abstract a H-atom from
methanol in the present system, see reaction (9).

The photonic efficiency in the presence of P25 and Hom-
bikat UV 100 depends strongly on pH and shows maxima
near pH 8 and 10, respectively (Fig. 4). The pH controls the
protonation state of the surface hydroxyl groups on TiO2
which is governed by the following acid–base equilibria
[19,39]

≡≡TiOH2
+ � TiOH + H+ (pK1) (17)

≡≡TiOH � TiO− + H+ (pK2) (18)

where the pH of zero point of charge is given by

pHzpc = 1
2(pK1 + pK2) (19)

According to the above equilibria Kormann et al. [28] pro-
posed a detailed model for the surface speciation of TiO2 as a
function of pH. The surface concentration of≡TiOH passes
a maximum with increasing pH as does the photonic effi-
ciency for oxidation of methanol on P25 and Hombikat UV
100 (Fig. 4). This suggests that methanol is best adsorbed
in the intermediate pH range where electroneutral≡TiOH
surface sites prevail which can form hydrogen-bonds with
methanol. The surface concentration of methanol should
be controlled by the pH via protonation/deprotonation of
≡TiOH surface sites and concomitant electrostatic binding
of ions from HClO4 and NaOH used for adjusting the pH as
well as from KNO3 present as an additive. Thus, adsorbed
methanol would be displaced by ClO4

− and NO3
− in acidic

solution and by Na+ and K+ in alkaline solution since these
ions accumulate on the oppositely charged surface. In ad-
dition to pH-dependent adsorption of methanol which gives
rise to the observed maximum of the photonic efficiency
(Fig. 4), there is a monotonous increase of the efficiency
with increasing pH as discussed above for the influence of
the rate-controlling reduction of oxygen by photogenerated
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electrons (shift by−59 mV/pH of the potential of the con-
duction band edge). The superposition of both effects ex-
plains why the pH values for maximal photonic efficiency
(Fig. 4) are somewhat larger than the pHzpc of ca. 6 for P25
[28] and bulk TiO2 (anatase) powder [40].

The comparatively low activity of 2.4 nm TiO2 particles
can be attributed to a particle size effect. The primary par-
ticle size is ca. 9 nm for Hombikat UV 100 [27] and ca.
32–37 nm for the anatase component (80%) of P25 [27,41].
The particle size effect in pure TiO2 photocatalysts has been
discussed by Zhang et al. [41]. The quantum yield is limited
by the undesired recombination of photogenerated charge
carriers in the volume and at the surface of the particle. A
decrease in particle size leads to the reduction of volume re-
combination because the migration time of photogenerated
charge carriers to the surface is proportional to the square of
the particle size [42]. Also, the overall number of surface ac-
tive sites increases with decreasing particle size. This results
in a higher interfacial charge transfer rate. Therefrom, the
quantum yield should increase with decreasing particle size.
However, when the particle size becomes very small, surface
recombination becomes the dominating process [37,43,44].
This gives rise to the comparatively low quantum yield ob-
tained here with 2.4 nm TiO2 particles.

From the above considerations, an optimal particle size
should exist in pure TiO2 photocatalysts for maximal activ-
ity. Zhang et al. [41] demonstrated that the optimal parti-
cle size was ca. 10 nm for the photoassisted decomposition
of chloroform. In the present study the photonic efficiency
for oxidation of methanol was smaller at Hombikat UV 100
(9 nm particle size [27]) than at P25 (32–37 nm [27,41])
for catalyst loadings below 2.5 g l−1 and vice versa above
2.5 g l−1 (Fig. 3). Obviously, the activity of these commer-
cial photocatalysts is not simply controlled by particle size.
Additional factors such as microstructure, impurities, ag-
glomeration and specific surface properties have to be taken
into account. The comparatively high photoactivity of P25
has been attributed to the presence of the rutile phase [4]
or, more likely to trace impurities of Fe(III) [41]. In fact,
Fe(III)-doped TiO2 nanoparticles have recently been shown
to exhibit strongly enhanced photocatalytic activity for oxi-
dation of methanol (ΦHCHO up to approximately 0.15) [45].

In conclusion, the differences in activity of 2.4 nm TiO2
particles and the commercial materials, P25 and Hombikat
UV 100, for the photocatalytic oxidation of methanol as
found in the present work cannot be interpreted by a simple
unified model. Intrinsic properties rather than size effects
have to be taken into account to understand the different
activities of the commercial photocatalysts.
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