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The present study concerns an experimental microkinetic approach of the photocatalytic oxidation (PCO) of
isopropyl alcohol (IPA) into acetone on a pure anatase TiO2 solid according to a procedure previously
developed. Mainly, the kinetic parameters of each surface elementary step of a plausible kinetic model of the
PCO of IPA are experimentally determined: natures and amounts of the adsorbed species and rate constants
(preexponential factors and activation energies). These kinetic parameters are used to evaluate a priori the
catalytic activity (turnover frequency, TOF, in s-1) of the solid that is compared to the experimental value.
The kinetics parameters are obtained by using experiments in the transient regime with either a FTIR or a
mass spectrometer as a detector. The microkinetic study shows that only strongly adsorbed IPA species (two
species denoted nd-IPAsadsand d-IPAsadsdue to non- and dissociative chemisorption of IPA respectively) are
involved in the PCO of IPA. A strong competitive chemisorption between IPAsadsand a strongly adsorbed
acetone species controls the high selectivity in acetone of the PCO at a high coverage of the surface by
IPAsads. The apparent rate constant (1.4 10-3 s-1) of the Langmuir-Hinshelwood elementary step between
IPAsadsand the active oxygen containing species generated by the UV irradiation provides the TOF of the
PCO for IPA/O2 gas mixtures. The kinetic parameters of the elementary steps determined by the experimental
microkinetic approach allow us to provide a reasonable simulation of the experimental data (coverages of the
adsorbed species and partial pressures of the gases of interest) recorded during a static PCO of IPAsadsspecies.

I. Introduction

The objective of the microkinetic approach of a gas-solid
catalytic process is to correlate the kinetic parameters of the
surface elementary steps involved in a kinetic model of the
reaction to macroscopic kinetic parameters such as the turnover
frequency (denoted TOF) and its evolution with experimental
parameters (reaction temperature, partial pressures of the
reactants).1 The kinetic parameters of the elementary steps can
be either determined by theoretical calculation (ex: DFT) or
by using experimental procedures.1 In previous studies, we have
developed the experimental microkinetic approach (denoted
EMA) considering two catalytic processes involving reactants
with simple molecular structures (a) the CO/O2 reaction on Pt/
Al2O3 catalysts2,3 and (b) the catalytic oxidation of a diesel soot
formed in the presence of a cerium containing additive.4-6

However, the relative simplicity of the reactants limits the
number of surface elementary steps involved in the kinetic
model of the reaction. This explains that we have undertook,7

the EMA of the deep (formation of CO2 and H2O) photocatalytic
oxidation of isopropyl alcohol on a TiO2 solid (from Millennium,
BET ) 350 m2/g) to consider a reactant with a complex
structure. From the viewpoint of the EMA, the interest of this
reaction is that it is performed at 300 K. At this temperature,
the rates of elementary steps such as the desorption of the
reactants and intermediates species are low, leading to a
significant simplification of the calculations linked to the TOF.

The first stage of the EMA is to adopt a plausible kinetic model
of the reaction. This has been made in part 17 of the present
study considering literature data8,9 on the mechanism of the O2-
PCO of IPA. The kinetic model (denoted M1) supporting the
study is7

The addition of successive elementary steps similar to S7-S8
completes the mechanism for the deep oxidation of IPA (CO2

and H2O formation).7 In steps S6 and S8,ΣYads represents
adsorbed species with a composition and a charge allowing to
respect the conservation of atoms and charges. Several kinetic
parameters of the elementary steps of model M1 have been
studied in part 1 of the present study.7 In particular, it has been
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S1: adsorption of IPA IPAg f IPAads

S2: desorption of IPA IPAadsf IPAg

S3: adsorption of O2 O2 f O2 adsf 2 Oads

S4: desorption of O2 2Oadsf O2

S5: UV formation of the reactive species
TiO2 + hν +O2ads(or Oads) f Xads*

S6: first Langmuir-Hinshelwood (L-H) step
IPAads+ Xads* f I1ads+ Σ Yads

S7: desorption of I1ads I1adsf I1g

S8: second L-H step I1ads+ Xads* f I2ads+ Σ Yads
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shown in agreement with literature data8-13 that the I1ads

intermediate species is an adsorbed acetone molecule (denoted
Acads) and that it is the single route to the CO2 formation from
IPA.7 This explains that we have considered the EMA of the
PCO of IPA into acetone as the first stage of the deep PCO of
IPA. Moreover, it has been shown that IPA is strongly adsorbed
(step S1) forming two adsorbed species without and with
dissociation of IPA (adsorbed species denoted nd- and d- IPAsads,
respectively) allowing us to develop the EMA of the reaction
in the absence of gaseous IPA via the O2-PCO of the IPAsads

species (PCO of IPAsadshas been also performed in the absence
of O2 via the oxygen lattice of TiO2, denoted Olat-PCO).7 It
has been shown that a key surface process of the PCO of IPA
is the competitive chemisorption between IPAsads and Acads

species (the competition with the product H2O is not signifi-
cant).7 On a clean TiO2 surface, (a) the reactant IPA is strongly
adsorbed on a large number of sites (denoted s1), 948µmol/g,
and (b) the product acetone is adsorbed (a single strongly
adsorbed species denoted Acsads) mainly of on a fraction of the
s1 sites, 440µmol/g.7 The heat of adsorption of IPA is strongly
higher than that of acetone explaining that the competitive
chemisorption on the common s1 sites is in favor of IPA.7

However, there is a small amount of the TiO2 sites (denoted
s2) that are specific to the adsorption of acetone (there is no
competition with IPA),≈32 µmol/g.7 At high coverage of the
surface by IPAsads, only these sites may allows the deep
oxidation of IPA: on the other sites the transformation of IPAsads

must be followed by the fast desorption of acetone.7

In the present part 2 of the EMA of the PCO of IPA into
acetone (a) we provide additional quantitative experimental
kinetic data on the elementary step S6 in particular considering
experimental conditions for the PCO of IPA/O2 gas mixtures
and (b) we present a modeling of macroscopic kinetic data: the
evolutions of the coverages of the adsorbed species and the
concentration of gaseous species during the static O2-PCO of
IPAsadsand the turnover frequency of the PCO of IPAg/O2.

II. Experimental Section

The TiO2 catalyst (PC 500 from Millenium, pure anatase,
BET: 335 m2/g) and the pretreatment procedures have been
described in detail in part 1.7 Two analytical systems described
in detail in part 17 have been used to characterize (a) the natures
and the amounts of the adsorbed species formed by adsorption
of IPA and acetone on the TiO2 surface as well as their
evolutions during the O2-PCO and (b) the kinetic parameters
of the elementary steps of model M1. Mainly, the first analytical
system allowed us to study (a) the modification of the adsorbed

species on a TiO2 pellet (Φ ) 18 mm,m ) 70 mg) and (b) the
composition of the gas phase during static O2-PCO by using
an IR cell (quartz and Pyrex, grease free, FTIR spectrometer:
Brucker IFS-28). The second analytical system7 was designed
to perform experiments in the transient regime (i.e., isothermal
adsorption and desorption, oxidation under UV irradiation (PCO)
and in the dark, temperature programmed desorption and
oxidation) with a mass spectrometer (denoted M.S) as a detector.
Mainly, various valves allowed us to perform controlled switches
between regulated gas flows in the range 100-1000 cm3/min
(at the atmospheric pressure), which passed through the TiO2

sample (m ) 0.208 g) contained in a quartz microreactor
(volume of≈2.5 cm3).

III. Results

The EMA developed in the present part 2 concerns mainly
step S6 of the kinetic model. However, to facilitate the
presentation, we summarize few results of part 1.

3.1. Coverage of TiO2 and Acetone Production during
Static O2-PCO of IPAsadsusing FTIR. It has been shown that
step S1 forms strongly adsorbed species, allowing to develop
the EMA via the O2-PCO of IPAsads.7 For instance, spectrum
a in Figure 1A corresponds the IPAsadsspecies (two adsorbed
species denoted nd- and d-IPAsadsdue to nondissociative and
dissociative chemisorption of IPA, respectively).7 The evolutions
of the IPAsadsspecies during static O2-PCO is followed by using
the intensity of the IR band at 1467 cm-1 that is (a) common
to the two IPA species and (b) not strongly overlapped with
the IR bands of the new adsorbed species formed by step S6.
The O2-PCO of IPAsads(performed withPO2 ) 1.9 × 104 Pa
in Figure 1) is studied by repeating the following cycle: (a)
the TiO2 pellet is positioned in front of the UV lamp for an
irradiation durationti and (b) then it is positioned on the IR
beam to study the modification of the adsorbed species on the
TiO2 surface. After each periodti, the composition of the gas
phase in the IR cell is determined by FTIR. Figure 1, part A,
shows the evolutions of the FTIR spectra with the total
irradiation duration: TI) Σ ti. It can be observed that the IR
bands of IPAsads(i.e., 1467 cm-1) decrease progressively with
the increase in TI (spectra a and b), whereas in parallel, new
IR bands increase in particular that at 1696 cm-1 (spectrum b)
ascribed to strongly adsorbed acetone species (Acsads).7 This IR
band increases during 40 min and then decreases progressively
leading to spectrum c that is dominated by an IR band at 1557
cm-1 (spectra b and c) that has been ascribed to formate
species.7,13-15 Curvesb and9 in Figure 1B show the evolutions
with TI of θI andθA the coverages of IPAsadsand Acsads. The

Figure 1. FTIR study of the static O2-PCO (PO2 ) 1.9 104 Pa) of the IPAsadsspecies. Part A: Evolution of the FTIR spectra of the adsorbed
species with the duration T.I of the O2-PCO; (a-c) TI ) 0, 30, and 120 min. Part B: (b and 9) Coverages of the IPAsads and Acsads species
respectively; (+) Partial pressure (Torr) of acetone; ([) Intensity of the IR band at 1557 cm-1 (formate species).
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θI and θA values are obtained using the ratiosθI ) [A(1467
cm-1) at TI]/[A(1467 cm-1) at TI ) 0] andθA ) [A(1696 cm-1)
at TI]/[A(1696 cm-1) measured after adsorption of Acg on a
clean TiO2 surface].7 The decrease ofθI indicates the transfor-
mation of IPAsadsaccording to step S6, whereas the profile of
θA with a maximum at TI) 40 min is that expected for an
adsorbed intermediate species in successive reactions.16,17Curve
[ in Figure 1B provides the evolution of the intensity of the
IR band at 1557 cm-1: it indicates that the “formate” species
are also intermediates species of the PCO (for the CO2

production). Curve+ in Figure 1B, provides the evolution of
the partial pressure of Ac:PAg, in the IR cell during the static
O2-PCO of IPAsads. It indicates that a significant fraction of
acetone desorbs during the first minutes of the reaction (at high
coverage of IPAsads) before its consumption. Note that the
maximum in PAg is at a TI value lower than that of the
maximum of θA. This is clearly unexpected considering the
plausible kinetic model M1 because the formations of Acsads

(step S6) and of Acg (step S7) are successive. This means that
some elementary steps of model M1 must be modified consider-
ing these experimental observations. One of the intent of the
present EMA is to simulate the experimental data in Figure 1B
by using a modified version of the kinetic model M1. The
impacts of the experimental conditions (partial pressures of O2

and H2O) on the O2-PCO of IPAsadshave been studied leading
to the conclusions that (a)PO2 > 1.9 kPa andPH2O > 395 Pa
have no significant impact on the rate of disappearance of
IPAsads.7

3.2. Study of Step S6 during O2-PCO of IPAsadsby using
MS. FTIR spectroscopy7 provides experimental data neither on
the oxygen consumption nor on the amount of adsorbed
species: these parameters have been measured in the present
study with the MS system. After the formation of the IPAsads

species (see Figure 2 in ref 7) a switch Hef 1% O2/1%Ar/ He
is performed at 300 K as shown Figure 2, part A. It is observed
neither a oxygen consumption nor a desorption/formation of
gaseous compounds confirming the absence of desorption/
oxidation of IPAsadsin the absence of UV light. After a switch
1% O2/1% Ar/He f He confirming the absence of desorption
of O2, the O2 containing mixture is again introduced and the
UV lamp is turned on (Figure 2, part B) to perform the O2-
PCO of IPAsads. It can be observed that there is an immediate
oxygen consumption, whereas the acetone production (Figure
2, curve c) increases strongly after a short delay from the O2

consumption: 95 s. This observation is consistent with that of

Larson et al.,11 who have performed similar experiments by
using a 0.15% O2-containing gas flow. The CO2 production
starts at the appearance of gaseous acetone and increases
progressively with time on stream (Figure 2 curve d) without
CO production (taking into account the sensitivity of the
analytical procedure). The oxygen consumption (difference
between curves a and b) changes progressively with time on
steam from 12.6 to 9.6µmol of O2/(g min) for 1 and 17 min of
O2-PCO, respectively. This change is probably associated with
the modification of the coverage of the TiO2 surface from mainly
IPAsads to a mixture of IPAsads, Acsads and formate species
(Figure 1) that have different reactivities. Note that the acetone
production decreases with time on stream, whereas that of CO2

increases: this is due to the fact that in the course of the O2-
PCO more acetone can be adsorbed on the sites liberated by
the oxidation of IPAsads. The rate at the maximum of the acetone
production in Figure 2 is 2.36µmol/(g‚min) strongly higher than
that measured during Olat-PCO of IPAsad,7 0.23µmol/(g‚min),
indicating that O2 allows us to produce and to maintain a higher
amount of X*ads species. This impact of O2 on the initial rate
of the acetone formation has been also observed by Larson et
al.:11 ≈0.6 and 0.045µmol/(g‚min) with 0.15% and 30 ppm of
O2-containing gas mixtures. The delay of 95 s between the
consumption of O2 and the appearance of acetone when the UV
lamp is turned on indicates that there is an accumulation of
oxygen containing species on the TiO2 surface. Considering the
rate of O2 consumption, 12.6µmol/(g‚min), this indicates that
≈20 µmol of O2/g have been fixed on the surface. Assuming
the transformation of nd-IPAsadsinto Acads, C3H8OHsads+ 1/2
O2 f C3H6Osads+ H2O, the oxygen fixed on TiO2 corresponds
to 40µmol/g of Acadsthat is a value consistent with the number
of s2 sites specific to the acetone adsorption (without competition
with IPA): 32 µmol/g determined previously.7 Note that the
temperature of the TiO2 sample (Figure 2, curve f) increases
slightly during the O2-PCO to a pseudo stationary value. After
1040 s of O2-PCO, the UV lamp is turned off (Figure 2, part
C) leading to (a) the immediate cut off of the O2 consumption
(curve b), (b) the sharp decrease in the CO2 production (curve
d), (c) a more progressive decrease in the acetone production
(curve c) due to the desorption of Acadsaccumulated on the s1

sites in the presence of the remaining IPAsadsspecies, and (d)
the immediate decrease in the temperature (curve f). The abrupt
decrease in CO2 indicates that a large fraction of its production
is strongly linked to the O2 activation under UV irradiation either
the rate of desorption of the adsorbed precursor of CO2 is very
high or CO2g is formed directly from the O2-PCO of an
adsorbed species (i.e., from Acsads). The slight residual CO2
formation in the dark is probably linked to the desorption of
adsorbed species (i.e., formate, carboxylate). This seems to
support the view that there are several routes for the CO2

formation from acetone.
Before the UV lamp is turned off in Figure 2B (after 1040 s

of O2-PCO of IPAsads), the rates (inµmol/(g‚min)) of the
different processes are CO2 production) 2.9, O2 consumption
) 9.5, and acetone formation) 1.2, indicating from the oxygen
mass balance that the O2 consumption is still linked to the
accumulation of strongly adsorbed oxygen containing species
before their finale oxidation in CO2. This is consistent with the
increase of Acsadsand formate species on the TiO2 surface as
observed in Figure 1. In Figure 2D, the UV lamp is again turned
on: it can be observed that (a) the O2 consumption starts
immediately and (b) the CO2 production increases more rapidly
than during the first O2-PCO (Figure 2B) because of the fact
that there is Acsadsspecies (in Figure 2B, Acsadsare formed only

Figure 2. Evolutions of the molar fractions of the gases during transient
experiments linked to the O2-PCO of IPAsadson TiO2 using 1% O2/
1%Ar/He mixture: Part A: adsorption and desorption of O2 after
formation of IPAsads(see Figure 2); parts B and D: O2-PCO of IPAsads;
part C: without UV irradiation. (a) Ar, (b) O2, (c) acetone, (d) CO2,
and (f) temperature of the TiO2 sample.
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after the significant removal of IPAsadsdue to the competitive
chemisorption). Moreover, the higher rate of CO2 production
during the first minutes of Figure 2D as compared to the first
minutes of Figure 2B (whereas the amount of IPAsadsmust be
lower in part D) confirms clearly that (a) the intermediate species
of the CO2 production must be formed and (b) there is not a
faster route from IPAsadsto CO2 than acetone formation. The
acetone production increases more progressively in part D of
Figure 2 than in part B, because (a) a fraction of the Acads

species has been desorbed in part C and (b) there is a larger
amount of free s1 sites for the formation of Acsadsdue to the
removal of IPAsads. It must be noted in Figure 2 that when the
UV lamp is turned off and on there are neither an overshoot in
the O2 signal (i.e., there is no significant O2 desorption) nor an
extra O2 consumption (i.e., readsorption of O2). This indicates
that (a) the amount of the Xads* species involved in the O2-
PCO (formed under UV- irradiation) is very low and (b) in
the presence of O2 there is no significant formation of O
vacancies as compared to Olatt-PCO7 (the color of TiO2 remains
white). In summary, if Olatt species participate to the O2-
PCO,11,18-20 the rate of reoxidation of the vacancies is very high
and step S3 is not the limiting step of the PCO process.

The changes in the coverage of the adsorbed species due to
O2-PCO of IPAsads have been studied performing a TPD in
helium after a UV irradiation duration of 30 min as shown in
Figure 3. In part 1,7 it has been shown that the TPD of IPAsads

leads mainly to the formation of two broad peaks of IPAg at
437 and 512 K and a sharp C3H6 peak at 564 K with a ratio
C3H6/IPAg ) 3.1.7 The comparison of the TPD peaks in Figure
3 with those observed previously7 shows that O2-PCO de-
creases significantly the amount of IPAsadsdesorbing as IPAg
at low temperatures: the ratio C3H6/IPAg increases from 3.1 to
20 and 34 after TI) 0, 30, and 61 min, respectively. This shows
that there is a difference in the reactivity of the IPAsadsfor the
O2-PCO: the adsorbed IPA species with the highest activation
energy of desorption giving propylene (probably d-IPAsads) are
less reactive than the adsorbed species with a lower activation
energy of desorption and desorbing as IPAg (probably nd-
IPAsads). Moreover, Figure 3 confirms the accumulations on the
TiO2 surface of (a) acetone species (45µmol/g) according to
two peaks atTm ) 412 and 500 K and (b) weakly adsorbed
species (i.e., carbonate, formate) desorbing as CO2 with a TPD
peak at 380 K: 10µmol/g. This last peaks it linked to the
remaining CO2 production during the dark period in Figure 2,
part C.

3.3. O2-PCO in the Presence of IPA in the Gas Phase.
These experimental conditions correspond to a classical catalytic
reaction.

Measurement at the Steady State by using the MS.Figure
4A shows the evolutions of the M.Fs during the switch Hef

1.2% IPA/4% O2/2% Ar/He in the absence of UV irradiation.
The observations are similar to those in the absence of O2,7

indicating that IPAg forms IPAsads(the MF of IPA is equal to
0 during several seconds) and IPAwads species (progressive
attainment of the adsorption equilibrium): there is neither
acetone nor CO2 formation (absence of oxidation in the dark).
After 350 s of adsorption, the UV lamp is turned on leading to
the immediate O2 consumption, whereas the acetone production
is slightly delayed. A pseudo steady state for the acetone
production is observed after 85 s of UV irradiation: the rate of
the acetone productionRAcg decreases slightly with time on
stream as observed in Figure 4B. After 300 s, the UV lamps
were turned off leading to the immediate decrease in the acetone
production associated to the increase in the MF of IPA. Note
the clear difference in the evolution of the acetone production
when the UV light is turned off in Figure 4 (fast decrease in
the presence of gaseous IPA) and Figure 3C (slow decrease in
the absence of gaseous IPA). This is due to the strong
competitive chemisorption between IPA and acetone on the s1

sites in the presence of IPAg. The partial pressure of IPAg
maintainsθI ) 1: Acsads can be absorbed only on the small
amount of s2 sites. When the UV lamp is turned on (Figure
4D) and off (Figure 4E) the acetone production increases and
decreases immediately. The rates (inµmol/(g‚min)) of the
various processes at the end of Figure 4B (average values on 1
min of O2-PCO) are (a) IPA consumption) 12.6; (b) acetone
production) 12.6; and (c) oxygen consumption) 7. These
values show that, at the pseudo steady state of the O2-PCO of
IPAg, the IPA consumption is mainly linked to the acetone
production. Bickley et al.10 have a similar conclusion for the
O2-PCO of IPAg: “alcohol dislodges acetone from the TiO2

surface in a 1:1 molar ratio”. The oxygen consumption is
roughly equal (considering the accuracy of the measurement
with the M.S) to that expected (6.3µmol/(g‚s)) for the
transformation of IPAg into Acg according to the global reaction
C3H8OH + 1/2O2 f C3H6O + H2O. There is neither a strong
accumulation of oxidized adsorbed species nor CO2 formation
during the O2-PCO of IPAg (at the difference of the O2-PCO
of IPAsads) confirming that (a) there are no others routes to CO2

that Acsadsspecies and (b) the coverage of the TiO2 surface is
controlled by the competitive chemisorption IPAsads/Acsads. In
Figure 4B, the short delay in the appearance of Acg as compared
to the O2 consumption when the UV light is turned-on indicates
a slight accumulation of Acsads, ≈17 µmol/g, corresponding
probably to the s2 sites as observed in Figure 2. The difference
in the acetone accumulations in Figure 4B, 17µmol/g, and

Figure 3. Temperature programmed desorption of the strongly
adsorbed species formed after 30 min of O2-PCO of IPAsadsat 300 K. Figure 4. Evolutions of the molar fractions of the gases during transient

experiments linked to the O2-PCO of IPAg at 300 K using a 1.2%
IPA/ 4%O2/2%Ar/He gas mixture. Part A: Adsorption of IPA in the
absence of UV light; parts B and D: O2-PCO with the UV lamp turned
on; parts C and D: the UV lamp is turned off.
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Figure 2, 40µmol/g, can be ascribed to the stronger competitive
chemisorption between IPAsadsand Acsadson the s1 sites in the
presence of IPAg that decrease the amount of Acsadsdiffusing
from s1 to s2.

Experiments in the Transient Regime.Figure 5 shows the
evolutions of the MFs at the outlet of the quartz microreactor
according to several experiments in the transient regime to obtain
more data on the elementary steps of model M1. The data in
Figure 5A are similar to those in Figure 4 using a 0.98% IPA/
3.8% O2/2% Ar/He gas mixture: at the pseudo steady state of
the PCO reaction the acetone production ceases and starts
immediately when the UV lamp is turned off and on, respec-
tively. Figure 5B shows the evolutions of the MFs during the
switch 0.98% IPA/3.8%O2/2%Ar/He f 1% O2/2%Ar/ He
performed under UV irradiation. It can be observed that during
the first seconds of the switch the acetone production is strongly
affected neither by the removal of the IPAg (the M.F of IPA
decreases progressively due to the desorption of the weakly
adsorbed IPA species) nor by the change inPO2. The first
observation means that (a)PI has no impact onRAcg; (b) the
IPAwadsspecies is not significantly involved in the PCO reaction
(its removal may explain the slight increase inRAcg during the
first second of the switch in Figure 5B); and (c) there is a
reservoir of adsorbed intermediate species on TiO2 for the
acetone production, allowing to produce acetone at the same
rate than at the steady state. This confirms that the IPAsads

species is the intermediate species of the O2-PCO of IPAg.
The fact thatRAcg is independent ofPI is in agreement with the
early observations of Bickley et al.,10 who conclude that the
kinetic order of IPAg during O2-PCO is 0 forPI > 42 Pa. The
absence of impact ofPO2 on RAcg means that the amount X*ads

species does not depend strongly on this parameter that is an
observation consistent with previous FTIR observations.7 This
means that the rate of oxygen adsorption forPO2 > 1 kPa, allows
to maintain constant the amount of the X*ads species. After 2
min of O2-PCO with 1% O2/2% Ar/ He (Figure 5B), the UV
lamp is turned off: it can be observed that the acetone
production decreases more progressively than in Figure 5A,
because a fraction of acetone has been accumulated on the s1

sites liberated by the conversion of the IPAsadsspecies in the
absence of IPAg. When the UV lamp is turned on again, the
acetone production increases progressively due to O2-PCO of
IPAsads. However, the maximum of the rate of the acetone
production is lower than at the steady state because due to the

absence of competition with the IPAg associated to the removal
of IPAsadsby O2-PCO, a larger fraction of acetone remains on
the TiO2 surface. In Figure 5C after the UV lamp is turned off
(decrease in the acetone production), a switch 1% O2/2% Ar/
He f He is performed. It can be observed that the rate of
desorption of acetone is not modified by the switch indicating
that there is no significant acetone production from the thermal
oxidation of adsorbed species.

EVolution on the CoVerage of TiO2 using FTIR Spectroscopy
(Static Condition).After the pretreatment of the TiO2 pellet,
IPAg is introduced at 300 K until an adsorption equilibrium
pressurePI ) 131 Pa, followed by the introduction of 1.9×
104 Pa of O2. After homogenization, the UV lamp is turned on
to perform a static O2-PCO in the presence of gaseous IPA.
After 5 min of irradiation, it is observed (results not shown)
that (a) the intensity of the IR band at 1467 cm-1 remains
constant,θI ) 1, (b) the IR band of Acsads at 1696 cm-1 is
detected with a very low intensity indicating a coverage ofθA

≈ 0.05, and (c)PI decreases to 92 Pa, whereasPA increases to
39 Pa.θA starts to increase significantly only whenPI is very
small (for TI≈ 50 min). This confirms that the TiO2 surface is
not strongly modified in the presence of IPAg: the competitive
chemisorption between IPAsads and Acsads does not allow the
adsorption of acetone even for a lowPI value.

IV. Discussion

The objective of the present study is to provide more insight
on the mechanism of the PCO of IPAg into acetone on TiO2
using an EMA of the catalytic process. This is an intermediate
stage for the interpretation of the deep PCO of IPA into CO2

and H2O. To prove the interest of the EMA, we provide a kinetic
simulation of the FTIR observations during the O2-PCO of
IPAsads(Figure 1B) using the modified kinetic model M1 and
the data from the EMA of the O2-PCO of IPA.

4.1. Formal Kinetic Data on the PCO of IPA on TiO2.
The formal kinetic data on the O2-PCO of IPAg at high θI

values are (a) the main product is acetone (Figure 4) that is
consistent with literature data, the conversion of IPA to acetone
is 100% in ref 10 and between 93 and 100% according to the
intensity of the UV light in refs 8 and 21; (b) the kinetic orders
for IPA and O2 are 0 forPI andPO2 values higher than 131 and
790 Pa respectively in agreement with literature data;10,11 and
(c) the rates of oxygen consumption and acetone production
correspond to those expected from the stoechiometry of the
reaction: IPA+ 1/2O2f acetone+ H2O (this means that the
rate of accumulation of adsorbed oxygenated species is not
significant excepted during the first seconds of the UV irradia-
tion Figures 2 and 4).

The 0 kinetic orders for IPA and O2 are interpreted, by
classical formal kinetics, considering that the amount of
adsorbed intermediate species are independent of the partial
pressures of the reactants. For IPAg, this implicates that a
strongly adsorbed species is formed (IPAsads) with a coverage
equal to 1 whateverPI; this justifies the fact what the EMA
study (present study and part I7) focuses on the O2-PCO of
IPAsadsin the absence of IPAg. The high selectivity in acetone
(there is no significant deep oxidation in the presence of IPAg)
is due to the competitive chemisorption between IPAsads and
Acsads on the s1 sites. A very small amount of Acsads can be
present on the s2 sites (≈8% of the total amount of acetone
adsorbed on a clean TiO2 surface). The 0 kinetic order for O2
(for PO2 > 790 Pa) indicates that, in the present experimental
conditions, the rate of oxygen adsorption during the UV
irradiation allows to maintain constant the amount of X*ads

species during the reaction.

Figure 5. Evolutions of the molar fractions of the gases during transient
experiments linked to the O2-PCO of IPAg at 300 K using a 0.93%
IPA/3.8%O2/He gas mixture. Part A: at the steady state of the O2-
PCO, the UV lamp turned on and off; part B: a switch 0.93% IPA/
3.8%O2/He f 1%O2/He is performed and then the UV lamp is turned
off and on; part C: a switch 1%O2/He f He is performed with in the
absence of UV irradiation.
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4.2. Modification of the Kinetic Model M1 Considering
the Results of the EMA.The plausible kinetic model M1 for
the O2-PCO of IPA supports the design of the experiments
linked to the EMA of the catalytic process. However, similarly
to previous studies,2,3 the experimental observations lead to the
view that the description of surface elementary steps of model
M1 must be modified as detailed below in relationship with
the kinetic simulation of the static O2-PCO of IPAsads(Figure
1B).

Step S1.In the absence of IPAg (Figure 1B), step S1 is not
involved in the kinetic calculation. However, it has been shown
that at 300 K the strong adsorption of IPA (948µmol/g) provides
two adsorbed species (nd- and d-IPAsads) on s1 sites representing
≈ 16% of the sites of the TiO2 surface.7 In the present EMA
study, the reactivity of the two IPAsadsspecies for desorption
and PCO are only qualitatively differentiated due to the difficulty
to find two distinguishable IR bands characteristic of each
species and not overlapped to those of the acetone and formate
species. To take into account the number of s1 sites in the
calculations, step S1 is denoted

Step S2.At 300 K, the nd- and d-IPAsads species do not
desorb: their activation energies of desorption vary linearly with
the coverage from 118 to 178 kJ/mol assuming first kinetic order
and a preexponential factor of the rate constantν ) kT/h.7

Moreover, they are displaced neither by acetone nor by water.7

This means that step S2 can be neglected in the kinetic model
of the O2-PCO of IPAsads.

Steps S3-S5. They are studied in more detail in a forthcoming
paper. However, it has been shown thatPO2 values>1 kPa have
a significant impact neither on the rate of the O2-PCO of IPAg

(Figure 3) nor on that of IPAsads(Figure 2) that is consistent
with literature data.10,11 This means that, during the O2-PCO
of IPAsads, the amount of X*ads species can be considered as
constant (i.e., if Olat species are involved in the process,11,18-20

the readsorption of O2 is a fast process as compared to the rate
of Olat consumption).

Step S6.It is inoperative in the dark at 300 K (the thermal
oxidation of IPAsads is neglected in the calculations). During
O2-PCO, the I1ads intermediate species has been identified as
Acsads.7 Moreover, there is a heterogeneity in the reactivity of
the IPAsadsspecies (nd- and d-IPA species) as revealed by the
TPD measurements (Figure 3) after different durations of the
O2-PCO of IPAsads: the IPAsadsspecies desorbing as IPAg (at
least a fraction of nd-IPAsads) are more reactive that those
producing propylene (d- and possibly nd-IPAsadsspecies trans-
formed into d-IPAsadsspecies during the TPD).

Step S7.This step must be significantly revisited considering
the experimental observations. The activation energy of de-
sorption of Acsadsspecies on a clean TiO2 surface is lower than
that of IPAsads, varying linearly with its coverageθA from 87
to 108 kJ/mol atθA ) 1 and 0, respectively (with a preexpo-
nential factor of the rate constantν ) kT/h).7 On a clean TiO2
surface, it has been shown that acetone is mainly adsorbed on
a fraction of the s1 sites adsorbing IPAsadsand on a small number
of specific s2 sites (≈8% of the total amount of adsorbed
acetone).7 This means that at highθI values there is a
competitive chemisorption IPA/acetone on the common s1 sites,
leading to the displacement of the Acsadsspecies. This displace-
ment indicates that the rate of desorption of the Acsads (step
S7) in the presence of IPAsadsmust be strongly higher than that
measured on a clean TiO2 surface.7 During O2-PCO of IPAsads,
the impact of the competitive chemisorption can be described

as follows: (a) at highθI values, the rate of the Acsadsdesorption
on the common s1 sites is increased significantly as compared
to a clean TiO2 surface leading to a very low coverage of the
Acsads species, and (b) Acsads can be formed on the s2 sites
(because there is no competition with IPAsads) via a surface
elementary diffusion step from the s1 to the s2 sites. This leads
to modify step S7 as follows:

Moreover, in static conditions, the significant removal of IPAsads

species from the s1 sites by O2-PCO leads to a decrease in the
competitive chemisorption IPA/Acetone allowing the readsorp-
tion of acetone on the free s1 sites able to adsorb Acsads(only
a fraction of the s1 sites may adsorb acetone). The nature of
this Acsads species is identical to that provided by step S6.
However, to differentiate the mode of formation (readsorption),
we adopt a different notation (indice reads)

Step 8.This step is similar to step S6 and it represents the
O2-PCO of Acsadson the s2 and s1 sites. We adopt the view
that the rate constant of the elementary step S8 is the same,
whatever the adsorption sites (s1 or s2) of Acsads. The nature of
I2ads coming from the O2-PCO of Acsadsis not considered in
the present study.

4.3. Exploitation of the Modified Kinetic Model M1. The
kinetic calculations are performed considering the mean field
approximation. The objective is to provide a simulation of the
experimental data obtained with the IR cell (static condition)
during the O2-PCO of IPAsads species (Figure 1B): the
evolutions of (a)θI andθA and (b) the partial pressure of acetone
PA. The theoretical evolution ofPA(t) is obtained from the
amount of gaseous acetone molecules:NAcg(t) in the IR cell
after an UV irradiation durationt

wherek is the Boltzmann’s constant,T is the temperature, and
V is the volume of the IR cell. To obtainNAcg(t) from the
modified kinetic model M1, the rate of the different elementary
steps must be expressed in molecule/s as detailed below for
the rate of step S6. According to the mean field approximation
model, the rate of consumption of the IPAsadsspecies during
O2-PCO of IPAsadson the s1 sites is

Considering that the amount of X*ads is constant forPO2 > 1.9
kPa (Figure 5 and ref 7), then eq 6 provides

where K6 is an apparent rate constant that depends on the
experimental irradiation conditions (via the amount of X*ads)
in agreement with the formal kinetic approach of photocatalytic

step S1a: IPAg + s1 f IPAsads-s1 (0)

S6: first L-H step
IPAads-s1 + X* adsf Acads-s1 + Σ Yads (1)

S7a: diffusion from s1 to s2: Acads-s1 f Acsads- s2 (2)

S7b: desorption due to the competitive chemisorption:
Acads-s1 f Acg + s1 (3)

step 7c: Acg + s1f Acreads- s1 (4)

PA(t) )
NAcg(t)kT

V
(5)

-dθI

dt
) k6θIθX* (6)

-dθI

dt
) K6θI (7)
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processes that shows the rate of reaction is proportional to the
radian flux.22,23 The value ofθI in eq 7 is provided by

where [ ] refers to the surface concentration (molecules/m2) of
the IPAsads species on the s1 sites of TiO2 and NI-s1 is the
number of those molecules on the TiO2 pellet (the subscript F
indicates the full coverage).NI-s1 is linked to [IPAsads-s1]
according to

whereS is the BET area (335 m2/g) andm is the mass of the
TiO2 pellet (0.07 g). This allows one to transform expression
(6) to obtain a rate of consumption of IPAsadsin molecule/s

Similar transformations of the different expressions of the rates
of the elementary steps of interest are used to obtain a unit in
molecule/s.

Determination of the Apparent Rate Constant K6 of Step S6.
During the O2-PCO of IPAsads, the disappearance of the IPAsads

species is provided only by expression (10) (i.e. the rate of
desorption is≈0). The integration of (10) leads to

with NI-s1(0) ) (NI-s1)F. Expression (10) shows that ln[NI-s1-
(t)/NI-s1(0)] ) f(t) must be a straight-line with a negative slope
providing K6. In transmission mode, the absorbance of an IR
band of an adsorbed species is proportional to its amount on
the surface and Figure 6 shows that ln[A1467cm-1(t)/A1467cm-1(0)]
) f(t) is a straight line during the first 20 min of the O2-PCO
(Figure 1): the slope (curve a) providesK6 ) 1.4( 0.1× 10-3

s-1. The deviation from the straight line for longer duration
indicates a decrease in the rate constant of the elementary step
S6 in agreement with the difference in reactivity of nd- and d-
IPAsadsspecies evidenced by the evolution of the ratio propylene/
IPA during TPD observations (Figure 3) after different durations
of the O2-PCO. The slope of the straight-line section after 20
min (curve b in Figure 6) providesK6 ≈ 0.7× 10-3 s-1 for the
less reactive IPAsadsspecies.

Determination of the Apparent Rate Constant of Step S8.The
rate constant of step S8 has been determined performing the
O2-PCO of Acsadsspecies similarly to that of IPAsadsin Figure
1. Acetone is adsorbed on a pretreated TiO2 surface andPO2 )
1.9 × 104 Pa is introduced after the desorption of the weakly
adsorbed species. The progressive disappearance of the IR band
at 1696 cm-1 is measured with the duration of the UV irradiation
(result not shown, described in more detail in a forthcoming
article). Curve0 in Figure 6 gives the evolution of ln[A1696cm-

1(t)/A1696cm-1(0)] ) f(t) with the duration of the UV irradiation.
The rate of disappearance of the Acsadsspecies is provided by
an expression similar to the IPAsads species (expression 10)
leading to

whereK8 is the apparent rate of step S8, andNA is the number
of acetone molecules strongly adsorbed on the clean TiO2 pellet
(on the s2 and a fraction of the s1 sites). The integration of (12)
shows that ln[NA(t)/NA(0)] ) f(t) must be a straight line as
observed curve c in Figure 6 providingK8 ) 3.5( 0.1× 10-4

s-1. This value shows that the rate constant of O2-PCO of Acsads

is lower than that of IPAsads (K6/K8 ≈ 4.1) that is consistent
with literature data.10,13 In particular, Xu et al.13 in a formal
kinetic exploitation of the evolution of IPAsads and Acsads on
TiO2 P 25 (FTIR measurements) during O2-PCO of IPAsads

consider a ratio of 10. Note that the straight line0 in Figure 6
is observed for longer irradiation durations as compared to
IPAsadssuggesting that Acsadsspecies are more homogeneous.
This justifies that we assume the same reactivity for the Acsads

species on the s1 and s2 sites. However, it is not excluded that
the rate constant of step S8 is different for a TiO2 surface
covered by a mixture of IPAsadsand Acsadsspecies.

EVolution of Gaseous and Adsorbed Acetone with the
Duration of the Static O2-PCO of IPAsads. According to the
modified kinetic model M1, the intensity of the IR bands of
Acsads species during O2-PCO is due to three adsorbed
species: Acsads-s1, Acsads-s2, and Acreads-s1 (step S7a-S7c). Their
net rates (unit in molecule/s) of formation/consumption are
provided by the following expressions:

Acetone on the s1 sites due to the O2-PCO of IPAsads(steps
S6, S7a, and S7b)

Acetone on the s2 sites due to the diffusion from s1 (steps S7a
and S8)

Acetone re-adsorbed on the s1 sites liberated by the removal of
IPA (step S7c and S8)

The factorR is introduced to take into account the fact that
only a fraction of the s1 sites adsorbs acetone (R ) 410/948).7

The rate of formation of gaseous acetone molecules in the
IR cell (step S7a and S7c)

Figure 6. Determination of the apparent rates constantsK6 andK8 of
the elementary steps S6 and S8 (O2-PCO of IPAsads and Acsads

respectively). (O and0) Experimental data (FTIR spectra) for IPAsads

and Acsads respectively; (a and b) determination ofK6 for two θI

coverages; (c) Determination ofK8 (see the text for more details).

θI )
[IPAsads-s1]

[IPAsads-s1]F

)
(NI-s1)

(NI-s1)F

(8)

NI-s1 ) [IPAsads-s1]Sm (9)

-dNI-s1

dt
) K6NI-s1 (10)

NI-s1(t) ) NI-s1(0) exp(-K6t) (11)

-dNA

dt
) K8NA (12)

dNA-s1

dt
) K6NI-s1 - k7aNA-s1 - k7bNA-s1 (13)

dNA-s2

dt
) k7aNA-s1 - K8NA-s2 (14)

dNAcreads-s1

dt
) RkaPA((NI-s1)F - NI-s1 - NAcreads-s1) -

K8NAcreads-s1 (15)
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The partial pressure PA in (15) and (16) is substituted by (5).
4.4. Simulation of the Experimental Data during the O2-

PCO of IPAsads Using the IR Cell. Solving the differential
eqs 10 and 13-16 provides the evolutions of number molecules
of IPAsadsand Acsadson the TiO2 surface as well as the partial
pressure of the acetone in the IR cell using (5). The differential
eq 10 can be solved mathematically providing expression (11).
The number of Acsadson the s1 sites formed by the O2-PCO of
IPAsads, NAcads-s1, can be also obtained by solving mathemati-
cally eq 13 using expression (11). However, the rate of formation
by step S6 is significantly lower than the rate of consumption
by steps S7a and S7b. This means that the approximation of
the stationary state can be used in (13) (dNA-s1)/dt ) 0)
providing

The differential eqs 15 and 16 are solved numerically after the
substitution using (17) and (11) providingNAcg andNAcreads-s1.
Figure 7 gives the comparison between the experimental data
and the kinetic modeling using the following kinetic parameters:

K6 ) 1.4 × 10-3 s-1 from Figure 6.
k7a ) (kT/h) exp(-Edc/RT) from the statistical thermodynamic

approach of the adsorption/desorption processes. The activation
energy of desorption,Edc, due to the competition between Acsads

and IPAsads on the s1 sites is not known experimentally. We
have shown only that it is significantly lower than that of the
desorption of the Acsads formed on a clean TiO2 surface (87
kJ/mol at full coverage).7 Numerous values ofEdc significantly
lower than 87 kJ/mol can be used in the simulation that selected
is Edc) 31 kJ/mol.

k7b ) νdf exp(-Edf/RT), the rate constant of diffusion of the
adsorbed acetone on a TiO2 surface is not known experimentally.
However, (a) it is well-known that the activation energy of
diffusion is roughly a fraction of that of desorption,Edf ) Edn
with n the corrugation ratio in the range of 0.1-0.5,24,25 and
(b) the activated complex theory provides an estimation of the
preexponential factor in the range of 1011-1012 s-1.26 The
present kinetic simulation are performed by usingEdf ) 34 kJ/
mol (n ≈ 0.32) andνdf ) 1012 s-1.

K8, we have selected a value of the order of magnitude of
that determined in Figure 6 and providing the best agreement
between experimental and theoretical curve (k8 ) 6 × 10-4 s-1

as compared to 3.5× 10-4 s-1 in Figure 6).
ka, the rate constant of adsorption of acetone on the s1 sites

liberated by the PCO of IPA can be obtained from the statistical
thermodynamics27 assuming (a) nonactivated chemisorption, (b)
localized adsorbed species, and (c) neglecting the partition
function of rotation and vibration of the gaseous molecules and
of vibration of the molecules in the adsorbed state as discussed
in more detail in a previous study.28 This leads to

wherema is the mass of a molecule of acetone. This leads toka

) 3.49 Pa-1 s-1. For a partial pressure of acetone of 34 Pa and
for θI ) 0.5, the theoretical rate of adsorption is (948× 0.5×

3.49 × 34/(350× 104) ) 1.6 × 10-2 µmol/(cm2‚s), a value
strongly higher than the rate of O2-PCO of the IPAsadsspecies
(948× 1.4 10-3)/(350× 104) ) 3.8× 10-7 µmol/(cm2‚s). This
high value of the theoretical rate of adsorption means that, except
at a coverage of the surface close to the adsorption equilibrium,
the experimental rate of adsorption is limited by diffusion
processes as discussed in a recent microkinetic study of the CO/
O2 reaction on a Pt/Al2O3 catalyst.29 For instance, considering
the theoretical rate of adsorption 1.6× 10-2 µmol/(cm2‚s), the
Thiele modulus30 is Φ ≈ 105 for a pellet of catalyst (ep ) 0.025
cm, density 1.2 g/cm3, porosity of the pellet) 0.46, estimated
pore size 7.2 nm, coefficient of effective diffusion≈0.004 cm2/
s). The Thiele modulus provides30 an effectiveness factor of
≈10-4, indicating that the rate of adsorption is controlled by
diffusion processes. Similar calculations for the rate of con-
sumption of O2 during the O2-PCO of IPAsadsprovidesΦ )
0.07 < 1 leading to an effectiveness factor of≈1 indicating
that the measurement ofK6 are performed in the absence of
mass transport processes as expected for the EMA of a catalytic
process. This is also the situation for the measurement ofK8.
Considering that the diffusion processes cannot be prevented
for the experimental adsorption rate, we use in the present study
a value of the apparent rate constant of adsorptionkap signifi-
cantly lower than that provided by eq 18 and allowing the best
agreement between the theoretical and experimental evolutions
of the partial pressure of acetone in the IR cell (kap ) 4 ×
10-6ka)

Figure 7 shows the comparison between experimental and
theoretical curves considering the microkinetic model solving
eqs 10 and 13-16. These equations provide the numbers of
adsorbed species on the TiO2 pellet that are transformed into
coverages by dividingNI-s1 by NI-s1 (0) andNAc by the number
of acetone that can be strongly adsorbed on a clean TiO2 surface.
Curves b1 and b2 in Figure 7 give the evolution of the coverage
of the acetone on the s1 (readsorption) and s2 (diffusion process)
sites, respectively, whereas curve b obtained from (curve b1+
curve b2) gives the evolution of coverage of the TiO2 surface
by acetone whatever the nature of the sites (it corresponds to
the FTIR observations). Curve d provides the sum of the
coverage of the IPAsadsand Acsadsspecies. It shows that, during
O2-PCO, the total coverage of the surface is lower than the
initial coverage of the IPAsadsspecies whatever the irradiation

Figure 7. Simulation of the experimental data (FTIR spectroscopy)
during the static O2-PCO of IPAsads considering the experimental
microkinetic approach of the catalytic process. (O and0) Coverages
θI and θA of the IPAsads and Acsads species; (+) partial pressure of
acetone. (a and b) Theoretical evolutions ofθI andθA; (c) theoretical
evolution of the partial pressure of acetone; (b1 and b2) evolution of
the coverage of the s2 and s1 sites by the Acsadsspecies; (d) evolution
of the coverage of the TiO2 surface by the two adsorbed species (IPAsads

and Acsads).

dNAcg

dt
) k7aNI-s1 - RkaPA((NI-s1)F - NI-s1 - NAcreads-s1)

(16)

K6NI-s1 - k7aNA-s1 - k7bNA-s1 ) 0

NA-s1 )
K6NI-s1

k7a + k7b
(17)

ka ) h2

(2maπkT)3/2
(18)
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duration: the progressive decrease of curve d represents the
transformation of Acsadsto CO2 and formate species (not studied
in the present study). Figure 7 shows that the EMA of the O2-
PCO of IPAsads provides theoretical curves that are consis-
tent with the experimental data using the kinetic parameters
of interest either determined experimentally (i.e.,K6 and K8)
or estimated considering experimental observations (k7a and
k7b).

It must be noted that we have not considered in the kinetic
modeling that acetone desorbed from the s1 sites re-adsorb on
the s2 sites. There are two arguments to justify that this process
is neglected (a) the substitution of an adsorption step (similar
to step S7c) in place of the surface diffusion step (step S7b)
leads to an evolution ofθA similar to curve b1, however, in
Figure 7. However, att ≈ 0 the slope of the theoretical curve
is equal to 0 at the difference of the experimental data (curve
0) and (b) Figures 2 and 4 indicate that there is a delay between
the consumption of oxygen and the appearance of gaseous
acetone revealing an accumulation of oxygen containing species
via a surface process such as diffusion.

To our knowledge, a similar microkinetic approach of the
O2-PCO of IPAsadshas not been performed previously. Larson
et al.11 and Xu et al.13 have performed experiments similar to
those of the present study by using MS and FTIR analytical
method. However, the kinetic exploitations are mainly descrip-
tive. The single attend to propose a kinetic simulation of the
observations is performed by Xu et al.13 They have shown that
the evolutions of the coverages of the IPAsads, Acsads, and formate
species are compatible with a formal kinetic model based on
successive first kinetic order reactions

with k1/k2 ) 10 (see Figure 7 in ref 13) that is consistent with
our conclusion. However, the authors do not consider the detail
of the elementary steps while the formation of gaseous acetone
is not involved in the model.

4.5. Exploitation of the Microkinetic Approach of the PCO
of IPA. Comparison between Experimental and Theoretical
Catalytic ActiVity. This EMA reveals clearly that the superficial
process that limits the deep O2-PCO of IPAg is the competitive
chemisorption between the reactant and the acetone: the
desorption of acetone is strongly increased as compared to a
clean TiO2 surface leading to a very small coverage in Acsads

on the common s1 sites. During the first second of the reaction,
Acsadsspecies can be formed on the small amount of specific s2

sites by diffusion from the s1 sites. The high heat of adsorption
of the adsorbed IPA intermediate species maintainsθI ) 1
during the reaction in dynamic condition leading to the kinetic
order 0 for IPA even for a very low partial pressure of IPA.
The competitive chemisorption IPA/acetone explains that
gaseous acetone is the main product of O2-PCO of IPA. This
means that the rate of the elementary step S6 must determine
the catalytic activity of TiO2 during O2-PCO of IPAg. It has
been shown that the apparent rate constant of step S6 isK6 )
1.4× 10-3 s-1 (Figure 6) that must correspond to the theoretical
turnover frequency (TOFth) at highθI values. Figure 5 indicates
that the rate of acetone production at a low IPA conversion is
12.6 µmol/(g‚min) ) 0.21 µmol/(g‚s). Considering the total
amount of IPAsads, 948 µmol/g, this leads to an experimental
TOFex value of 2.2× 10-4 s-1 significantly lower than TOFth
) 1.4× 10-3 s-1. However, it has been shown that nd-IPAsads

(desorbing as IPAg during TPD) is more reactive than the
d-IPAsadsspecies for the O2-PCO process. This may indicate

that only the more reactive IPAsadsspecies participates signifi-
cantly in the formation of acetone at highθI values: TOFex

can be calculated using the amount of IPAg desorbed during a
TPD after adsorption of IPA on a clean TIO2 surface, 232µmol/
g.7 This leads to TOFex ) 0.9 × 10-3 s-1 in reasonable
agreement with the theoretical value: 1.4× 10-3 s-1.

Kinetic Studies for Low IPA Partial Pressures.PCO is a
promising process for the removal of organic pollutants in low
concentrations in air (from ppb to a few ppm). This explains
the numerous studies on the performances of this process for
the conversion of various organic molecules. However, the
present microkinetic study reveals the difficulties that are
expected performing kinetic studies in these experimental
conditions. The heat of adsorption of IPA at full coverage is
very high 118 kJ/mol. This means thatθI ) 1 even with low
partial pressure of IPA, for instance for 0.1 ppm of IPA in one
atm of air. However, depending on the ratio gas flow rate/weight
of catalysis in the reactor, this coverage can be obtained after
a long adsorption duration depending on the IPA content of
the reactive mixture. For instance, considering (a) an amount
of IPAsads of 948 µmol/g of TiO2, (b) a gas flow rate of the
IPA containing mixture of 100 cm3/min, and (c) a weight of
TiO2 in a reactor of 0.2 g, thenθI ) 1 is obtained for adsorption
durations of 4.6 and 462 min for 1% and 100 ppm of IPA,
respectively. For shorter adsorption durations, the coverage of
the catalyst sample will be not homogeneous such asθI ) 1 at
the inlet of the reactor andθI ≈ 0 at the outlet. This means that
kinetic studies can be performed under unsteady-state conditions
leading to false kinetic conclusions.

Comparisons of the Different TiO2 Samples.Luo and
Falconer31 have shown that TiO2 P 25 (a mixture anatase/rutile)
presents a reactivity different than a pure anatase TiO2 sample.
This focuses on the impact of the exact natures and amounts of
the adsorption sites of the TiO2 surface. In particular, the present
EMA shows that the deep O2-PCO of IPA is limited by the
competitive chemisorption IPA/acetone on a fraction of the s1

sites of TiO2 adsorbing IPA. There is no competition on a small
amount of s2 sites specific of the acetone adsorption. It can be
understood that if the ratio s2/s1 increases due to the composition
of the TiO2 sample then the selectivity CO2/acetone of the O2-
PCO of IPA may increase.

V. Conclusions

The present experimental microkinetic study has shown that
the O2-PCO of IPAg, at 300 K, on a pure anatase TiO2 solid,
involves a strongly adsorbed IPA species denoted IPAsads. The
process is controlled by the strong competitive chemisorption
(on s1 sites) between the reactant IPA and the product acetone
which increases significantly the rate of desorption of acetone.
Adsorbed acetone species can be present only on a small amount
of specific sites (denoted s2 representing 8% of the total amount
of the TiO2 sites able to adsorb strongly acetone at 300 K).
The competitive chemisorption IPA/acetone limits strongly the
deep O2-PCO of IPA because acetone is the single route for
the PCO of IPA into CO2/H2O. The catalytic activity (measured
in TOF, unit s-1) for the formation of acetone is controlled by
the L-H step between the strongly adsorbed IPAsads species
and the active oxygen containing species denoted X*adsformed
under UV irradiation: TOF) 1.4 × 10-3 s-1.

In static conditions, it has been shown that the experimental
data (coverages of the adsorbed species and partial pressure of
acetone) of the O2-PCO of the IPAsadsspecies can be described
using five surface elementary steps

A f
k1

B f
k2

C
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where X*adsis an oxygen containing species formed under UV
irradiation. The kinetic parameters of each elementary steps of
interest have been measured experimentally, and a good
agreement has been observed between experimental data and
kinetic simulations. In static condition, the coverage of the
IPAsadsspecies decreases due to its oxidation into acetone (step
S6). This suppresses progressively the competitive chemisorp-
tion with acetone (step S7b) and allows (a) the readsorption of
acetone (step S7c) and then the deep oxidation via step S8.
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Nomenclature

EMA ) experimental microkinetic approach
O2-PCO and Olat-PCO ) photocatalytic oxidation in the

presence and in the absence of O2

IPAsads and Acsads ) strongly adsorbed IPA (two species,
nondissociative: nd-, and dissociative d-IPAsads) and acetone
species

X*ads ) active oxygen containing adsorbed intermediate
species of the O2-PCO

QIPAsadsand QAcsads) amount of adsorbed IPAsadsand Acsads

species on the TiO2 surface
s1 ) superficial sites of TiO2 (Ti+δ sites with different

environments): 948µmol/g, adsorbing IPA (there is a competi-
tive chemisorption with acetone on a fractionR ) (410/948)
of the s1 sites)

s2 ) superficial Ti+δ sites of TiO2 (32 µmol/g) specific of
the acetone adsorption.

θI, θA, andθX* ) coverage of the TiO2 surface by IPAsads

and Acsads (with and without competitive chemisorption) and
of the X*ads species

EdI(θI), kdI andEdAc(θA), kdAc ) activation energy and rate
constant of desorption of IPAsadsand Acsadsas a function of the
coverage

KI andPI andKA andPA ) adsorption coefficient and partial
pressure of IPA and acetone

TOF ) turnover frequency for the O2-PCO of IPA
microkinetic simulation of the static O2-PCO of IPAsadsin

the IR cell
t ) duration of the O2-PCO of IPAsads

NAg(t) ) number of acetone molecule in the IR cell
NI-s1(t), NA-s1(t), NA-s2(t) ) number of IPA and acetone

molecules strongly adsorbed on the s1 and s2 sites of the catalyst
pellet (NA(t) ) NA-s1(t) + NA-s2(t))

NAcreads(t) ) number of acetone molecules re-adsorbed on the
s1 sites

ky, Ky ) rate constant and apparent rate constant of the
elementary steps Sy

ka ) theoretical or experimental rate constant for the
adsorption of acetone
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step S6: L-H step under UV irradiation
IPAsads-s1 + X* adsf Acads-s1 + Σ Yads

step S7a: surface diffusion Acads-s1 f Acsads- s2

step S7b: desorption due to competitive chemisorption
Acads-s1 f Acg + s1

step S7: readsorption of acetone
Acg + s1 f Acresads- s1

step S8: L-H step under UV irradition
Acsads+ Xads* f I2ads+ Σ Yads
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