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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
PCO of IPA are experimentally determined: natures and amounts of the adsorbed species and rate constants
(preexponential factor and activation energy). The kinetics parameters are obtained by using experiments in
the transient regime with either a FTIR or a mass spectrometer as a detector. The deep oxidation (CO2 and
H2O formation) of low concentrations of organic pollutants in air is one of the interests of the PCO. For IPA,
literature data strongly suggest that acetone is the single route to CO2 and H2O and this explains that the
present study is dedicated to the elementary steps involving gaseous and adsorbed C3HxO species. The
microkinetic study shows that strongly adsorbed IPA species (two species denoted nd-IPAsadsand d-IPAsads

due 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 kinetic parameters of the elementary
steps determined in the present study are used in part 2 to provide a modeling of macroscopic kinetic data
such as the turnover frequency (TOF in s-1) of the PCO using IPA/O2 gas mixtures.

1. Introduction

In previous works1-5 and references therein, experimental
microkinetic approaches of two catalytic processes have been
developed based on the following procedure: (a) a plausible
detailed kinetic model of the reaction is adopted, (b) the kinetic
parameters of each elementary step are studied experimentally
(the coverages of the adsorbed species and either the rate
constant: activation energy and preexponential factor, or the
adsorption coefficient: heat of adsorption and preexponential
factor), and (c) these experimental parameters are used to
determine a priori the theoretical catalytic activity (turnover
frequency TOFth) of the solid that is compared to the experi-
mental TOFex values. The experimental data may lead to an
adjustment of the elementary steps of the plausible kinetic
model.1,2 This procedure has been applied to the microkinetic
studies of (a) the CO/O2 reaction on Pt/Al2O3 catalysts1,2 and
(b) the catalytic oxidation of a diesel soot formed in the presence
of a cerium containing additive.3-5 These studies have shown
that the experimental microkinetic approach (denoted EMA) can
reveal the elementary steps that control the TOF and as a
consequence it can be used as an assisted method of improve-
ment of the catalytic process such as the catalyst development,5

in line with the perspective imagined by Boudard in the
foreword of ref 6 and extended in a more recent article.7 To
develop the EMA of catalytic processes, we have considered
the deep (formation of CO2 and H2O) photocatalytic oxidation
(PCO) in the presence of O2 (denoted O2-PCO) of the gaseous
isopropyl alcohol (denoted IPA or IPAg) on TiO2. The choice
of this catalytic system is supported by the following arguments

(in addition to the fact that the deep O2-PCO of organic
molecules is a promising process for the removal of diluted
VOCs in air): (a) it is well-known that the O2-PCO of IPA is
performed at 300 K on TiO2 powders8,9 as well as on single
crystals10-12 that is a favorable situation for experimental
microkinetic studies because the low rates of some elementary
steps such as the desorption of reactants and intermediates
species significantly simplify the calculations linked to TOFth;
(b) as compared to previous studies,1-5 the complex structure
of IPA implicates that several successive and/or parallel surface
elementary steps such as Langmuir-Hinshelwood steps (de-
noted L-H step) must be considered to form CO2 and H2O;
and (c) classical kinetic studies of the PCO of IPA and other
organic molecules on TiO2 have been performed by several
authors in the last 30 years8,9,13-15 providing kinetic data which
can be compared with our conclusions.

The global reaction of the deep O2-PCO of IPAg is

The first step of the EMA consists adopting a plausible kinetic
model. For the CO/O2 reaction1,2 and the soot oxidation,3-5 the
number of elementary steps is limited due to the nature of the
reactants and products. This explains that there is an agreement
in the literature on their detailed mechanisms even if there are
discussions of the elementary steps that control the processes.
For the O2-PCO of IPA on TiO2, there is an agreement to
consider that (a) the main gaseous products are acetone, CO2,
and H2O with a selectivity acetone/CO2 depending strongly on
the experimental conditions8,9,16,17and (b) acetone is the main
route to the CO2 formation for the deep oxidation of IPA.9,15

However, at the difference of the CO and soot oxidations, there
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CH3CHOHCH3 + 9/2 O2 f 3 CO2 + 4 H2O (1)
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is an open discussion on the detailed mechanism of the O2-
PCO of IPA8,9,11,16and this situation imposes a choice of the
plausible elementary steps for the development of the experi-
mental procedure.

Plausible Kinetic Model of the PCO of IPA. The discus-
sions on the mechanism of the O2-PCO of IPA concern the
first elementary steps of the transformation of IPA as described
below considering two models proposed by Ohko et al.16 and
Brinkley and Engel.11 There is an agreement in the literature
on the elementary steps prior to those involving IPA. The impact
of the UV irradiation on TiO2 is a well-known process8,16,11

with the formation of electron/hole (e-/h+) pairs, according to

It is also accepted that e- reacts with a molecular adsorbed
oxygen species

The mechanisms differ according to the involvement of the hole
in the PCO process and the successive elementary steps. Ohko
et al.16 consider that there is a reaction with either an OH group
of TiO2

or with an adsorbed H2O molecule (present in the reactive
mixture or produced by PCO)

followed by the reaction of the H+ species with O2- (produced
in step Sb)

Ohko et al.16 consider that the first step of the catalytic
transformation of the adsorbed IPA species is the reaction with
the °OH radical

Then CH3C°(OH)CH3 is involved in different surface elemen-
tary steps to form acetone

Finally, the different active oxygen containing species react with
each other to form stable products. The reaction that dominates

this recombination process is considered to be16

Brinkley and Engel propose a mechanism initiated by a reaction
between an adsorbed IPA molecule and a hole11

The new radical decreases the energy barrier to remove one
H+ via O2- bridging sites of TiO2

The removal of the last hydrogen to produce acetone is
performed via OH groups11

or

where vac in step Sl and OHTi
- in step Sm designate a bridging

oxygen vacancy and a hydroxyl group coordinated to a Ti site,
respectively.11

Others initiation steps of the IPA transformation have been
proposed such as the reaction with O2

-.8 Moreover, Falconer
et al.9,18-20 have shown clearly (in agreement with Bickley et
al.8) that the PCO of organic species such as IPA, acetic and
formic acid can be performed in the absence of O2 via the U.V
activation of lattice oxygen species (denoted Olat.) leading to
the reduction of TiO2. The reduced solid can be rapidly
reoxidized by O2 in the dark at 300 K.19,20 This indicates that
others elementary steps must be substituted to step Sb to form
an active oxygen species by activation of the oxygen lattice.
Whatever the nature of the active oxygen-containing species
involved in the reaction, the desorption of acetone and H2O
complete the plausible photocatalytic cycle.

The plausible kinetic model supporting the EMA of the O2-
PCO of IPA can be formulated without considering the totality
of the elementary steps proposed by Ohko et al.16 and Brinkley
and Engel11 due to the fact that the steps with a rate strongly
higher that the others do not control the O2-PCO process and
can be omitted. Indeed, it is necessary to know if from adsorbed
IPA species (denoted IPAads) to adsorbed acetone species
(denoted Acads) (steps Se-Sh

16 or Sj-Sm
11) either a single step

controls the rate of transformation of IPAads (rate determining
step) or if several elementary steps have similar rates of reaction.
In the last case, literature data21,22 lead to the conclusion that
several adsorbed intermediate species must be present with a
significant coverage during O2-PCO of IPAads. In the first case,
only the decrease in the coverage of IPAads must be observed
associated to the possible increase in the coverage of Acads (if
the rate of consumption of acetone, i.e., desorption and
oxidation, is lower than its rate of formation). The evolution of
the coverages of the adsorbed species during the O2-PCO of
IPA has been studied by Xu et al.15 using FTIR spectroscopy.
They have shown that, during the initial period of the UV
irradiation, all of the IR bands can be ascribed either to IPAads

or to Acads (similar results are observed in the present study).

step Sa: TiO2 + hν f h+ + e-

step Sb: e- + O2adsf O2ads
-

step Sc1: h+ + OHads
- f °OHads

step Sc2: h+ + H2O f °OHads+ H+
ads

step Sd: O2
-

ads+ H+
adsf HO°2ads

step Se: CH3-CH(OH)-CH3(ads)+ °OHadsf

CH3C°(OH) CH3(ads)+ H2Oads

step Sf: CH3C°(OH) CH3(ads)f

CH3COCH3(ads)+ H+
ads+e-

step Sg: CH3C°(OH) CH3(ads)+ O2 f

CH3COO°(OH) CH3(ads)

CH3COO°(OH) CH3(ads)f

CH3COCH3(ads)+ H+
ads+ O2

-
ads

step Sh: CH3C°(OH) CH3(ads)+ HO2°adsf

CH3COOH(OH) CH3(ads)

CH3COOH(OH) CH3(ads)f

CH3COCH3(ads)+ H2O2ads

step Si: °OH + HO2° f H2O + O2

step Sj: h+ + CH3CHOHCH3(ads)f CH3(CHOH)+CH3(ads)

step Sk: CH3(CHOH)+CH3(ads)+ Obridging
2- f

CH3(CHO)CH3(ads)+ OHbridging
-

step Sl: CH3(CHO)CH3(ads)+ OHbridging
- f

CH3-CO-CH3(ads)+ H2O(ads)+ vac+ e-

step Sm: CH3(CHO)CH3(ads)+ OHTi
- f

CH3-CO-CH3(ads)+ H2O(ads)+ e-
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This indicates that the first elementary step of the IPA
transformation, either Se16 or Sj,11 is the rate-determining step
of the reaction. Note that for a high coverage in acetone other
IR bands have been detected by Xu et al.15 due to different
reactions involving Acads(i.e: aldocondensation and O2-PCO
of acetone). This allows us to consider in the plausible kinetic
model (denoted M1) that only the first elementary step of the
IPAadstransformation is kinetically significant. Moreover, there
is no clear agreement on the active species involved in this
elementary step: either°OH,16 or h+,11 or O2

-,8 that is denoted
X* (ads) in the present study. This leads adopting the following
series of surface elementary steps for model M1:

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

and H2O formation). In steps S6 and S8 (a)ΣYads represents
adsorbed species with a composition and a charge allowing to
respect the conservation of atoms and charges and (b) to leave
the discussion open we do not identify the I1ads intermediate
species; however, literature data8,9,11,12,15,16support the view that
it is an adsorbed acetone molecule.

Considering that acetone is the main route to CO2 during deep
O2-PCO of IPA, the EMA has been decomposed into (a) the
formation of the acetone intermediate from IPA (present article
and part 2) and (b) the oxidation of the acetone into CO2

(forthcoming article). The present part 1 is dedicated to EMA
of the elementary step S1, S2, S6, and S7 considering
particularly the competitive chemisorption between reactants and
products: Each elementary step is kinetically characterized, in
particular considering the impact of the UV light. Part 2 concerns
mainly the modeling of macroscopic kinetic data such as the
TOF by using the kinetic parameters obtained form the EMA.
It is well-known that there is no significant O2 adsorption at
300 K on a stoichiometric TiO2 surface: theoretical calculations
show that the adsorption of O2 on a defect-free (perfectly
stoichiometric) TiO2 surface is endothermic while it is exother-
mic in the presence of oxygen vacancies.23,24 This last point
focuses on the impact of the UV light on the activation of the
oxygen species of TiO2 according to steps S3-S5 and in
particular on the role of lattice oxygen species in the process.9,18-24

At this stage of the study, steps S3-S5 are not detailed into
adsorption, dissociation in the dark and with UV irradiation
associated to the participation of the oxygen lattice. These
elementary steps are studied in detail in part 3, whereas parts 1
and 2 are mainly dedicated to the microkinetic study of the
elementary steps involving the gaseous and adsorbed C3HxO
species (steps S1, S2, S6, S7, and S8). As compared to other
studies8,9,15 that provide a qualitative description of the mech-

anism of the O2-PCO, the main contribution of the present
EMA is the quantification of the kinetic parameters of the
elementary steps of interest and their relations with the TOF
taking into account of the nature of the IPAadsand Acadsspecies

2. Experimental Section

The TiO2 catalyst (PC 500 from Millenium, pure anatase)
used in the present study has been selected due to its high and
stable BET surface area (335 m2/g after 2 h in helium either at
473 K or at 720 K) which was expected to favor the
characterization of adsorbed species by FTIR spectroscopy and
experiments in the transient regime with a mass spectrometer
as a detector. However, as compared to TiO2 P25 from Degussa
used in numerous studies (BET area≈ 50 m2/g), the IR
transmission at 3800 cm-1 is significantly lower for TiO2 PC
500 (i.e., 1%) than TiO2 P 25 (i.e., 10%) for the same amount
of solid. The role of the impurities in the adsorption properties
of TiO2 is well-known,25 and those of PC 500 are 0.34 wt %
SO3.

Two analytical systems 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. The first
analytical system used a FTIR spectrometer (Brucker IFS-28)
as a detector with an IR cell (grease free) which was a modified
version of that described in more detail previously.26 Mainly,
this homemade IR cell (using Pyrex and Quartz, total volume
V ≈ 2 L) was constituted of three main parts assembled
vertically: (a) the top section (Pyrex) was an appropriate system
(magnet inserted in Pyrex) to move vertically the quartz sample
holder containing the TiO2 pellet (≈70 mg of TiO2 powder are
compressed to form a disk of diameterΦ ) 18 mm), (b) the
middle section was a quartz tube (Φ) 4 cm,L ) 35 cm) fitted
out with a furnace associated to thermocouples allowing the
pretreatment of the catalyst at high temperatures, and (c) the
bottom section (Pyrex) located on the IR beam was mainly
constituted by two CaF2 windows (Φ) 35 mm, thickness) 3
mm) positioned on two Pyrex polished flanges (beam path of
the IR cell: 8 cm). An appropriate system (Pyrex) allowed
repeating the same position of the TiO2 pellet on the IR beam.
Viton O rings (some of them cooled with water jackets) were
used to assemble the three parts of the IR cell and to fix the
CaF2 windows to the body of the IR cell. The IR cell was
connected by the top section to (a) a classical vacuum production
system and (b) a gas introduction system. Between the middle
and the bottom section, the UV irradiation of the TiO2 pellet
was performed via an exterior mercury UV lamp: HPK (125
W) from Philips, with a main emission at 365 nm. A water cell
was placed in front of the lamp to adsorb near-IR light and to
reduce the heating of the TiO2 pellet. The flux at the position
of the pellet was 320 W/m2 measured with an Oriel radiometer.
Before use, the pellet of TiO2 was treated (removal of organic
impurities and dehydration/dehydroxylation) in the quartz
section as follows (notation V: vacuum and O:≈ 0.9 atm. of
20% O2/N2): V, 300 Kf V, 713 K (10 K/min)f V, 713 K,
2 h f O, 713 K, 2 hf V, 713 K, 10 minf O, 713 K, 20
minf O, 300 Kf V, 300 K. The highest temperature, 713 K,
prevented the anatase to rutile transformation that occurs near
775 K.12 The same pellet of TiO2 was used for several
experiments and it was treated as above before each new
experiment. After the pretreatment, the sample holder was
positioned on the IR beam to study the reversible and irreversible
adsorbed species formed by the adsorption of gases in the dark

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 L-H step IPAads+ Xads* f I1ads+ ΣYads

S7: desorption of I1ads I1adsf I1g

S8: second L-H step I1ads+ Xads* f I2ads+ ΣYads
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at 300 K. The partial pressures of IPA, acetone (denoted Ac or
Acg), and H2O (denotedPI, PA, andPH2O) were obtained from
their vapor pressures at 300 K using individual flasks containing
the liquid phases (the liquids were degassed under vacuum
before use) and connected to the gas introduction system via
different valves. During PCO (pellet in front of the UV lamp),
the evolution of the partial pressuresPI, PA, andPCO2 in the IR
cell was followed by FTIR spectroscopy after a calibration
procedure using known partial pressures of each gas. The
absence of photolysis has been attested by comparing the IPA
conversion (CIPA in %) of an IPA/O2 mixture for the same
irradiation duration in the absence (CIPA ) 0%) and in the
presence (CIPA ) 90%) of TiO2. Moreover, in the presence of
TiO2 and in the absence of UV light there is no significant
conversion at 300 K of a IPA/O2 mixture.

The second analytical system, described in more detail
previously,27 was designed to perform experiments in the
transient regime with a mass spectrometer (denoted MS) as a
detector. Mainly, various valves allowed us to perform con-
trolled switches between regulated gas flows in the range 100-
1000 cm3/min (at the atmospheric pressure), which passed
through the TiO2 sample contained in a quartz microreactor
(volume of≈2.5 cm3). The TiO2 sample (m ) 0.208 g) was
deposited homogeneously on uncompacted quartz wool intro-
duced in the whole volume of the microreactor to favor its
homogeneous UV irradiation. A furnace (linear heating rate in
the range of 10-300 K/min) was used for the pretreatment of
the TiO2 sample. For the UV irradiation, the furnace was
removed, and an UV lamp identical to that used for the FTIR
study was positioned in front of the microreactor. The lamp
was fitted out on a cylindrical metallic box with polished inside
walls to reflect a fraction of the UV light on the microreactor
located at the central axe of the box. The gas composition (molar
fractions denoted MF or MFs) at the outlet of the reactor was
determined using a quadrupole mass spectrometer (with an
analysis frequency of 0.66 Hz) after a calibration procedure with
gas mixtures of known compositions. The sensitivity and the
accuracy on the MF measurements were dependent on (a) the
complexity of the gas mixture and (b) the type of transient
experiments: the lower detection limit was in the range of 0.2-2
µmol of adsorbed species/g of catalyst and the accuracy was in
the range of 2-10%. This analytical system was not well
adapted to the quantification of H2O (interference adsorption
processes on the stainless tubes), and this compound was not
studied. The temperature of the TiO2 solid was simultaneously
recorded, using a small K type thermocouple (diameterΦ )
0.25 mm) inserted into the quartz wool. This analytical system
allowed us to study (i) the adsorption of a gas G (i.e., IPA, Ac,
O2,) at Ta by using a gas flow rate ofx% G/y% Ar/He (the
MFs of IPA and Ac, i.e.,x ) 1.2 for IPA, were fixed with a
saturator/condenser system, Ar was a tracer showing the
beginning of the consumption of G), (ii) isothermal and
temperature programmed experiments in the transient regime
such as desorption in a helium flow and oxidation by using O2

containing gas mixtures, and (iii) PCO of IPA in the absence
and in the presence of O2 (denoted Olat.-PCO and O2-PCO
respectively). Before the adsorption of IPA, the TiO2 sample
was pretreated in gas flows (150 cm3/min) according to: He,
300 Kf He, 713 K (15 K/min)f He, 713 K, 10 minf 20%
O2/He, 713 K, 0.5 hf 20% O2/He 300 Kf He.

3. Results and Discussion

According to the EMA, each elementary step of model M1
has been studied as individually as possible using the two
analytical systems determining the kinetic parameters of interest.

3.1. FTIR Spectrum of the TiO2 before Adsorption. The
FTIR spectrum of the “as received” TiO2 sample reveals a large
IR band in the range of 3700-3000 cm-1 due to hydroxyl
groups and an IR band at 1640 cm-1 due to un-dissociated H2O.
After pretreatment at 713 K, the FTIR spectrum of TiO2 at 300
K reveals two overlapped IR bands at 3713 and 3667 cm-1

(result not shown) similarly to the observations on TiO2 P 25:
28,293719 and 3672 cm-1. However, on the present TiO2 solid,
there are in addition two shoulders at 3685 and 3645 cm-1. In
line with literature data,28,29these four IR bands are ascribed to
isolated OH groups formed by the removal of un-dissociated
H2O (Td < ≈473 K) and the dehydroxylation (Td >≈ 473 K)
of the TiO2 surface.

3.2. Study of Step S1: Adsorption of IPA in the Dark on
Oxidized TiO2. Nature of the Adsorbed IPA Species by using
FTIR.The introduction of a small dose of IPAg (≈10 µmol) on
the pretreated TiO2 solid does not modify strongly the IR bands
of the isolated OH groups of TiO2, whereas a broad IR band is
detected in the range of 3500-3000 cm-1 due to interacting
OH groups associated with new IR bands in the range 3000-
2800 cm-1 and below 1700 cm-1 (result not shown). The
increase inPI leads to the total disappearance of the IR bands
of the isolated OH groups and to the strong increase of that of
the interacting OH groups indicating either the formation of
new OH groups (i.e., dissociation of IPA) or/and the interaction
between the adsorbed IPA species and the isolated OH groups.
Figure 1 and the insert A gives the IR spectra of the IPAads

species on the oxidized TiO2 surface after adsorption equilibrium
at 300 K forPI ) 131 (Figure 1a) and 526 Pa (Figure 1b) (the
inset B shows the FTIR spectrum of the gaseous IPA forPI )
526 Pa). The high intensities of the IR bands after desorption
at 300 K (Figure 1c) indicate clearly that IPA forms a large
amount of strongly adsorbed species. Moreover, the comparison
of Figure 1, panels b and c, indicates that strongly and weakly
(removed by desorption at 300 K) adsorbed IPA species
(denoted IPAsadsand IPAwads, respectively) have very similar
IR spectra: only the broad IR band at 1252 cm-1 (Figure 1b)
that is dependent onPI (not observed on Figure 1c) characterizes
the IPAwadsspecies. The formation of IPAsadsand IPAwadsspecies
is consistent with the conclusions of Rossi et al.,29 who observe
by using a gravimetric method a two stage process for the
adsorption of IPA on TiO2 (P 25 from Degussa) at 300 K.
Moreover, the FTIR spectra in Figure 1c are also consistent
with the observation of Rossi et al.,29 who provide an assignment
of the different IR bands (see Table 1 in ref 29). In particular,

Figure 1. FTIR spectra of the adsorbed IPA species after adsorption
of IPA at 300 K (Inset A range 3000-2850 cm-1) on the oxidized
TiO2 solid: (a) in the presence of 131 Pa of IPA, (b) in the presence
of 526 Pa of IPA, and (c) after desorption at 300 K. Inset B: FTIR
spectrum of the gaseous IPA in the IR cell at 526 Pa.

PCO of IPA. Part 1 J. Phys. Chem. A, Vol. 110, No. 12, 20064205



the IR band at 1252 cm-1 in Figure 1b, corresponds probably
to δOH of a weakly hydrogen-bonded IPA species (denoted
H-b-IPAwads), whereas that at 1300 cm-1 observed after
desorption (Figure 1c) corresponds to theδOH of a strongly
bonded un-dissociated IPA species on Ti+δ sites (denoted nd-
IPAsads).29 Moreover, the IR band at 1131 cm-1 (Figure 1c) can
be ascribed29 to the νC-O of isopropoxy groups (denoted
d-IPAsads) formed by a dissociative adsorption of IPA according
to (CH3-CHOH-CH3 + s + s′f CH3-CHOsads-CH3 + s′-
Hads, with s and s′ two sites of the TiO2 surface). It must be
noted that similarly to the observations of Rossi et al.29 an IR
band at 1640 cm-1 due to undissociated H2O is detected (not
shown in Figure 1) after the formation of d-IPAsadsindicating
that s′-Hads are probably OH groups that form H2O at a high
coverage. The desorption in a vacuum at 470 K removes the
nd-IPAsads species: the IR band at 1300 cm-1 is no more
detected, whereas that at 1131 cm-1 is only slightly decreased
indicating that d-IPAsads species are more stable than nd-
IPAsads.29 Finally, after adsorption at 300 K, the two strongly
adsorbed IPAsadsspecies can be only differentiated considering
theδOH andνC-O vibrations. The others vibrations provides IR
bands29 strongly overlapped such asνa-CH3 ) 1465-1455 cm-1

and νs-CH3 ≈ 1390-1380 cm-1. In conclusion, we adopt the
views of Rossi et al.29 considering that adsorption of IPA at
300 K on the present TiO2 solid provides two strongly adsorbed
species: nd- and d- IPAsadsspecies (to facilitate the presentation
the notation IPAsads is maintained when nd- and d- IPAsads

species are not differentiated) and a weakly adsorbed species
(H-b-IPAwads). According to the EMA, the role of these three
IPAads species in the PCO of IPA must be considered. Note
that the pretreatment of TiO2 leads to the deep deshydroxylation
of TiO2. However, the formation of d-IPAsadsimplies that OH
groups are formed leading to the rehydroxylation of the surface
in agreement with the detection of an IR band of the interacting
OH groups similar to that observed on the as received TiO2

solid (disappearance of the isolated OH groups).
CoVerage of the Adsorbed IPA Species at 300 K Using MS

Measurements.Figure 2, part A, shows the evolutions of the
MFs of the gases at the outlet of the reactor during the adsorption
of IPA at 300 K on the oxidized TiO2 catalyst according to the
switch Hef 1.2% IPA/1% Ar/He (100 cm3/min). There is no
hydrogen production confirming that d-IPAsadsis associated to
the formation of OH groups. Figure 2 shows that the MF of
IPA is 0 during several seconds of adsorption (comparison with
the Ar signal) indicating that IPAsads species are formed
according to a nonactivated process (the net adsorption rate is
limited by the IPA molar flow rate in the reactor) and then it
increases progressively with time on stream indicating the

formation of IPAwads species that is consistent with the FTIR
observations. In part B of Figure 2, a switch 1.2% IPA/1%
Ar/He f He is performed to desorb the IPAwads species. The
MF of IPA at the outlet of the reactor before the switch is 1.1
10-2 indicating that the adsorption equilibrium of the IPAwads

species is not fully attained (it takes several minutes to obtain
the inlet molar fraction: 1.2× 10-2). The total amount of the
IPA consumption in Part A of Figure 2 is given by

whereF is the total molar flow rate, andW is the weight of the
sample. Equation 2 provides QIPAc(300 K) ) 1255 µmol/g,
that is equal to the total amount of IPAsadsand IPAwadsspecies:
QIPAsadsand QIPAwads, respectively. An expression similar to
(2) provides QIPAwads from the data in part B of Figure 2:
QIPAwads ) 307 µmol/g leading to QIPAsads) 948 µmol/g or
2.82µmol/m2 of solid. This last value is consistent with literature
data on different TiO2 solids: 329 and 2.7µmol/m2,8 whereas a
higher value is determined by Larson et al.:9 6.9 µmol/m2.
Strongly higher values such as 4.4× 1016 molecules/cm2 (731
µmol/m2) using a 1000 ppmv IPAg containing gas mixture16

indicate that IPAwadsspecies are involved in the measurements.
Assuming a total number of superficial sites of≈1015 sites/
cm2, it comes that the amount of IPAsadsat 300 K on the present
TiO2 solid corresponds to 16% of the sites of TiO2. Those
adsorption sites of IPA are denoted s1 and they must be
constituted by either Ti+δ or couple of Ti+δ according to the
literature data.29 There is a large number of free sites for (a)
the adsorption (or readsorption) of intermediates species of the
O2-PCO of IPA and (b) the activation of O2. Note that nd-
and d-IPAsads cannot be quantified separately by the present
analytical procedure.

3.3. Study of Step S2: Desorption in the Dark of the
IPAads Species.Temperature Programmed Desorption using
MS. Figure 3 gives the TPD spectrum observed after the
experiments in Figure 2. There is no desorption before 375 K
indicating that the IPAwads species is totally desorbed after a
long helium purge at 300 K. ForTa > 375 K, IPA desorbs
according to two overlapped broad TPD peaks with maximum
at TM ) 437 K andTM ) 512 K respectively (total amount,
232µmol/g). In parallel to the desorption of IPA, a very small
acetone production is detected (at the limit of the detection of
the experimental procedure):≈ 5 µmol/g. At Td > 457 K, a
strong production of propylene is observed with a maximum at
564 K: 720µmol/g associated to two CO peaks at 542 and
597 K (this last peak is associated with traces of hydrogen):

Figure 2. Evolutions of the molar fractions of IPA and Argon in the
course of the adsorption and the desorption at 300 K on the oxidized
TiO2 solid. Part A: Adsorption according to Hef 1.2% IPA/1% Ar/
He. Part B: Desorption in helium.

Figure 3. Temperature programmed desorption of the strongly
adsorbed IPA species formed at 300 K on the oxidized TiO2 solid using
MS.

QIPAc(300K) ) ∫0

ta (curve a-curve b)
F
W

dt (2)
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total amount 54µmol of CO/g. Traces of CO2 (not shown) are
observed atTd > 550 K: 13µmol/g. At the end of the TPD, a
switch Hef 10% O2/3%Ar/He is performed (not shown) to
oxidize the remaining adsorbed carbonaceous species according
to an isothermal oxidation leading to the production of CO2:
25 µmol/g. The C mass balance during TPD and oxidation at
713 K, 2978µmol of C/g is consistent with the amount of
IPAsads ) 948 × 3 ) 2844 µmol of C/g, considering the
accuracy of the experimental procedure. Adsorption of propylene
at 300 K on the oxidized TiO2 has been studied similarly to
IPA by using 1% C3H6/2% Ar/He followed by a TPD procedure
(results not shown). A single small C3H6-TPD peak, 64µmol/
g, is observed at 364 K without production of CO2 during
oxidation at 713 K. This indicates that the propylene peak in
Figure 3 is not linked to the desorption of a strongly adsorbed
propylene species formed at lower temperatures during the TPD
process: it is due to the fact that, forTd > 500 K, an IPAsads

species evolves according to two processes: (a) it desorbs as
IPAg and (b) it is transformed to propylene by a surface reaction
such as CH3-CHOads-CH3 (d-IPAsadsspecies)f (CH3sCHd
CH2)g + OHads (the OHads groups may produce H2O at high
temperatures). The results in Figure 3 are consistent with
literature data for the TPD of IPAsadsspecies on TiO2 P25 from
Degussa9 and TiO2 anatase from American Instrument Co (10.3
m2/g);30 that is, IPA starts to desorb at 325 K according to two
overlapped broad peaks while the propylene peak is observed
at 550 K.9 There are minor differences between Figure 3 and
the observations of Larson et al.9 on the acetone and CO
productions that are probably linked to slight differences in the
surface of the two solids as revealed by the IR bands of the
OH groups. Note that Rekoske and Barteau31 have studied
particularly the kinetic and the selectivity of the thermal IPA
conversion on TiO2 in the temperature range of 448-598 K in
the presence and in the absence of O2, showing that propylene
as well as acetone can be formed with a higher selectivity in
acetone at low temperatures (IPA conversion<4%). This is
consistent with the small production of acetone during the TPD
at 375 K < Td < 457 K. Note that the amounts of IPA and
propylene detected during the TPD in Figure 3 do not necessary
quantify the amounts of nd- and d-IPAsadsspecies respectively
formed at 300 K because it is not excluded that a significant
fraction of nd-IPAsads dissociates during the TPD process to
produce d-IPAsads.

The broad IPA-TPD peak in Figure 3 reveals clearly that there
is an increase in the activation energy of desorption (denoted
EdI) of the IPAsadsspecies according to their coverage (denoted
θI) on the TiO2 surface. However, the determination ofEdI as
a function of θI, using the data in Figure 3, is not accurate
because the design of the present experiment is significantly
different than that deduced from literature criteria to validate
the TPD measurements.32-34 The curveEdI ) f(θI) has been
obtained using the evolution of the IR bands of IPAsadsduring
isothermal desorption.

Determination Ed ) f(θI) using FTIR Spectroscopy.After the
adsorption of IPA at 300 K, the IPAwadsspecies is removed by
desorption in a vacuum. Then the TiO2 pellet is heated at
increasing temperature (∆T ) 50 K) for a durationtd ) 15 min
before it is to be positioned on the IR beam. The progressive
decrease in the IR bands of IPAsadsis observed forTd > ≈ 400
K without the appearance of new IR bands. This confirms that
the two IPAsadsspecies neither desorb atTd < 400 K nor are
transformed to new strongly adsorbed species that is a result
consistent with Figure 3. TheEdI values as a function ofθI have
been determined studying the evolution of the intensity of the

IR band at 1467 cm-1 (due to nd- and d-IPA species) with the
duration td of the desorption at 423 K. CurveO in Figure 4
shows the evolution ofθI with td: θI ) (IR band area attd)/(IR
band area attd ) 0). The decrease inθI can be followed by
FTIR even for a very low rate of desorption preventing the
impact of diffusion processes to the measurements.34 The
activation energies of desorption are determined by the com-
parison of the experimental curve with the theoretical curve
obtained solving numerically

with kdI the rate constant of desorption and considering thatEdI

is a function ofθI: kdI ) ν exp(-EdI(θI)/RT). Curve a in Figure
4 is obtained assuming in expression (3) that (a) the preexpo-
nential factor ofkdI is ν ) (kT/h) according to the statistical
thermodynamics,35 with k andh the Boltzmann’s and Planck’s
constants respectively and (b) thatEdI increases linearly with
the decrease inθI: EdI(θI) ) [EdI(1) + (1 - θI)(EdI(0) - EdI-
(1))] with EdI(0) andEdI(1) the activation energies of desorption
at θI ) 0 and 1, respectively. Curve a that overlaps the
experimental data is obtained considering thatEdI(1) ) 118 and
EdI(0) ) 178 kJ/mol. The experimental data in Figure 4 are
obtained at a temperature where mainly desorption of IPAg is
detected in Figure 3. This indicates that the decrease inθI from
1 to 0.75 in Figure 4 corresponds mainly to the nd-IPAsads

species that is consistent with the fact that the IR band at 1131
cm-1 is only slightly decreased during the isothermal desorption.
This means that the fraction of IPAsads producing propylene
during TPD (Figure 3) may haveEdI values higher than 178
kJ/mol. The strong dependence ofEdI on θI indicates the
heterogeneity of the s1 sites corresponding to Ti+δ sites in
different environments. TheEdI values (equal to the heat of
adsorption considering non activated chemisorption) are con-
sistent with the microcalorimetric measurement of Rossi et al.,29

who indicate a variation of the heat of adsorption of the IPAsads

species with the coverage from 145 to 220 kJ/mol according to
a roughly linear profile. Moreover, they determine that more
weakly bonded IPA species have a heat of adsorption in the
range 50-145 kJ/mol. For the 100-145 kJ/mol range, the notion
of weakly/strongly adsorbed species based on a isothermal
desorption is dependent on the exact temperature and on the
duration of the desorption. For the EMA of the PCO of IPA,
the presentEdI values show that at 300 K, the elementary step

Figure 4. Determination of the activation energy of desorption of
IPAsadsand Acsads: (O) experimental (IR band at 1467 cm-1) and (a)
theoretical evolutions of the coverage the IPAsads species during
isothermal desorption at 423 K, respectively; (×) experimental (IR band
at 1696 cm-1) and (b) theoretical evolution of the coverage of the Acsads

species during isothermal desorption at 323 K (see the text for more
details).

-dθI

dt
) kdIθI (3)
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S2 cannot contribute significantly to the rate of disappearance
of IPAsadsspecies. This conclusion is important because it must
be considered (as assumed in the present study) that if the IPAsads

species are the adsorbed intermediate of the PCO (and not
IPAwads species) then step S6 can be studied independently of
step S1 (without IPAg). This is a favorable situation for the EMA
because the theoretical rate of an adsorption step35 is very high
(see below) and as discussed previously36 for the microkinetic
study of the CO/O2 reaction, the experimental rate of adsorption
is controlled by diffusion processes that are difficult to be
characterized by experimental procedures.

3.4. Study of Step S6 in the Dark.The introduction of O2
at 300 K after the formation of IPAsadsneither modifies the IR
spectrum of the adsorbed species nor leads to the production
of new gaseous compounds (MS): the IPAsadsspecies are not
modified in the absence of UV irradiation. These observations
are consistent with the results of Barteau et al.,30,31who observe
the thermal dehydration and the deep oxidation of IPA on TiO2

only for T > 448 K.
3.5. Study of Step S6 with UV Irradiation. Several kinetic

parameters must be determined to characterize step S6 such as
the dependence of the rate onPO2 andPH2O (formed during the
PCO), the rate constantk6, and the nature ofI1ads. Literature
data strongly support the view thatI1adsis an adsorbed acetone
molecule, indicating that there are (a) no other significant
coverage of the intermediates species involved in the detailed
mechanisms11,16and (b) no significant others routes to CO2 than
Acads. These different points have been studied on the present
TiO2 solid.

Acetone as Single Significant Route of the Deep PCO of IPA.
To confirm that acetone is the main route to CO2, we have
performed an Olat-PCO of IPAsads(in the absence of O2) in line
with the studies of Falconer et al.,9,18-20 to limit the conver-
sion of I1adsaccording to step S8. Using the MS system, after
adsorption of IPA at 300 K on TiO2 followed by the desorp-
tion of IPAwads(Figure 2), the solid is UV irradiated in a helium
flow (result not shown). It is observed (a) the absence of IPA
desorption and (b) the formation of gaseous acetone when the
UV lamp is turned on (without detectable CO2) with a rate
decreasing progressively with time on stream according to a
profile similar to that observed by Larson et al.9 on TiO2 P 25.
The average rate of acetone production (denotedRAcg) during
the first 15 min of Olat-PCO is 0.23µmol/(g‚min), whereas
Larson et al.9 determine≈ 1.2µmol/(g‚min) in the presence of
30 ppm of O2. Moreover, the color of the TiO2 sample changes
from white to gray blue and then to dark blue for long irradia-
tion duration indicating the progressive reduction of the TiO2

sample.37,38 These observations show that there is no signifi-
cant CO2 production in experimental conditions preventing
the PCO of acetone. This supports the view that there are
no other routes with a significant rate for the deep O2-PCO of
IPAsads than the formation of acetone. This conclusion
is confirmed by new experiments in Part II of the present
study.

Characterization of the Acetone Adsorbed Species.The
literature data strongly suggest that the intermediate species of
the O2-PCO of IPA is an adsorbed acetone molecule. To
confirm this view on the present TiO2 solid, we have studied
by using FTIR spectroscopy (Figure 5), the strongly adsorbed
acetone species (denoted Acsads) formed by the adsorption of
Acg at 300 K on a clean TiO2 surface followed by a vacuum
purge of the IR cell. In the presence of Acg, the spectrum is
identical to that in Figure 5, the vacuum purge only leads to a
decrease in the intensity of the IR bands by 35%. The spectrum

in Figure 5 is in line with literature data, and there is an
agreement to assign the main IR bands to a non dissociative
Acsadsspecies formed on the Lewis sites of TiO2 (i.e., (CH3)2-
CO-Ti+δ): 2971 and 2939 cm-1 (not shown,νC-H), 1696 cm-1

(highest IR band,νC) O), 1422 cm-1 (δasCH3), 1365 cm-1 (δsCH3),
and 1238 cm-1 (νC-C).15,28,39,40The exact positions of the IR
bands depend on the Lewis sites.39 It is well-known that Acsads

is slowly transformed in the dark at 300 K to form different
strongly adsorbed species such as adsorbed mesityl oxide (MSO)
and diacetone alcohol (DAA) leading to new IR bands with
intensities depending on the rates of the surface reactions.39,40

Several minor IR bands in Figure 5 can be ascribed either to
these compounds or to adsorbed intermediates species of this
aldol-condensation type of reaction.28,39 For instance, the IR
bands at 1597 and 1448 cm-1 that increase progressively with
the duration of the adsorption are due toν(CdC) andδas(CH3),
respectively, of MSO.28 However, during O2-PCO of Acads

(results to be published), the IR bands due to MSO remain very
low indicating that the surface reactions in the dark involving
the Acsads species do not participate significantly in the
observations during PCO. This is probably linked to the
observations of Luo and Falconer,41 who have shown that the
rate of the aldol condensation of acetone is significantly lower
on a pure anatase TiO2 than a mixture of anatase and rutile.
The comparison of the IR spectra of the IPAsads(Figure 1) and
of Acsads (Figure 5) shows that there is an overlap of the IR
bands in several regions excepted for the IR bands at 1696 and
1467 cm-1 that characterize Acsadsand IPAsads, respectively. This
situation allows us (a) to identify clearly the presence of Acsads

during the PCO of IPAsadsand (b) to follow how the IPAsads

species are converted to Acsadsduring PCO of IPA in line with
literature data.15, 28

Identification of the I1adsSpecies.After adsorption of IPA at
300 K, followed by a desorption in a vacuum to remove IPAwads,
PO2 ) 1.9 × 104 Pa is introduced using a 20% O2/N2 mixture.
The evolutions of the adsorbed species during O2-PCO are
determined by repeating the following cycle: (a) the UV lamp
is turned on for 15 min to stabilize the emission; (b) the TiO2

pellet is positioned in front of the lamp for an irradiation duration
ti and then it is positioned on the IR beam to study the
modification of the adsorbed species. After each irradiation
duration, the composition of the gas phase in the IR cell is
determined by FTIR. Figure 6, part A, shows the evolutions of
the FTIR spectra with the total irradiation duration: TI) Σti.

Figure 5. FTIR spectrum of the strongly adsorbed species formed by
adsorption of acetone at 300 K on the oxidized TiO2 solid after 15 min
of adsorption. Inset A: TPD spectrum of the strongly adsorbed acetone
species formed at 300 K using MS.
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It can be observed that the IR bands of IPAsads(i.e., 1467 cm-1)
(spectrum a) decrease progressively with the increase in TI
(spectrum b), whereas in parallel, new IR bands, similar to those
observed in Figure 5 for Acsads(in particular that at 1696 cm-1),
increase during the first 40 min and then decrease progressively
(spectrum c). The IR band at 1640 cm-1 is due to undissociated
H2O formed in part during the adsorption of d-IPAsdas.29 A broad
IR band at 1557 cm-1 (spectra b and c), probably due to the
overlap of two IR bands (a shoulder is observed at≈ 1565 cm-1)
associated with strongly overlapped IR bands of lower intensity
in the range 1385-1350 cm-1 increases with TI and then
dominate the IR spectra for TI> 120 min (the IR band at 1696
cm-1 is very weak in spectrum c). A strong IR band at 1557
cm-1 can be ascribed to the asymmetric stretching of COO
groups present in adsorbed species such as formate and
carbonate species (uni- and bidentate carbonate and carboxy-
late),42 whereas the IR band of the symmetric stretching of these
groups is situated in the range 1420-1350 cm-1.42 In addition,
adsorbed formate species give an IR band at≈1380 cm-1 due
to the C-H (bending in the plan).42 Similar IR bands are present
in spectrum c of Figure 6; however, the strong overlap of the
IR bands does not allow a clear identification. For a long
duration of the O2-PCO of acetone on TiO2, El-Maazani et
al.28 observe IR spectra similar to spectrum c Figure 6A, that
they ascribed to a bidentate formate, whereas during the O2-
PCO of IPAsads, Xu et al.15 observe the increase of an IR band
at 1560 cm-1 that they ascribe also to a formate species. Finally,
the assignment of the intense IR at 1557 cm-1 to formate species
is favored.15,28,42Note that the increase in the IR band at 1557
cm-1 in parallel to that of the Acsads species at 1696 cm-1

(spectrum b) may suggest that it is linked to an intermediate
species of the detailed mechanism proposed by Ohko et al.16

for the IPA transformation into acetone. However, for large TI
values, the comparison of spectra b and c shows clearly that
the IR band (1696 cm-1) due to the final product decreases,
whereas that at 1557 cm-1 remains unchanged proving that the
adsorbed species characterized by the IR band at 1557 cm-1 is
formed by the transformation of the Acsadsspecies. This confirms
that the coverages of the intermediates species of the transfor-
mation of IPAsads to Acsads are very small and undetectable
justifying the formalism of step S6 of the kinetic model M1.

EVolution on the CoVerage of TiO2 during O2-PCO of IPAsads

using FTIR.Curvesb and9 in Figure 6B show the evolutions
with TI of θI andθA the coverage of Acsadsspecies, respectively.
The θI values are obtained using the ratio [A(1467 cm-1) at
TI]/[ A(1467 cm-1) at TI) 0] where A(1467 cm-1) is the
absorbance of the IR band at 1467 cm-1 (Figure 6A). TheθA

values are obtained using the ratio [A(1696 cm-1) at TI]/
[A(1696 cm-1) measured after adsorption of Acg on a clean TiO2
surface (Figure 5)]). It can be observed that (a)θI decreases
progressively indicating its transformation according to step S6
and (b)θA increases and then decreases with a maximum at TI
) 40 min that is the situation expected for an adsorbed
intermediate species in successive reactions.21,22 Curve [ in
Figure 6B provides the evolution of the intensity of the IR band
at 1557 cm-1: it indicates an accumulation of the “formate”
species during the PCO followed by a very slow decrease. Curve
+ in Figure 6B, provides the evolution of the partial pressure
PA of Acg, in the IR cell during the static O2-PCO of IPAsads.
This curve 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 inPA

is at a TI value lower than that ofθA. This is clearly unexpected
considering the plausible kinetic model M1 because the forma-
tion of Acsads(step S6) and ofPA (step S7) are successive. This
means that some elementary steps of model M1 must be
modified considering these experimental observations. One of
the intent of the present microkinetic study (present article and
part II) is to provide a kinetic modeling of the experimental
data in Figure 6B by using a modified version of the kinetic
model M1 as described in Part II.

Impacts of the Experimental Conditions on the O2-PCO of
IPAsads. These impacts are revealed by the modification of the
rate of disappearance of IPAsadsspecies. For instance, curvesb
and 1 in Figure 7 give the evolution ofθI during O2-PCO
using PO2 ) 19 and 1.9 kPa, respectively. The overlap of

Figure 6. 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 TI of the O2-PCO; (a-c) TI ) 0, 30, 120 min. Part B: (b and9) coverages of the IPAsadsand Acsadsspecies, respectively;
(+) partial pressure (Torr) of acetone; ([) intensity of the IR band at 1557 cm-1 (formate species).

Figure 7. Impacts of the experimental conditions on the evolution of
the coveragesθI of IPAsadsandθA of Acsadswith the duration TI of the
O2-PCO of IPAsads. (b andO) θI andθA with PO2 ) 19 kPa; (1 and
×) θI andθA with PO2 ) 1.9 kPa; (9 and0) θI andθA with PH2O )
790 Pa andPO2 ) 19 kPa.
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the two curves shows thatPO2 > 1.9 kPa has no impact on the
rate of disappearance of IPAsads. Similarly, curve9 is obtained
in the presence ofPH2O ) 790 Pa, introduced after the formation
of IPAsads and before the introduction ofPO2 ) 19 kPa. The
comparison of curve9 with curve b shows that H2O has no
significant impact on the rate of conversion of IPAsads. The
experimental data in Figure 7 show clearly that the active species
X* ads in step S6 of the model M1 is dependent significantly
neither onPO2 (PO2 > 1.9 kPa) nor onPH2O. Considering the
mechanism of Ohko et al.16 the absence of impact ofPH2O must
be due to the fact that at highθI values (as used in the present
study), the formation of d-IPAsadsprovides a large amount of
OH groups, limiting the impact ofPH2O.

3.6. Study of Step S7 and Modification of the M1 Model.
The difference in the maximums ofθA andPAg in Figure 6B
leads to the conclusion that the kinetic model M1 must be
modified. As described below this is due to the competitive
chemisorption between IPAsadsand Acsads(in line with an early
study)8 imposing to reconsider step S7.

Comparison of the Amounts of IPAsads and Acsads Species.
Using the MS system, a TPD is performed after adsorption of
acetone at 300 K followed by the desorption in helium of the
weakly adsorbed species. The inset A in Figure 5 shows that a
single sharp acetone TPD peak is observed, 330µmol/g, atTm

) 395 K that is a value consistent with the observations of
Larson et al.9 on TiO2 P 25: Tm ) 425 K. After the TPD, the
introduction of O2 at 713 K leads to the formation of CO2 (not
shown): 222µmol of CO2/g. This amount is probably linked
to the formation, during the TPD, of strongly adsorbed mesityl
oxide (MSO) and diacetone alcohol (DAA).39,40 The amount
of Acsads species at 300 K is (330+ 222/3) ≈ 404 µmol of
acetone/g (1.2µmol/m2) that is a value significantly lower than
that of the IPAsadsspecies: 948µmol of IPA/g. On TiO2 P 25,
Larson et al.9 determine a higher amount of adsorbed acetone
species, 4.9µmol/m2, in agreement with the fact that they have
observed an higher amount of IPAsads. Xu et al.15 determine
8.3µmol/m2 at 300 K after the adsorption equilibrium (titration
of weakly and strongly adsorbed species). The amount of Acsads

(404µmol/g) indicates that a competitive chemisorption between
IPA and acetone may concern roughly 42% of the s1 sites
adsorbing IPAsads. To quantify the competitive chemisorption
between IPA and acetone, the activation energy of desorption
of acetone has been determined according to the procedure used
for the IPAsadsspecies.

ActiVation Energy of Desorption of Acsads and Expected
CompetitiVe Chemisorption.After the adsorption of acetone,
the evolution of the intensity of the IR band at 1696 cm-1

is studied during an isothermal desorption at 323 K. This
provides the evolution of the coverage of Acsads(Figure 4 curve
×) by using the area of IR band at 1696 cm-1: θAc. ) (IR
band area attd)/(IR band area attd ) 0 s). Curve b in Figure 4
that overlaps the experimental data is obtained using an
expression similar to (3) withEdAc(1) ) 87 to Edac(0) ) 108
kJ/mol. These values are lower than those of the IPAsadsspecies
indicating that if IPAsadsand Acsadsare adsorbed on the same
sites (competitive chemisorption) then IPAsads must displace
Acsads.

Assuming the Langmuir model of adsorption for competitive
chemisorption, the coverages of the IPAsadsand Acsadsspecies
on their common sites, at the adsorption equilibrium, in the
presence of their partial pressures can be estimated according
to

whereKI ) KI(0) exp(EI/RT) andKA) KA(0) exp(EA/RT) are
the adsorption coefficients for IPA and acetone (EI andEA are
the heats of adsorption equal to the activation energies of
desorption assuming nonactivated chemisorption). Using a
numerical method, eq 4 provideθI and θA for coadsorption
equilibrium according to the partial pressuresPI andPA using
simplified KI(0) and KA(0) expressions from the activated
complex theory.35 Considering the linear dependence of the heats
of adsorption onθI and θA, eq 4 can be solved numerically.
Theses calculations show that it is the IPAsadsspecies that cover
the common s1 sites even for the extreme situation withPA .
PI; for instance, forPA) 395 Pa andPI ) 13 Pa thenθI )
0.955 andθA ) 0.045.

Experimental Study of CompetitiVe Chemisorption between
IPA and Acetone.After the formation of Acsads at 300 K on
TiO2, Acg is removed andPI ) 395 Pa is introduced in the IR
cell. It is observed (result not shown) the very fast (≈ 2 min)
decrease in the coverage of Acsads(using the IR band at 1696
cm-1) from θA) 1 toθA) 0.23 followed by a more progressive
decrease to a constant value:θA) 0.1, after 20 min of IPA
adsorption. The comparison of these values with the coverage
of Acsads after 40 min of desorption in a vacuum at 323 K
(Figure 4),θA) 0.63, shows clearly the impact of the competi-
tive chemisorption. The steady-state coverage,θA) 0.1, indi-
cates that either IPAsadscannot displace totally Acsadsor more
probably that a small fraction of the adsorption sites of the TiO2

surface are specific of acetone (no competitive chemisorption).
This has been confirmed performing the following experiment:
after the formation of the IPAsads, PA ) 131 Pa of acetone is
introduced. The rapid appearance of the IR band at 1696 cm-1

is observed, indicating a coverage ofθA) 0.08, without any
significant decrease in the IR bands of the IPAsadsspecies. These
observations are consistent with the study of Bickley et al.,8

who indicates that a small amount of acetone can be strongly
adsorbed at 273 K (not removed by vacuum) on a TiO2 surface
covered by IPAsads. This indicates that a small fraction of the
TiO2 sites is specific of the acetone adsorption (these sites are
denoted s2). Finally, the competitive chemisorption between IPA
and acetone concerns roughly 404× 0.92 ) 372 µmol of s1

sites/g, the remaining amount (32µmol/g) corresponds to the
s2 sites. This has the following consequence: a large fraction
of the s1 sites is specific of the IPAsads species. An acetone
molecule formed by the PCO of a IPAsadsspecies adsorbed on
those s1 sites cannot remain adsorbed on the TiO2 surface: it
must either desorb rapidly as gaseous acetone or diffuse on the
surface to be adsorbed on the s2 sites (or on the s1 sites liberated
by the removal of IPAsadsspecies during the static O2-PCO).
Finally, during the PCO of IPA, if the coverage of the IPAsads

species is very high, the Acsadsspecies can be only present on
the s2 sites. This is an important comment because it can be
understood that the rate of formation of gaseous acetone is the
highest and that of CO2 is the lowest for highθI values (the
coverage of the Acads is very low). This competitive chemi-
sorption between IPA and acetone leads to a new view of the
elementary step S7: the activation energy of this elementary
step must be considered significantly lower than that of Acsads

on a clean TiO2 surface (EdAc(1) ) 87 toEdac(0) ) 108 kJ/mol)
excepted on the s2 sites. However, during the O2-PCO of
IPAsads(absence of gaseous IPA), the coverageθI progressively
decreases and the gaseous acetone formed during the first
minutes of the irradiation can be re-adsorbed on the fraction of

θI )
KIPI

1 + KIPI + KAPA
andθA )

KAPA

1 + KIPI + KAPA
(4)
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s1 sites liberated by the conversion of IPA. This allows
performing the deep oxidation of IPAsads. In part 2, it is shown
that a diffusion step of the Acadsspecies from the s1 sites to the
s2 sites must be also involved in model M1.

During the deep O2-PCO of IPA, water is produced
according to reaction 1. Bickley et al.8 suggest that competitive
chemisorptions between H2O/IPA and H2O/acetone lead to the
displacement of the organic molecules. These competitive
chemisorptions have been studied at 300 K according to the
following procedure:PH2O ) 395 Pa has been introduced on a
TiO2 surface containing either IPAsadsor Acsadsspecies. It has
been observed (result not shown) that the intensities of the IR
bands of the IPAsads and Acsads species remain unchanged
indicating the absence of a strong competitive chemisorption
with H2O. This is consistent with the results of Larson et al.,9

who indicate that the introduction of a large amount of water
on a TiO2 surface saturated of acetone only displaces 21% of
adsorbed acetone confirming that the competition H2O/acetone
is modest as compared to IPA/acetone (present study). The slight
difference between the two studies is probably linked to the
facts that (a) Larson et al.9 use TiO2 P25 (mixture anatase/rutile)
that presents a difference of reactivity with (pure anatase)41 and
(b) the decrease by 21% probably corresponds to the displace-
ment of weakly adsorbed species. Other literature data confirm
that the competition chemisorption between IPA and H2O is in
favor of IPA: (a) Bickley et al.8 indicates that preadsorption of
H2O on TiO2 as a limited impact on the amount of IPA adsorbed
and (b) Larson et al.9 observe that gaseous H2O is produced in
parallel to gaseous acetone.

4. Conclusion

The present experimental microkinetic approach of the O2-
PCO of IPA on a TiO2 catalyst of large BET area (335 m2/g)
according to the plausible kinetic model M1 leads to the
following data on the surface elementary steps of interest:

(a) Step S1: The adsorption of IPA leads to the formation
of two strongly adsorbed IPA species (undissociated and
dissociated) and a weakly non dissociated IPA species (denoted
IPAsads and IPAwads). The amount of IPAsads is 940 µmol/g
formed on TiO2 sites denoted s1.

(b) Step S2: The activation energy of desorption of the IPAsads

species increases linearly with the decrease in the coverage from
118 to >178 kJ/mol at high and low coverages, respectively.

(c) Step S6: The IPAsadsspecies are oxidized in the absence
(Olat.-PCO) and in the presence of O2 (O2-PCO) into acetone,
that is the single route to the deep O2-PCO of IPAg.

(d) Step S7: The adsorption of acetone on a clean TiO2

surface leads to the formation of a single strongly adsorbed
species: Acsads in a amount (404µmol/g) significantly lower
than IPAsadsspecies. A large fraction of the Acsadsspecies is
formed on the s1 sites. The activation energy of desorption of
the Acsadsis lower than that of the IPAsadsspecies decreasing
with the coverage from 87 kJ/mol to 108µmol/g at high and
low coverages.

(e) The activation energies of desorption of IPAsadsand Acsads

indicate clearly that there is a strong competitive chemisorption
in favor of IPA on the common s1 sites: IPA displaces adsorbed
acetone species leading to a very small amount of acetone on
the surface. However, a small amount of TiO2 sites, 32µmol/
g, are specific of the acetone adsorption (there is no competitive
chemisorption with IPA). The competitive chemisorption be-
tween the reactant IPA and the product acetone is a key process
of the O2-PCO of IPA because at high coverage of the surface

by IPA, mainly gaseous acetone can be formed preventing the
deep oxidation on IPA into CO2.

In part 2 of the present study, it is shown that the various
kinetic parameters determined in the present study associated
to additional kinetic data (rate constant) of steps S6 and S8 allow
us to provide a modeling of macroscopic kinetic data such as
the evolutions, in Figure 6B, of (a) the coverage of IPAsadsand
Acsadsand (b) the acetone pressure as well as the TOF of the
O2-PCO of IPA using IPA/O2 gas mixtures.
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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 with different environ-

ments): 940µmol/g, adsorbing IPA (there is a competitive
chemisorption with acetone on a fractionR) (410/940) of the
s1 sites)

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

θI, θA, θX* ) coverage of the TiO2 surface by IPAsadsand
Acsads(with and without competitive chemisorption) and of the
X* ads species

EdI(θI) andkdI andEdAc(θA) andkdAc ) activation energy and
rate constant of desorption of IPAsadsand Acsadsas a function
of the coverage

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

TOF ) turnover frequency for the O2-PCO of IPA
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