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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, B@lid 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 oxidatiamd(CO

H,0 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 1a@DHO and this explains that the
present study is dedicated to the elementary steps involving gaseous and adsgi@ds@ecies. The
microkinetic study shows that strongly adsorbed IPA species (two species denotedspddRA\ d-IPA.qs

due to non- and dissociative chemisorption of IPA, respectively) are involved in the PCO of IPA. A strong
competitive chemisorption between IRAand a strongly adsorbed acetone species controls the high selectivity

in acetone of the PCO at a high coverage of the surface by,dPAhe 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)sof the PCO using IPA/@gas mixtures.

1. Introduction (in addition to the fact that the deep,©PCO of organic
molecules is a promising process for the removal of diluted
VOCs in air): (a) it is well-known that the £-PCO of IPA is
performed at 300 K on Ti@powder§® as well as on single

In previous work&™> and references therein, experimental
microkinetic approaches of two catalytic processes have been
developed based on the following procedure: (a) a plausible 012 . o )
detailed kinetic model of the reaction is adopted, (b) the kinetic cr_ysta'l_é . tf:a;[j_ls g favorai)rlle IS|tuat|ton f?r exper;mentatl
parameters of each elementary step are studied experimentall)ynICIrO Inelic studies because the 'ow rates of some elementary

(the coverages of the adsorbed species and either the rate '°PS suqh as the dgsorption of reactants gnd intermediates
constant: activation energy and preexponential factor, or the Species significantly simplify the calculations linked to TOF

adsorption coefficient: heat of adsorption and preexponential (b) as compared to previous studies,the complex structure

factor), and (c) these experimental parameters are used toofIPA implicates that several successive and/or parallel surface

. L . - - lementary steps such as Langmthtinshelwood steps (de-
determine a priori the theoretical catalytic activity (turnover € = ; )
frequency TOR) of the solid that is compared to the experi- noted L—H step) must be considered to form e@nd HO;

mental TOF, values. The experimental data may lead to an and (q) classical kinetic _studies of the PCO of IPA and other
adjustment of the elementary steps of the plausible kinetic organic molecules on Tibhave been performed by several

i 13-15 idi i i i
model?2 This procedure has been applied to the microkinetic 2Uthors in the last 30 yea> 1= providing kinetic data which

: . be compared with our conclusions.
studies of (a) the CO/©reaction on Pt/AlO; catalyst$? and can . .
(b) the catalytic oxidation of a diesel soot formed in the presence The global reaction of the deep,@PCO of IP4y is

of a cerium containing additiv&:®> These studies have shown R
that the experimental microkinetic approach (denoted EMA) can CHCHOHCH; +9/2 0, —~ 3 CO, + 4 H,0 (1)

reveal the elementary steps that control the TOF and as aTh f f the EMA . donti lausible kineti
consequence it can be used as an assisted method of improve- e first step of the consists adopting a plausible kinetic

P o
ment of the catalytic process such as the catalyst develogment, model. For the CO/ @reactloﬁ. a.nd.the soot oxidatiofr,” the

in line with the perspective imagined by Boudard in the number of elementary steps is limited due to the nature of the
foreword of ref 6 and extended in a more recent arficla reactants and products. This explains that there is an agreement

develop the EMA of catalytic processes, we have consideredin the literature on their detailed mechanisms even if there are
the deep (formation of CEand HO) photo’catalytic oxidation discussions of the elementary.steps thaF control the processes.
(PCO) in the presence of,Qdenoted G—PCO) of the gaseous For t_he Q—PCO of IPA_ on TiQ, there is an agreement to
isopropyl alcohol (denoted IPA or IRjon TiO,. The choice consider that (a) the main gaseous products are acetong, CO

f this catalvti tem i ted by the followi t and O vyith aselectiv_ity acetone/CQlepending gtrongly on
ofthis catalytic system Is supported by the following arguments the experimental conditioA816.17and (b) acetone is the main

*To whom correspondence should be addressed. E-mail: foute to the CQformation for the deep oxidation of_|P$\l_5
daniel.bianchi@univ-lyon1.fr. However, at the difference of the CO and soot oxidations, there
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PCO of IPA. Part 1

is an open discussion on the detailed mechanism of the O
PCO of IPA211.16and 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,€PCO of IPA concern the
first elementary steps of the transformation of IPA as described
below considering two models proposed by Ohko éfaind
Brinkley and Engel! There is an agreement in the literature
on the elementary steps prior to those involving IPA. The impact
of the UV irradiation on TiQ is a well-known proce$g6.11
with the formation of electron/hole {¢h*) pairs, according to

stepS TiO,+hv—h"+e

It is also accepted that ereacts with a molecular adsorbed
oxygen species

Step %: e + OZads_> OZads

The mechanisms differ according to the involvement of the hole
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this recombination process is considered t&be

step § °OH+ HO,°> —H,0 + O,

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

step § h + CH,CHOHCH, 4~ CH3(CHOH)+CH3(adS)

The new radical decreases the energy barrier to remove one
H* via 0% bridging sites of TiQ

Step $: CHS(CHOH)+CH3(ads)_’_ Obridging} -
CH3(CHO)CHy 54sjt OHyrigging

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

Step $ CH3(CHO)CFE(ads)+ OHbridgin97 -
CH;-CO-CH, 46y HyOpes) T Vac+ e

in the PCO process and the successive elementary steps. Ohko

et al16 consider that there is a reaction with either an OH group
of T|02

step S h" + OH,,,— °OH

ads

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

step S, h" + H,0— °OH -+ H'

followed by the reaction of the Hspecies with @ (produced
in step 3)
Step §: Oziads_’_ H+ads_) HOOZads

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

step & CHB—CH(OH)—CHS(adS)Jr °OH 4
CHBCO(OH) CHS(ads)+ Hzoads

Then CHC°(OH)CH; is involved in different surface elemen-
tary steps to form acetone

step & CH,C°(OH) CHsags) ™
CH,COCH; 45t H s te
step §  CH;C°(OH) CHy (45T O, —
CH,;COCO(OH) CHg g
CH;COC(OH) CHg 46
CHSCOCH?(adS)—i_ H+ads+ Oziads
step § CH,C°(OH) CHsagsyt HO, 505
CH,;COOH(OH) CH 5
CH,COOH(OH) CHy,4—
CHSCOCF%(ads)_’_ H202ads

Finally, the different active oxygen containing species react with

or

step § CH3(CHO)CH, gt OHyy —
CH3-CO-CH 45+ HyOppg + €

where vac in step;&nd OH;~ in step $ designate a bridging
oxygen vacancy and a hydroxyl group coordinated to a Ti site,
respectivelyt!

Others initiation steps of the IPA transformation have been
proposed such as the reaction with-@ Moreover, Falconer
et al®18-20 have shown clearly (in agreement with Bickley et
al®) that the PCO of organic species such as IPA, acetic and
formic acid can be performed in the absence gf/fa the U.V
activation of lattice oxygen species (denotegd;Jeading to
the reduction of TiQ@ The reduced solid can be rapidly
reoxidized by Q@ in the dark at 300 K220 This indicates that
others elementary steps must be substituted to stép Brm
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 an® H
complete the plausible photocatalytic cycle.

The plausible kinetic model supporting the EMA of the-O
PCO of IPA can be formulated without considering the totality
of the elementary steps proposed by Ohko é¢ ahd Brinkley
and Engél' due to the fact that the steps with a rate strongly
higher that the others do not control thg-CO process and
can be omitted. Indeed, it is necessary to know if from adsorbed
IPA species (denoted IR4) to adsorbed acetone species
(denoted Agqg (steps $—Sn'® or §—Sm!Y) either a single step
controls the rate of transformation of IRA(rate determining
step) or if several elementary steps have similar rates of reaction.
In the last case, literature dat&?2lead to the conclusion that
several adsorbed intermediate species must be present with a
significant coverage during£-PCO of IPAgs In the first case,
only the decrease in the coverage of [RAnust be observed
associated to the possible increase in the coverage Qf @ic
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 thePQO of
IPA has been studied by Xu et ®lusing FTIR spectroscopy.
They have shown that, during the initial period of the UV
irradiation, all of the IR bands can be ascribed either toalRA

each other to form stable products. The reaction that dominatesor to Acags (Similar results are observed in the present study).
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This indicates that the first elementary step of the IPA anism of the @-PCO, the main contribution of the present
transformation, either & or §,'1 is the rate-determining step  EMA is the quantification of the kinetic parameters of the
of the reaction. Note that for a high coverage in acetone other elementary steps of interest and their relations with the TOF
IR bands have been detected by Xu et®atlue to different taking into account of the nature of the IRgand Aggsspecies
reactions involving Agys(i.e: aldocondensation and,©PCO

of acetone). This allows us to consider in the plausible kinetic 2, Experimental Section

model (denoted M1) that only the first elementary step of the . o

IPA.gstransformation is kinetically significant. Moreover, there ~ The TiG; catalyst (PC 500 from Millenium, pure anatase)

is no clear agreement on the active species involved in this Used in the present study has been selected due to its high and
elementary step: eithéOH,16 or h*,11or O,~ 8that is denoted  stable BET surface area (33%/pafte 2 h in helium either at

X* (ags)in the present study. This leads adopting the following 473 K or at 720 K) which was expected to favor the

series of surface elementary steps for model M1: characterization of adsorbed species by FTIR spectroscopy and
experiments in the transient regime with a mass spectrometer
S1: adsorption of IPA  IPA— IPA,4 as a detector. However, as compared to,1#Q5 from Degussa
used in numerous studies (BET area 50 n¥/g), the IR
S2: desorption of IPA 1Py, — IPA, transmission at 3800 cm is significantly lower for TiQ PC
500 (i.e., 1%) than Ti@P 25 (i.e., 10%) for the same amount
S3: adsorptionof @ O,— O, 4 2 Oy of solid. The role of the impurities in the adsorption properties
of TiO, is well-known?® and those of PC 500 are 0.34 wt %
S4: desorption of @ 20,,,— O, SGs.
Two analytical systems have been used to characterize (a)
S5: UV formation of the reactive species the natures and the amounts of the adsorbed species formed by
TiO, + hv + O, 4(0r Ouqd = X g adsorption of IPA and acetone on the Fi€urface as well as
their evolutions during the £-PCO and (b) the kinetic
S6: firstL-Hstep [1PAyt Xaod = liagsT ZY ags 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 previotiyainly,
S8: second L-H step 1l Xagd = loagsT =Y ads this homemade IR cell (using Pyrex and Quartz, total volume
V ~ 2 L) was constituted of three main parts assembled
The addition of successive elementary steps similar to S vertically: (a) the top section (Pyrex) was an appropriate system
completes the mechanism for the deep oxidation of IPA{CO (magnet inserted in Pyrex) to move vertically the quartz sample
and HO formation). In steps S6 and S8 (&Y a4s represents holder containing the Tigpellet (=70 mg of TiQ, powder are
adsorbed species with a composition and a charge allowing tocompressed to form a disk of diamet®r= 18 mm), (b) the
respect the conservation of atoms and charges and (b) to leaveniddle section was a quartz tub®€ 4 cm,L = 35 cm) fitted
the discussion open we do not identify thggd intermediate out with a furnace associated to thermocouples allowing the
species; however, literature datd12151%upport the view that ~ pretreatment of the catalyst at high temperatures, and (c) the
it is an adsorbed acetone molecule. bottom section (Pyrex) located on the IR beam was mainly
Considering that acetone is the main route t@@ing deep constituted by two CaFwindows @= 35 mm, thickness= 3
O,—PCO of IPA, the EMA has been decomposed into (a) the mm) positioned on two Pyrex polished flanges (beam path of
formation of the acetone intermediate from IPA (present article the IR cell: 8 cm). An appropriate system (Pyrex) allowed
and part 2) and (b) the oxidation of the acetone into,CO repeating the same position of the Ti@ellet on the IR beam.
(forthcoming article). The present part 1 is dedicated to EMA Viton O rings (some of them cooled with water jackets) were
of the elementary step S1, S2, S6, and S7 consideringused to assemble the three parts of the IR cell and to fix the
particularly the competitive chemisorption between reactants andCaF, windows to the body of the IR cell. The IR cell was
products: Each elementary step is kinetically characterized, in connected by the top section to (a) a classical vacuum production
particular considering the impact of the UV light. Part 2 concerns system and (b) a gas introduction system. Between the middle
mainly the modeling of macroscopic kinetic data such as the and the bottom section, the UV irradiation of the FiQellet
TOF by using the kinetic parameters obtained form the EMA. was performed via an exterior mercury UV lamp: HPK (125
It is well-known that there is no significant,Gadsorption at W) from Philips, with a main emission at 365 nm. A water cell
300 K on a stoichiometric Ti@surface: theoretical calculations was placed in front of the lamp to adsorb near-IR light and to
show that the adsorption of ;Qon a defect-free (perfectly  reduce the heating of the Ti(ellet. The flux at the position
stoichiometric) TiQ surface is endothermic while it is exother-  of the pellet was 320 W/fmeasured with an Oriel radiometer.
mic in the presence of oxygen vacanciés* This last point Before use, the pellet of TiDwas treated (removal of organic
focuses on the impact of the UV light on the activation of the impurities and dehydration/dehydroxylation) in the quartz
oxygen species of Ti@according to steps S355 and in section as follows (notation V: vacuum and ©:0.9 atm. of
particular on the role of lattice oxygen species in the protésst 20% Q/Ny): V, 300 K— V, 713 K (10 K/min)— V, 713 K,
At this stage of the study, steps S35 are not detailed into 2 h— O, 713 K, 2 h— V, 713 K, 10 min—~ O, 713 K, 20
adsorption, dissociation in the dark and with UV irradiation min— O, 300 K— V, 300 K. The highest temperature, 713 K,
associated to the participation of the oxygen lattice. These prevented the anatase to rutile transformation that occurs near
elementary steps are studied in detail in part 3, whereas parts 1775 K2 The same pellet of Ti@ was used for several
and 2 are mainly dedicated to the microkinetic study of the experiments and it was treated as above before each new
elementary steps involving the gaseous and adsorkegCC experiment. After the pretreatment, the sample holder was
species (steps S1, S2, S6, S7, and S8). As compared to othepositioned on the IR beam to study the reversible and irreversible
studie§*15that provide a qualitative description of the mech- adsorbed species formed by the adsorption of gases in the dark

S7: desorption Of Ly 1505 l1g
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at 300 K. The partial pressures of IPA, acetone (denoted Ac or
Acg), and HO (denotedP;, Pa, andPy,0) 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 3000 2850 3000
different valves. During PCO (pellet in front of the UV lamp), Waveriumbers (cm-!)
the evolution of the partial pressurBg Pa, andPcg, 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 Cpa in %) of an IPA/Q mixture for the same
irradiation duration in the absenc€sn = 0%) and in the
presence@ipa = 90%) of TiO,. Moreover, in the presence of
TiO, and in the absence of UV light there is no significant 1500 1400 1300 1200 1100
conversion at 300 K of a IPA/Omixture. Wavenumbers (cm)
The second analytical system, described in more detail F]igllgz 1-t gg(')RKSF(JIECU? Xf the ad;ggz;g;gA ;ﬂ?destﬁﬂef ag_sosztion
i 27 i H H (0] al nse range C on the oxidize
fr;er:/ Sl?eunsth:é gi\;vnaesw(ijtehsgrr]rfgsstosp%ir'[frc())rrr:eti)r(nggwcigtds l\;InS)tgi TiO; solid: () in the presence of 131 Pa of IPA, (b) in the presence
. ; %f 526 Pa of IPA, and (c) after desorption at 300 K. Inset B: FTIR
detector. Mainly, various valves allowed us to perform con- gpectrum of the gaseous IPA in the IR cell at 526 Pa.
trolled switches between regulated gas flows in the range-100
1000 cn¥/min (at the atmospheric pressure), which passed 3.1. FTIR Spectrum of the TiO. before Adsorption. The
through the TiQ sample contained in a quartz microreactor FTIR spectrum of the “as received” Ti@ample reveals a large
(volume of~2.5 cn?®). The TiQ, sample (h = 0.208 g) was IR band in the range of 37668000 cm! due to hydroxyl
deposited homogeneously on uncompacted quartz wool intro-groups and an IR band at 1640 thaue to un-dissociated.
duced in the whole volume of the microreactor to favor its After pretreatment at 713 K, the FTIR spectrum of 7&® 300
homogeneous UV irradiation. A furnace (linear heating rate in K reveals two overlapped IR bands at 3713 and 3667'cm
the range of 16300 K/min) was used for the pretreatment of (result not shown) similarly to the observations on T7R25:
the TiO, sample. For the UV irradiation, the furnace was 2323719 and 3672 cmt. However, on the present TiGolid,
removed, and an UV lamp identical to that used for the FTIR there are in addition two shoulders at 3685 and 3645'cin
study was positioned in front of the microreactor. The lamp line with literature dat&®2°these four IR bands are ascribed to
was fitted out on a cylindrical metallic box with polished inside isolated OH groups formed by the removal of un-dissociated
walls to reflect a fraction of the UV light on the microreactor H20 (Tq < ~473 K) and the dehydroxylatiorT§ >~ 473 K)
located at the central axe of the box. The gas composition (molarof the TiO; surface.
fractions denoted MF or MFs) at the outlet of the reactor was  3.2. Study of Step S1: Adsorption of IPA in the Dark on
determined using a quadrupole mass spectrometer (with anOxidized TiO». Nature of the Adsorbed IPA Species by using
analysis frequency of 0.66 Hz) after a calibration procedure with FTIR. The introduction of a small dose of IBA~10 umol) on
gas mixtures of known compositions. The sensitivity and the the pretreated Ti@solid does not modify strongly the IR bands
accuracy on the MF measurements were dependent on (a) thef the isolated OH groups of TiQwhereas a broad IR band is
complexity of the gas mixture and (b) the type of transient detected in the range of 356@000 cn' due to interacting
experiments: the lower detection limit was in the range of@2  OH groups associated with new IR bands in the range 3000
umol of adsorbed species/g of catalyst and the accuracy was in2800 cnt! and below 1700 crmt (result not shown). The
the range of 210%. This analytical system was not well increase inP leads to the total disappearance of the IR bands
adapted to the quantification of.8 (interference adsorption  of the isolated OH groups and to the strong increase of that of
processes on the stainless tubes), and this compound was ndhe interacting OH groups indicating either the formation of
studied. The temperature of the Ti€olid was simultaneously ~ new OH groups (i.e., dissociation of IPA) or/and the interaction
recorded, using a small K type thermocouple (diamdter between the adsorbed IPA species and the isolated OH groups.
0.25 mm) inserted into the quartz wool. This analytical system Figure 1 and the insert A gives the IR spectra of the dRA
allowed us to study (i) the adsorption of a gas G (i.e., IPA, Ac, species on the oxidized Ti@urface after adsorption equilibrium
0,,) at T, by using a gas flow rate af% G/y% Ar/He (the at 300 K forP, = 131 (Figure 1a) and 526 Pa (Figure 1b) (the
MFs of IPA and Ac, i.e.x = 1.2 for IPA, were fixed with a inset B shows the FTIR spectrum of the gaseous IPAPfor
saturator/condenser system, Ar was a tracer showing the526 Pa). The high intensities of the IR bands after desorption
beginning of the consumption of G), (ii) isothermal and at 300 K (Figure 1c) indicate clearly that IPA forms a large
temperature programmed experiments in the transient regimeamount of strongly adsorbed species. Moreover, the comparison
such as desorption in a helium flow and oxidation by using O of Figure 1, panels b and c, indicates that strongly and weakly
containing gas mixtures, and (jii) PCO of IPA in the absence (removed by desorption at 300 K) adsorbed IPA species
and in the presence of,Jqdenoted @;—PCO and @-PCO (denoted IPAagsand IPAvags respectively) have very similar
respectively). Before the adsorption of IPA, the Ti€ample IR spectra: only the broad IR band at 1252 ¢nfFigure 1b)
was pretreated in gas flows (150 ¥min) according to: He, that is dependent dA (not observed on Figure 1c) characterizes
300 K— He, 713 K (15 K/min)— He, 713 K, 10 min— 20% the IPAvagsspecies. The formation of IRAisand IPAagsspecies

2980

2888 1252
r

1383 —

Absorbance

1342 |—1300

Oy/He, 713 K, 0.5 h— 20% Oy/He 300 K— He. is consistent with the conclusions of Rossi e&iyho observe
. . by using a gravimetric method a two stage process for the
3. Results and Discussion adsorption of IPA on Ti@ (P 25 from Degussa) at 300 K.

According to the EMA, each elementary step of model M1 Moreover, the FTIR spectra in Figure 1c are also consistent
has been studied as individually as possible using the two with the observation of Rossi et &.who provide an assignment
analytical systems determining the kinetic parameters of interest.of the different IR bands (see Table 1 in ref 29). In particular,
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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

TiO, solid. Part A: Adsorption according to He 1.2% IPA/1% Ar/ Figure 3. Temperature programmed desorption of the strongly

He. Part B: Desorption in helium. adsorbed IPA species formed at 300 K on the oxidized, $iflid using
MS.

Time (s)

the IR band at 1252 cnt in Figure 1b, corresponds probably
to don of a weakly hydrogen-bonded IPA species (denoted
H—b-IPAyaqd, Whereas that at 1300 crh observed after
desorption (Figure 1c) corresponds to ey of a strongly
bonded un-dissociated IPA species ori‘Tsites (denoted nd-
IPAsagd.2® Moreover, the IR band at 1131 ci(Figure 1c) can

be ascribe®? to the vc—o of isopropoxy groups (denoted
d-IPAsaq formed by a dissociative adsorption of IPA according
to (CH;—CHOH-CH3z + s + s— CH3—CHOxs4qsCHs + S-
Hads With s and 5two sites of the TiQ surface). It must be . =
noted that similarly to the observations of Rossi e%an IR QIPA(300K) = La (curve a-curve bm dt (2)
band at 1640 cm due to undissociated @ is detected (not
shown in Figure 1) after the formation of d-IRQsindicating

that $-Hags are probably OH groups that form,@ at a high
coverage. The desorption in a vacuum at 470 K removes the

nd-1PAgs.gs species: the IR band at 1300 chiis no more P d olP tivelv. A ; imilar t
detected, whereas that at 1131¢rfs only slightly decreased 8) srsg‘\jfizlgs glpx’:j: fi?)srfetﬁévﬁgfa irrl1 epx;ieésgnégzlr:rz?
indicating that d-IPAqgs Species are more stable than nd- QIPAyads= 307 umol/g leading to QIPAws= 948 umol/g or

29 [ ;
IPAsaqs™ Finally, aftgr adsorption at 300 K, .the two StFO”Q'V 2.82umol/n? of solid. This last value is consistent with literature
adsorbed IPAgsspecies can be only differentiated considering data on different Ti@solids: 3°and 2.7«mol/m2? whereas a

the don andvc—o vibrations. The others vibrations provides IR higher value is determined by Larson et %69 gmol/m?

8 i 1 . .
bagd% strozgl);g\(/)fiﬂ%%%ed sulch 88-CHs I_ ,1465— 1453 cm h Strongly higher values such as 4x410 molecules/cra(731
andvs-cu, ~ 1 1380 cm™. In conclusion, we adopt the  1\4/n?) using a 1000 ppmv IPAcoNtaining gas mixtufé

: . 5 L ;
views of Rossi et & considering that adsorption of IPA &t jygicate that IPAaasspecies are involved in the measurements.
300 K on the present Tigsolid provides two strongly adsorbed Assuming a total number of superficial sites 10 sites/

species: _nd- and d- _IPdess_pec_ies (to facilitate the presentation cm?, it comes that the amount of IRAsat 300 K on the present
the notation IPAxgsis maintained when nd- and d- IB& 7o, solid corresponds to 16% of the sites of FiOrhose
species are not differentiated) and a weakly adsorbed Specie$gsorption sites of IPA are denoted and they must be
(H—=b-IPAwagd. According to the EMA, the role of these three  qnqiituted by either T7 or couple of Ti? according to the
IPAags species in the PCO of IPA must be considered. Note |ierature datd® There is a large number of free sites for (a)
that the pretreatment of Tideads to the deep deshydroxylation  {he adsorption (or readsorption) of intermediates species of the
of TiO,. However, the formation of d-IPAgsimplies that OH 0,—PCO of IPA and (b) the activation of ONote that nd-
groups are formed leading to the rehydroxylation of the surface 5nq d-IPA.qs cannot be quantified separately by the present
in agreement with the detection of an IR band of the interacting analytical procedure.
OH groups similar to that observed on the as receiveb TIO 33 Study of Step S2: Desorption in the Dark of the
solid (disappearance of the isolated OH groups). IPA g5 Species.Temperature Programmed Desorption using
Coverage of the Adsorbed IPA Species at 300 K Using MS MS. Figure 3 gives the TPD spectrum observed after the
Measurementskigure 2, part A, shows the evolutions of the experiments in Figure 2. There is no desorption before 375 K
MFs of the gases at the outlet of the reactor during the adsorptionindicating that the IPAags Species is totally desorbed after a
of IPA at 300 K on the oxidized Ti@catalyst according to the  long helium purge at 300 K. Fof, > 375 K, IPA desorbs
switch He— 1.2% IPA/1% Ar/He (100 cfimin). There is no according to two overlapped broad TPD peaks with maximum
hydrogen production confirming that d-1R4sis associated to  at Ty = 437 K andTy = 512 K respectively (total amount,
the formation of OH groups. Figure 2 shows that the MF of 232umol/g). In parallel to the desorption of IPA, a very small
IPA is 0 during several seconds of adsorption (comparison with acetone production is detected (at the limit of the detection of
the Ar signal) indicating that IPAqs species are formed the experimental procedure} 5 umol/g. At Tq > 457 K, a
according to a nonactivated process (the net adsorption rate isstrong production of propylene is observed with a maximum at
limited by the IPA molar flow rate in the reactor) and then it 564 K: 720umol/g associated to two CO peaks at 542 and
increases progressively with time on stream indicating the 597 K (this last peak is associated with traces of hydrogen):

formation of IPAyags Species that is consistent with the FTIR
observations. In part B of Figure 2, a switch 1.2% IPA/1%
Ar/He — He is performed to desorb the IR4\sspecies. The
MF of IPA at the outlet of the reactor before the switch is 1.1
1072 indicating that the adsorption equilibrium of the 124s
species is not fully attained (it takes several minutes to obtain
the inlet molar fraction: 1.2 1072). The total amount of the
IPA consumption in Part A of Figure 2 is given by

whereF is the total molar flow rate, and/ is the weight of the
sample. Equation 2 provides QIF800 K) = 1255 umol/g,
that is equal to the total amount of IRAsand IPAyadsSpecies:
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total amount 54:mol of CO/g. Traces of C®(not shown) are 1
observed afy > 550 K: 13umol/g. At the end of the TPD, a
switch He— 10% OJ/3%Ar/He is performed (not shown) to
oxidize the remaining adsorbed carbonaceous species according
to an isothermal oxidation leading to the production of CO

25 umol/g. The C mass balance during TPD and oxidation at
713 K, 2978umol of C/g is consistent with the amount of
IPAsags = 948 x 3 = 2844 umol of C/g, considering the
accuracy of the experimental procedure. Adsorption of propylene
at 300 K on the oxidized Ti®@has been studied similarly to
IPA by using 1% GHg/2% Ar/He followed by a TPD procedure
(results not shown). A single smalk8s-TPD peak, 64:mol/ Time (min)

g, is observed at 364 K without production of €@uring . N N .

R L . Figure 4. Determination of the activation energy of desorption of
oxldatlon_at 713 K. This indicates that the propylene peak in IPAsgsand Acas (O) experimental (IR band at 1467 ¢ and (a)
Figure 3 is not linked to the desorption of a strongly adsorbed theoretical evolutions of the coverage the LRAspecies during
propylene species formed at lower temperatures during the TPDisothermal desorption at 423 K, respectively) gxperimental (IR band
process: it is due to the fact that, fog > 500 K, an IPAags at 1696 cm?) and (b) theoretical evolution of the coverage of the.&c
species evolves according to two processes: (a) it desorbs aspecies during isothermal desorption at 323 K (see the text for more
IPA;and (b) it is transformed to propylene by a surface reaction 9€%11S)-
such as Ch—CHO,gs— CHj3 (d-IPAsadsspecies)— (CHs—CH=
CHy)g + OHags (the OHygs groups may produce 4@ at high
temperatures). The results in Figure 3 are consistent with
literature data for the TPD of IPAysspecies on TiQP25 from
r?}%%;';g%ﬁ;ﬂ;'%Aar;?;?fsetg%neqs%%egf ggsln;t;lérg;gtir%otgl& ?c; FTIR even for a very low rate of desorption preventing the

overlapped broad peaks while the propylene peak is observedimpaCt. of diﬁu;ion processes to the meas_uremédnfﬁhe

at 550 K There are minor differences between Figure 3 and actlyat|on energies o_f desorption are_determmed by the com-
Co parison of the experimental curve with the theoretical curve

the observations of Larson et %lon the acetone and CO obtained solving numerically

productions that are probably linked to slight differences in the
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IR band at 1467 cm (due to nd- and d-IPA species) with the
durationty of the desorption at 423 K. Curv@ in Figure 4
shows the evolution of; with tg: 0, = (IR band area dt)/(IR
band area aty = 0). The decrease ifi; can be followed by

surface of the two solids as revealed by the IR bands of the —do
OH groups. Note that Rekoske and Barféabave studied - Ky, ()
particularly the kinetic and the selectivity of the thermal IPA t

conversion on TiQin the temperature range of 44898 K in
the presence and in the absence gf €howing that propylene
as well as acetone can be formed with a higher selectivity in
acetone at low temperatures (IPA conversiefd%). This is
;?r;l;t?(niw.:.t: ihiggq aKII [)Nrg?eufﬁgp t?]fea;?ggﬁtgu:fngpreazzD thermodynamicg® yvith k andh the Bo]tzmann’s a}nd Planc.k’s
propylene detected during the TPD in Figure 3 do not necessaryConStantS respectwely and (b) thay increases linearly with

: , . the decrease ifl: Eq(6)) = [Ea(1) + (1 — 6))(Eai(0) — Ear-
quantify the amounts of nd- and d-IRQAsspecies respectively 1 ith E(0) andE(1) th tvati : fd i
formed at 300 K because it is not excluded that a significant (1))] with Eq(0) andEq(1) the activation energies of desorption

) . ) X : at 6, = 0 and 1, respectively. Curve a that overlaps the
g?c::(;f:e%f Ir;%ldPAadsdlssomates during the TPD process to experimental data is obtained considering fagfl) = 118 and
- S

- Eq(0) = 178 kd/mol. The experimental data in Figure 4 are
The broad IPA-TPD peak in Figure 3 reveals clearly that there jpiained at a temperature where mainly desorption of; IBA

is an increase in the gctivation energy of desorption (denoted yatected in Figure 3. This indicates that the decreaggfiom

Ea) of the IPAsasspecies according to their coverage (denoted 1 15 .75 in Figure 4 corresponds mainly to the nd-JRA

tn) on the TiQ surface. However, the determination®fi @ gpecies that is consistent with the fact that the IR band at 1131
a function of 0, using the data in Figure 3, is not accurate y-1is only slightly decreased during the isothermal desorption.
because the design of the present experiment is significantly This means that the fraction of IR4sproducing propylene

different than that deduced from literature criteria to validate qyring TPD (Figure 3) may havEg values higher than 178
the TPD measurement$:* The curveEy = f(6)) has been  k3mol. The strong dependence Bfy on 6, indicates the

with kg the rate constant of desorption and considering Eyat
is a function ofd;: kg = v exp(—Eq(0))/RT). Curve a in Figure
4 is obtained assuming in expression (3) that (a) the preexpo-
nential factor ofky is v = (kT/h) according to the statistical

obtained using the evolution of the IR bands of lAduring heterogeneity of the sl sites corresponding to° Wites in
isothermal desorption. different environments. Th&y values (equal to the heat of
Determination i = f(6,) using FTIR Spectroscopfter the adsorption considering non activated chemisorption) are con-

adsorption of IPA at 300 K, the IRfAdsSpecies is removed by  sistent with the microcalorimetric measurement of Rossi é?al.,
desorption in a vacuum. Then the TiQellet is heated at  who indicate a variation of the heat of adsorption of thedRA

increasing temperaturd{ = 50 K) for a duratiorty = 15 min species with the coverage from 145 to 220 kJ/mol according to
before it is to be positioned on the IR beam. The progressive a roughly linear profile. Moreover, they determine that more
decrease in the IR bands of IBfsis observed foify > ~ 400 weakly bonded IPA species have a heat of adsorption in the

K without the appearance of new IR bands. This confirms that range 56-145 kJ/mol. For the 100145 kJ/mol range, the notion

the two IPAagsSpecies neither desorb & < 400 K nor are of weakly/strongly adsorbed species based on a isothermal
transformed to new strongly adsorbed species that is a resultdesorption is dependent on the exact temperature and on the
consistent with Figure 3. Thgy values as a function @ have duration of the desorption. For the EMA of the PCO of IPA,
been determined studying the evolution of the intensity of the the presenEy values show that at 300 K, the elementary step
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S2 cannot contribute significantly to the rate of disappearance Y A B A
of IPAsadsspecies. This conclusion is important because it must
be considered (as assumed in the present study) that if thgytPA 0.2

species are the adsorbed intermediate of the PCO (and not —1696
IPAwads Species) then step S6 can be studied independently of
step S1 (without IP4). This is a favorable situation for the EMA
because the theoretical rate of an adsorption*stepery high

(see below) and as discussed previotfsigr the microkinetic
study of the CO/Q@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 DarkThe introduction of @
at 300 K after the formation of IPAgsneither modifies the IR
spectrum of the adsorbed species nor leads to the production . . . . - , .
of new gaseous compounds (MS): the RAspecies are not 1700 1600 1500 1400 1300 1200 1100
modified in the absence of UV irradiation. These observations Wavenumbers (cm)
are consistent with the results of Barteau ef&ilwho observe ~ Figure 5. FTIR spectrum of the strongly adsorbed species formed by

; idati ; adsorption of acetone at 300 K on the oxidized 7#0lid after 15 min
;hnel;f;g:n;ald:;flgdéatlon and the deep oxidation of IPA onTiO of adsorption. Inset A: TPD spectrum of the strongly adsorbed acetone

species formed at 300 K using MS.
3.5. Study of Step S6 with UV Irradiation. Several kinetic
parameters must be determined to characterize step S6 such &g Figure 5 is in line with literature data, and there is an
the dependence of the rate B, andPh,o (formed during the  agreement to assign the main IR bands to a non dissociative
PCO), the rate constams, and the nature ofjags Literature Acsagsspecies formed on the Lewis sites of Ti@e., (CH)>—
data strongly support the view thigtgsis an adsorbed acetone  co-Ti+¢): 2971 and 2939 crit (not shownyc_p), 1696 cnrt

molecule, indicating that there are (a) no other significant (highest IR bandyc= o), 1422 cnm* (Saschd, 1365 cn? (dscrd,
coverage of the intermediates species involved in the detailedand 1238 cm? (vc_c).1528:3940The exact positions of the IR

o
o
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s

e
[Y)

1 1 1 L
356450 330 6350
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1238 12|07 11|39

Absorbance

mechanism$-'and (b) no significant others routes to £@an bands depend on the Lewis sif83t is well-known that Agags
Acags These different points have been studied on the presentjs sjowly transformed in the dark at 300 K to form different
TiOz solid. strongly adsorbed species such as adsorbed mesityl oxide (MSO)
Acetone as Single Significant Route of the Deep PCO of IPA. and diacetone alcohol (DAA) leading to new IR bands with
To confirm that acetone is the main route to L@e have intensities depending on the rates of the surface reactidfis.
performed an @-PCO of IPA,gs(in the absence of £in line Several minor IR bands in Figure 5 can be ascribed either to
with the studies of Falconer et 1820 to limit the conver- these compounds or to adsorbed intermediates species of this

sion of l1agsaccording to step S8. Using the MS system, after aldol-condensation type of reactiéf3® For instance, the IR
adsorption of IPA at 300 K on Tigfollowed by the desorp- bands at 1597 and 1448 cinthat increase progressively with
tion of IPAyads(Figure 2), the solid is UV irradiated in a helium  the duration of the adsorption are due/{€=C) andd,dCHs),
flow (result not shown). It is observed (a) the absence of IPA respectively, of MSG® However, during @-PCO of AGgs
desorption and (b) the formation of gaseous acetone when the(results to be published), the IR bands due to MSO remain very
UV lamp is turned on (without detectable @Qwith a rate low indicating that the surface reactions in the dark involving
decreasing progressively with time on stream according to athe Acags Species do not participate significantly in the
profile similar to that observed by Larson etf’an TiO, P 25. observations during PCO. This is probably linked to the
The average rate of acetone production (den&egg) during observations of Luo and Falcon€rwho have shown that the
the first 15 min of Q+PCO is 0.23umol/(g-min), whereas rate of the aldol condensation of acetone is significantly lower
Larson et aP determinex 1.2 umol/(g-min) in the presence of  on a pure anatase TjQhan a mixture of anatase and rutile.
30 ppm of Q. Moreover, the color of the Tigsample changes  The comparison of the IR spectra of the IRA(Figure 1) and
from white to gray blue and then to dark blue for long irradia- of Acsags(Figure 5) shows that there is an overlap of the IR
tion duration indicating the progressive reduction of the ;TiO  bands in several regions excepted for the IR bands at 1696 and
sample3”38 These observations show that there is no signifi- 1467 cnt? that characterize Aggsand IPA,gs respectively. This
cant CQ production in experimental conditions preventing situation allows us (@) to identify clearly the presence of4¢
the PCO of acetone. This supports the view that there areduring the PCO of IPAgsand (b) to follow how the IPAygs
no other routes with a significant rate for the deep-©CO of species are converted to &gsduring PCO of IPA in line with
IPAsags than the formation of acetone. This conclusion literature datd> 28
is confirmed by new experiments in Part Il of the present |dentification of the Ja4s SpeciesAfter adsorption of IPA at
study. 300 K, followed by a desorption in a vacuum to remove J2A
Characterization of the Acetone Adsorbed SpeciBse Po, = 1.9 x 10* Pa is introduced using a 209/, mixture.
literature data strongly suggest that the intermediate species ofThe evolutions of the adsorbed species during-BCO are
the G—PCO of IPA is an adsorbed acetone molecule. To determined by repeating the following cycle: (a) the UV lamp
confirm this view on the present TiG&olid, we have studied s turned on for 15 min to stabilize the emission; (b) the JiO
by using FTIR spectroscopy (Figure 5), the strongly adsorbed pellet is positioned in front of the lamp for an irradiation duration
acetone species (denotedsAQ formed by the adsorption of t and then it is positioned on the IR beam to study the
Acg at 300 K on a clean Ti@surface followed by a vacuum  modification of the adsorbed species. After each irradiation
purge of the IR cell. In the presence of Athe spectrum is duration, the composition of the gas phase in the IR cell is
identical to that in Figure 5, the vacuum purge only leads to a determined by FTIR. Figure 6, part A, shows the evolutions of
decrease in the intensity of the IR bands by 35%. The spectrumthe FTIR spectra with the total irradiation duration: =FIt;.
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Figure 6. FTIR study of the static &PCO Po, = 1.9 1¢ Pa) of the IPA.gsSpecies. Part A: Evolution of the FTIR spectra of the adsorbed
species with the duration T of the;©PCO; (a-c) Tl = 0, 30, 120 min. Part B: & andHl) coverages of the IPAssand AGagsspecies, respectively;
(+) partial pressure (Torr) of acetone®#) intensity of the IR band at 1557 crh(formate species).

It can be observed that the IR bands of iRA(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 Aggs(in particular that at 1696 cm),
increase during the first 40 min and then decrease progressively
(spectrum c). The IR band at 1640 chis due to undissociated
H,O formed in part during the adsorption of d-IRAZ® A broad
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IR band at 1557 cm' (spectra b and c), probably due to the Sy %8 .
overlap of two IR bands (a shoulder is observest d565 cnt?) 02L& etelve | o5
associated with strongly overlapped IR bands of lower intensity g .t : ey

in the range 13851350 cnt! increases with Tl and then of A , ) . .
dominate the IR spectra for F 120 min (the IR band at 1696 02040 GOTimei:&in) 100120

cmtis very weak in spectrum c). A strong IR band at 1557 _. . i .

4 . . . Figure 7. Impacts of the experimental conditions on the evolution of
cm can be asc_rlbed to the asymr_netrlc stretching of COO the coverage$, of IPAsagsand@a of Acsagswith the duration Tl of the
groups present in adsorbed species such as formate an®,-pco of IPA.qs (® andO) 6, and 6 with Po, = 19 kPa; ¥ and
carbonate species (uni- and bidentate carbonate and carboxyx) 6, and 6 with Po, = 1.9 kPa; @ andO) 6, and 6 with Pu,o =
late)#? whereas the IR band of the symmetric stretching of these 790 Pa andPo, = 19 kPa.
groups is situated in the range 1420850 cnt1.42 In addition,
adsorbed formate species give an IR baneta880 cnv? due values are obtained using the rati&(1696 cnt!) at TIJ/
to the G-H (bending in the plar? Similar IR bands are present  [A(1696 cmT) measured after adsorption of £fan a clean TiQ
in spectrum c of Figure 6; however, the strong overlap of the surface (Figure 5)]). It can be observed that @ajdecreases
IR bands does not allow a clear identification. For a long progressively indicating its transformation according to step S6
duration of the @—PCO of acetone on Ti§) El-Maazani et and (b)6a increases and then decreases with a maximum at Tl
al28 observe IR spectra similar to spectrum ¢ Figure 6A, that = 40 min that is the situation expected for an adsorbed
they ascribed to a bidentate formate, whereas during the O  intermediate species in successive reactféAsCurve @ in
PCO of IPALgs Xu et all® observe the increase of an IR band Figure 6B provides the evolution of the intensity of the IR band
at 1560 cr! that they ascribe also to a formate species. Finally, at 1557 cm®: it indicates an accumulation of the “formate”
the assignment of the intense IR at 1557 émo formate species  species during the PCO followed by a very slow decrease. Curve
is favored!®2842Note that the increase in the IR band at 1557 + in Figure 6B, provides the evolution of the partial pressure
cmt in parallel to that of the AggsSpecies at 1696 cm Pa of Acg, in the IR cell during the static £-PCO of IPAds
(spectrum b) may suggest that it is linked to an intermediate This curve indicates that a significant fraction of acetone desorbs
species of the detailed mechanism proposed by Ohko 't al. during the first minutes of the reaction (at high coverage of
for the IPA transformation into acetone. However, for large Tl IPAsaqd before its consumption. Note that the maximunPin
values, the comparison of spectra b and ¢ shows clearly thatis at a Tl value lower than that &f. This is clearly unexpected
the IR band (1696 cm) due to the final product decreases, considering the plausible kinetic model M1 because the forma-
whereas that at 1557 crhremains unchanged proving that the tion of Acsags(Step S6) and o, (step S7) are successive. This
adsorbed species characterized by the IR band at 155¥ism  means that some elementary steps of model M1 must be
formed by the transformation of the Agsspecies. This confirms  modified considering these experimental observations. One of
that the coverages of the intermediates species of the transforthe intent of the present microkinetic study (present article and
mation of IPAagsto Acsags are very small and undetectable part Il) is to provide a kinetic modeling of the experimental
justifying the formalism of step S6 of the kinetic model M1. data in Figure 6B by using a modified version of the kinetic

Evolution on the Ceerage of TiQ during O,—PCO of IPA,, model M1 as described in Part II.

using FTIR.Curves® andl in Figure 6B show the evolutions Impacts of the Experimental Conditions on the-®CO of
with T1 of 6, and6, the coverage of Aggsspecies, respectively.  IPAsags These impacts are revealed by the modification of the
The 6, values are obtained using the rati&(1467 cntl) at rate of disappearance of IRfsspecies. For instance, cun@s

TIJ[A(1467 cnTl) at TI= 0] where A(1467 cnt?) is the and v in Figure 7 give the evolution of, during Q—PCO
absorbance of the IR band at 1467 dnfFigure 6A). Theda using Po, = 19 and 1.9 kPa, respectively. The overlap of
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the two curves shows th&p, > 1.9 kPa has no impact on the
rate of disappearance of IRfs Similarly, curvel is obtained
in the presence d?4,0 = 790 Pa, introduced after the formation
of IPAsagsand before the introduction d?o, = 19 kPa. The
comparison of curvd with curve ® shows that HO has no
significant impact on the rate of conversion of IRA The

experimental data in Figure 7 show clearly that the active species

X* ags in step S6 of the model M1 is dependent significantly
neither onPo, (Po, > 1.9 kPa) nor orPu,0. Considering the
mechanism of Ohko et af.the absence of impact &,,0 must

be due to the fact that at high values (as used in the present
study), the formation of d-IPAgsprovides a large amount of
OH groups, limiting the impact oPy,o0.

3.6. Study of Step S7 and Modification of the M1 Model.
The difference in the maximums @&f 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 IR&isand AGags(in line with an early
study} imposing to reconsider step S7.

Comparison of the Amounts of IBfsand Agads Species.
Using the MS system, a TPD is performed after adsorption of
acetone at 300 K followed by the desorption in helium of the

Arsac et al.
6, = il 46, = A 4
TIERR KPR T T RR R

whereK; = K|(0) expE/RT) andKa= Ka(0) expEa/RT) are

the adsorption coefficients for IPA and acetoigdndEx are

the heats of adsorption equal to the activation energies of
desorption assuming nonactivated chemisorption). Using a
numerical method, eq 4 providg and 6, for coadsorption
equilibrium according to the partial pressufgsandPa using
simplified K;(0) and Ka(0) expressions from the activated
complex theory® Considering the linear dependence of the heats
of adsorption org, and 64, eq 4 can be solved numerically.
Theses calculations show that it is the RAspecies that cover
the common ssites even for the extreme situation wiky >

P;; for instance, forPa= 395 Pa and®, = 13 Pa therd, =
0.955 andf, = 0.045.

Experimental Study of Competii Chemisorption between
IPA and AcetoneAfter the formation of Agigsat 300 K on
TiO,, Acq is removed and?, = 395 Pa is introduced in the IR
cell. It is observed (result not shown) the very fastZ min)
decrease in the coverage of 4&(using the IR band at 1696
cm™ 1) from O5= 1 to 0= 0.23 followed by a more progressive

weakly adsorbed species. The inset A in Figure 5 shows that adecrease to a constant valugx= 0.1, after 20 min of IPA

single sharp acetone TPD peak is observed,380l/g, atTn,

= 395 K that is a value consistent with the observations of
Larson et aP on TiO, P 25: Ty, = 425 K. After the TPD, the
introduction of Q at 713 K leads to the formation of G@not
shown): 222umol of CGy/g. This amount is probably linked
to the formation, during the TPD, of strongly adsorbed mesityl
oxide (MSO) and diacetone alcohol (DAA)*° The amount

of AcsadsSpecies at 300 K is (338 222/3) ~ 404 umol of
acetone/g (1.2mol/m?) that is a value significantly lower than
that of the IPAagsspecies: 94&mol of IPA/g. On TiG P 25,
Larson et aP determine a higher amount of adsorbed acetone
species, 4.@mol/m?, in agreement with the fact that they have
observed an higher amount of IBAs Xu et all®> determine
8.3umol/n¥? at 300 K after the adsorption equilibrium (titration
of weakly and strongly adsorbed species). The amount gfzAc
(404 umol/g) indicates that a competitive chemisorption between
IPA and acetone may concern roughly 42% of thesies
adsorbing IPAags TO quantify the competitive chemisorption

adsorption. The comparison of these values with the coverage
of Acsags after 40 min of desorption in a vacuum at 323 K
(Figure 4),0,= 0.63, shows clearly the impact of the competi-
tive chemisorption. The steady-state coverafyes 0.1, indi-
cates that either IPAqgscannot displace totally AgqsOr more
probably that a small fraction of the adsorption sites of the, TiO
surface are specific of acetone (no competitive chemisorption).
This has been confirmed performing the following experiment:
after the formation of the IP&gs Po = 131 Pa of acetone is
introduced. The rapid appearance of the IR band at 1696 cm

is observed, indicating a coverage &= 0.08, without any
significant decrease in the IR bands of the {R#éspecies. These
observations are consistent with the study of Bickley e# al.,
who indicates that a small amount of acetone can be strongly
adsorbed at 273 K (not removed by vacuum) on a;E@face
covered by IPAsgs This indicates that a small fraction of the
TiO, sites is specific of the acetone adsorption (these sites are
denoted 5. Finally, the competitive chemisorption between IPA
and acetone concerns roughly 4840.92 = 372 umol of g

between IPA and acetone, the activation energy of desorptionsites/g, the remaining amount (22nol/g) corresponds to the
of acetone has been determined according to the procedure uses, sites. This has the following consequence: a large fraction

for the IPA.dsSpecies.

Activation Energy of Desorption of Ags and Expected
Competitve ChemisorptionAfter the adsorption of acetone,
the evolution of the intensity of the IR band at 1696 ém
is studied during an isothermal desorption at 323 K. This
provides the evolution of the coverage ofAg(Figure 4 curve
x) by using the area of IR band at 1696 ©n .. = (IR
band area a)/(IR band area aiy = 0 s). Curve b in Figure 4

that overlaps the experimental data is obtained using an

expression similar to (3) witliEgac(1) = 87 to Egad0) = 108
kJ/mol. These values are lower than those of the;JR8pecies
indicating that if IPAagsand AGagsare adsorbed on the same
sites (competitive chemisorption) then IR must displace
Acsads

Assuming the Langmuir model of adsorption for competitive
chemisorption, the coverages of the IRfAand AgagsSpecies
on their common sites, at the adsorption equilibrium, in the

of the g sites is specific of the IP4gsSpecies. An acetone
molecule formed by the PCO of a IRfsspecies adsorbed on
those g sites cannot remain adsorbed on the J&rface: it
must either desorb rapidly as gaseous acetone or diffuse on the
surface to be adsorbed on thesites (or on thessites liberated

by the removal of IPAwgsspecies during the static,©PCO).
Finally, during the PCO of IPA, if the coverage of the IR#
species is very high, the Agisspecies can be only present on
the s 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 COis the lowest for high, values (the
coverage of the Agsis 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.Ac

on a clean TiQsurface Egac(1) = 87 toEgad0) = 108 kJ/mol)
excepted on thejssites. However, during the ©£PCO of
IPAsags(@absence of gaseous IPA), the coveréggrogressively

presence of their partial pressures can be estimated accordinglecreases and the gaseous acetone formed during the first

to

minutes of the irradiation can be re-adsorbed on the fraction of
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s, sites liberated by the conversion of IPA. This allows by IPA, mainly gaseous acetone can be formed preventing the

performing the deep oxidation of IR4s In part 2, it is shown deep oxidation on IPA into C©

that a diffusion step of the Agsspecies from the s1 sites to the In part 2 of the present study, it is shown that the various

s2 sites must be also involved in model M1. kinetic parameters determined in the present study associated
During the deep ©-PCO of IPA, water is produced to additional kinetic data (rate constant) of steps S6 and S8 allow

according to reaction 1. Bickley et &kuggest that competitive ~ US to provide a modeling of macroscopic kinetic data such as
chemisorptions between,B/IPA and HO/acetone lead to the  the evolutions, in Figure 6B, of (a) the coverage of {Rgand
displacement of the organic molecules. These competitive ACsassand (b) the acetone pressure as well as the TOF of the
chemisorptions have been studied at 300 K according to the O2—PCO of IPA using IPA/Q gas mixtures.

following procedure:Pn,0 = 395 Pa has been introduced on a )

TiO, surface containing either IRAs0r Acsagsspecies. It has Acknowledgment. D.B acknowledges with pleasure FAU-
been observed (result not shown) that the intensities of the IR RECIA, Systenes d'&happements, Bois sur jsre25 550,
bands of the 1P&wsand Agads Species remain unchanged Bavans, Frz_ance, for !ts f|r_1an_C|aI support for the o!evelopment
indicating the absence of a strong competitive chemisorption ©f the experimental microkinetic approach of catalytic processes.
with H,O. This is consistent with the results of Larson efal.,
who indicate that the introduction of a large amount of water
on a TiQ surface saturated of acetone only displaces 21% of EMA = experimental microkinetic approach

adsorbed acetone confirming that the competitigBtdcetone 0,—PCO and @Q;—PCO = photocatalytic oxidation in the

is modest as compared to IPA/acetone (present study). The slighbresence and in the absence of O

difference between the two studies is probably linked to the  |PAggsand Agags= strongly adsorbed IPA (two species:
facts that (a) Larson et &lise TiQ P25 (mixture anatase/rutile)  nondissociative, nd-, and dissociative, d-i24 and acetone
that presents a difference of reactivity with (pure anatase) species

(b) the decrease by 21% probably corresponds to the displace- X* ., = active oxygen containing adsorbed intermediate
ment of weakly adsorbed species. Other literature data confirm species of the @-PCO

that the competition chemisorption between IPA an@®Hhks in QIPAsagsand QAGags= amount of adsorbed IRAsand AGads
favor of IPA: (a) Bickley et af indicates that preadsorption of species on the TiQsurface

H20 on TiQ; as a limited impact on the amount of IPA adsorbed 51 = superficial sites of TiQ@ (Ti™® with different environ-
and (b) Larson et dl.observe that gaseous® is produced in - ments): 940umol/g, adsorbing IPA (there is a competitive

Nomenclature

parallel to gaseous acetone. chemisorption with acetone on a fractiorr (410/940) of the
S) Sites)
4. Conclusion s2= superficial Ti"o sites of TiQ sites: 32umol/g, specific
. . L of the acetone adsorption
The present experimental microkinetic approach of the O 0., O, Ox- = coverage of the Ti@surface by IPAwsand

PCO of IPA on a TiQ catalyst of large BET area (335%g) Acsags(With and without competitive chemisorption) and of the
according to the plausible kinetic model M1 leads to the xx_ . species
following data on the surface elementary steps of interest: Eai(6h) andky andEqgac(0a) andkgac = activation energy and
(a) Step S1: The adsorption of IPA leads to the formation rate constant of desorption of IRAsand Agagsas a function
of two strongly adsorbed IPA species (undissociated and of the coverage
dissociated) and a weakly non dissociated IPA species (denoted K; andP, and Kx andPx = adsorption coefficient and partial
IPAsags and IPAyagg. The amount of IPAwgsis 940 umol/g pressure of IPA and acetone
formed on TiQ sites denoted s1. TOF = turnover frequency for the £-PCO of IPA
(b) Step S2: The activation energy of desorption of theslRA
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