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Abstract

A detailed mechanistic study of acetone oxidation using ozone was performed on a 10 wt% silica-supported manganese oxide catal
situ Raman spectroscopy. Two adsorbed intermediates were identified at reaction conditions: an acetone species with a band at 293−1 and
an adsorbed peroxide species on the manganese oxide with a band at 890 cm−1. Quantitative temperature-programmed desorption measurem
showed that the acetone species resided on the silica support, which thus acted as a noninnocent support. The rates of the aceton
reactions at 318–373 K were equally well described by the power-rate law and Langmuir–Hinshelwood expressions. Transient experime
that the rates of formation and reaction of the peroxide surface species did not correspond to the overall reaction rate, and it was conc
was not directly involved in the main reaction pathway. A mechanism is proposed involving the migration of the adsorbed acetone int
from the silica support to manganese centers, where it reacts with atomically adsorbed oxygen species to form complete oxidation pro
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Monitoring adsorbed intermediates on catalyst surfaces
ing reaction conditions is an effective means of elucida
mechanistic information for catalytic reactions[1]. However,
proof that the observed surface species are true reactio
termediates has been provided only infrequently. Such p
would include measurement of the rates of formation and c
sumption of the intermediates and confirmation that these
were consistent with the overall reaction rate. This study
vides such a quantitative comparison for acetone oxidation
ozone on manganese oxide. Manganese oxide was chos
study because it is one of the most active transition metal
ides for total oxidation. This topic is relevant to air polluti
control for the removal of volatile organic compounds (VOC
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Although catalytic oxidation is effective in removing high co
centrations of VOCs from large-volume gas emissions, it g
erally requires temperatures above 873 K[2]. The use of ozone
allows complete removal of VOCs at close to room tempe
ture, resulting in an estimated 1.5 times greater energy sav
compared with conventional catalytic incineration[3].

In previous work[4], the reactivity of 3 and 10 wt% silica
supported manganese oxide catalysts for the oxidation of
tone was found to be enhanced by ozone compared with
gen, resulting in a dramatic decrease in activation energy.
activity of the 10 wt% MnOx /SiO2 catalyst proved to be great
than that of the 3 wt% MnOx /SiO2 catalyst because of stru
tural differences in the two catalysts[4]. Further work[5] using
in situ Raman spectroscopy on the 10 wt% MnOx /SiO2 catalyst
identified an adsorbed acetone intermediate with a vibrati
band at 2930 cm−1 and a peroxide species formed from ozo
with a characteristic band at 890 cm−1. Both intermediates wer
observed simultaneously during reaction conditions[5]. The
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present study looks at the role of the intermediates and
examines the kinetics of the oxidation of acetone using oz
over the 10 wt% MnOx /SiO2 catalyst. The study includes bo
steady-state and transient kinetic analysis and uses in situ
man spectroscopy to measure surface coverage. Two ki
models are discussed, and a reaction mechanism is propo

Many techniques have been used to study surface inte
diates. Notable among these are vibrational spectroscopy
niques, such as sum frequency generation (SFG), Fourier t
form infrared spectroscopy (FTIR), and Raman spectrosc
which provide direct molecular information. SFG has in
cated that the hydrogenation of cyclohexene to cyclohexan
Pt(111) at 300–400 K involved a reactive 1,3-cyclohexadi
intermediate[6]. SFG also has shown that the hydrogenation
ethylene on Pt(111) occurred mainly through aπ -bonded eth-
ylene species[7].

In situ FTIR studies of methanol oxidation over a MoO3/
SiO2 catalyst showed that the methanol formed mobile meth
ide species on the silica support that migrated and reacte
form formaldehyde on the Mo centers[8,9]. The silica sup-
port displayed noninnocent behavior[9], actively participating
in the reaction by holding reactive intermediates. FTIR a
showed that in the reaction of CO and H2 to form CH4 on
a Rh/Al2O3 catalyst at 220 K, there were small concent
tions of surface carbon species, CHx , large amounts of ad
sorbed CO species, and spectator CxHy species[10]. Another
IR study showed that the decomposition of methanol o
Cu/SiO2 involved adsorbed methoxide species that dehy
genated to form formaldehyde and formate species and
decomposed to CO2 and H2 [11]. Finally, an in situ IR study
found that the hydroformylation of ethylene to propionaldeh
over Mn–Rh/SiO2 involved acyl C2H5CO intermediates[12].
Raman spectroscopy indicated that in the decomposition o
trous oxide over a BaO on MgO (Ba/MgO) catalyst perox
ions served as both an intermediate and a poison in the
tion [13].

Previous studies have provided examples in which adso
intermediates were identified during reaction conditions to h
provide mechanistic information for catalytic reactions. T
present work focuses on the oxidation of acetone using oz
As we show, adsorbed surface species observed by Ra
spectroscopy respond to reaction conditions in a manne
sembling the reaction intermediates. However, transient ex
ments show that these species do no respond at rates con
with the overall reaction rate and thus are not the principal r
tive intermediates. This work is important because it highlig
the need for dynamic experiments to prove that spectrosc
cally observed species are involved in a mechanism.

To our knowledge, the mechanism and kinetics of the
idation of acetone by ozone over a manganese oxide cat
has not yet been studied. Previous work[14,15] investigated
the kinetics and mechanism for ozone decomposition over m
ganese oxide, as discussed later in this paper. An understa
of this mechanism is important for the present study, beca
ozone decomposition proceeds simultaneously with aceton
idation. The kinetics for the ozone decomposition reaction u
steady-state measurements that were confirmed by tran
o
e
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measurements[15]. This technique, which will be called th
Tamaru method after its originator, was first used to derive
netic information for the ammonia decomposition reaction
tungsten[16].

2. Experimental

2.1. Materials

A 10 wt% manganese oxide catalyst (using MnO2 as the
basis) was used for all experiments. The synthesis detail
reported elsewhere[4], but briefly, the catalyst was prepared
incipient wetness impregnation of an aqueous solution of m
ganese acetate (Mn(CH3COO)2 · 4H2O, 99.9%; Aldrich) on a
SiO2 support, followed by drying and calcination at 773 K.

The gases used in this study included oxygen (>99.6%;
Air Products) and helium (>99.6%; Air Products), which wer
passed through gas purifiers (Alltech, model 4658) to elimin
moisture. Acetone (99.9+%; Burdick and Jackson) was used
received.

2.2. Spectroscopic and kinetic measurements

Laser Raman spectroscopy and kinetic data were obta
using a combined reactor system (Fig. 1) as described previ
ously [5]. Briefly, the spectroscopic part of the system co
prised an argon ion laser (514.5 nm; Spex Lexel 95), a h
graphic notch filter (Kaiser; Super Notch Plus), a single-st
monochromator (Spex; 500 M), and a CCD detector (Sp
Spectrum One). The powder catalyst sample (∼0.2 g) was
pressed (201 MPa) into a thin wafer (1.5 cm diameter, 0.1
thick) and was held in place by a stainless steel cap at the e
a rotating ceramic rod. The sample was enclosed by a synt
quartz (Suprasil) cell provided with inlet and outlet ports
serve as an in situ reactor. The cell was wrapped in heating
and a thermocouple was placed in a well just 0.3 cm away f
the catalyst sample to measure the temperature. The gas
ery part of the system included a two-stage bubbler used fo
vaporization of liquid acetone. The Antoine equation[17] was
used to obtain the acetone vapor pressure (9.25 kPa at 27
and the flow rate of helium (6.8 µmol/s≈ 10 cm3/min) was ad-
justed to give the desired gas-phase acetone concentration
oxygen (120 µmol/s= 180 cm3/min) was fed to an ozone gen
erator (OREC; V5-0), which produced ozone through cor
discharge, and the exit ozone concentration was measured
an ozone monitor (In USA; model H1). A gas chromatogra
(SRI; model 8610C) equipped with flame ionization and th
mal conductivity detectors was used for measuring acet
CO, and CO2 concentrations.

Before all measurements, the catalyst sample was pretre
at 723 K for 2 h in a mixture of oxygen and helium to remo
excess moisture and carbonaceous impurities from the sam
A secondary helium flow (220 µmol/s = 320 cm3/min) was
added to make the total flow rate of the feed for all exp
ments (340 µmol/s= 500 cm3/min), which was composed o
35 mol% oxygen and 65 mol% helium. The concentration
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Fig. 1. In situ Laser Raman spectroscopy system.
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1 K.
acetone and ozone were varied for the experiments but we
ways�1.0 mol%.

Detailed kinetic measurements were performed for
oxidation reaction of acetone and ozone over the 10 w
MnOx /SiO2 catalyst. In one set of experiments, the inlet p
tial pressure of acetone was varied over the range of 10
(1000 ppm) to 405 Pa (4000 ppm), whereas the inlet pa
pressure of ozone was held constant at∼790 Pa (∼7800 ppm).
In another set of experiments, the inlet partial pressure of o
was varied over the range of 101 Pa (1000 ppm) to 1013
(10,000 ppm), whereas the inlet partial pressure of acetone
held constant at∼193 Pa (∼1900 ppm). These measureme
were carried out at reaction temperatures of 318, 333, 353
373 K while monitoring both acetone and ozone consump
rates. Similarly, blank kinetic experiments were also condu
for the reaction between acetone and ozone with no cataly
support present in the reactor.

A previous Raman spectroscopy study carried out on
10 wt% MnOx /SiO2 catalyst identified two adsorbed spec
on the surface of the catalyst during the reaction between
tone and ozone[5]. An acetone intermediate was found with
characteristic feature at 2930 cm−1, and a peroxide species a
tributed to ozone was found with a feature at 890 cm−1. In this
work, steady-state Raman spectroscopy experiments were
ried out on the 10 wt% MnOx /SiO2 catalyst sample to measu
the coverage of the adsorbed intermediates associated with
al-
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tone and ozone. These experiments used the same conditi
used for the kinetic experiments on the 10 wt% catalyst sam
except that only the lowest reaction temperature of 318 K
used.

Transient Raman spectroscopy experiments were also
formed on the 10 wt% catalyst sample at 318 K to measure
evolution of adsorbate coverage with respect to time. Ace
addition, acetone removal, ozone addition, and ozone rem
experiments were conducted at initial acetone and ozone p
pressures of 193 and 793 Pa (1900 and 7800 ppm), respec
In all cases the measurements began at steady-state (re
experiments) or ended at steady-state (addition experimen

2.3. Temperature-programmed desorption measurements

Integrated peak areas from the Raman spectroscopy
surements were calibrated by quantitative analysis of tem
ature-programmed desorption (TPD) traces for acetone
ozone. The TPD measurements were conducted using a
dard flow system equipped with a computer-interfaced m
spectrometer (Dycor/Ametek; model MA100). As for the
netic and spectroscopic experiments,∼0.2 g of the catalyst wa
first pretreated at 723 K for 2 h in oxygen (35 mol%) and heli
(65 mol%) at a total flow rate of 340 µmol/s (500 cm3/min).
For the ozone TPD experiments, ozone (1013 Pa= 10,000 ppm)
was introduced to the reactor for 1 h at 298, 273, and 26
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Table 1
Acetone and ozone surface area, molecular oxygen uptake, and TPD values for 10 wt% MnOx /SiO2 and pure SiO2

Sample SA
(m2/g)

O2 uptake
(µmol/g)

Ozone TPD
(µmol/g)

Ozone TPD
(µmol/m2)

Acetone TPD
(µmol/g)

Acetone TPD
(µmol/m2)

10 wt% MnOx /SiO2 210 49 14 0.067 550 2.6
SiO2 320 0 0 0 790 2.5
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Low temperatures were used to obtain saturation cove
on the catalyst surface. After the initial 1 h of treatment,
ozone was cut off, and helium was introduced to the s
ple at 68 µmol/s (100 cm3/min). The sample was heated
0.17 K/s (10 K/min) to 673 K while the desorption sign
for O2 (m/e = 32), the only desorption product, was mo
tored. The O2 desorption peak was quantitated with pulses
pure oxygen from a calibrated dosing volume (19.6 µmol).
the acetone TPD experiments, acetone at a partial pressu
811 Pa (8000 ppm) was introduced to the reactor for 1.5
298, 273, and 261 K to obtain saturation adsorption. An id
tical procedure was used for the ozone experiment. A hig
acetone partial pressure of 1216 Pa (12,000 ppm) was also
but yielded the same results. The acetone desorption signa
calibrated with an acetone pulse (1.05 µmol). The acetone
experiment was repeated at 273 K using a pure, calcined (6
air at 773 K) silica sample.

3. Results

3.1. TPD measurements

Previous work done in our laboratory showed that ozone
sorbs on manganese oxide in the form of a peroxide spe
(O2

2−) and then desorbs as molecular oxygen[14,15]. In the
present investigation, ozone TPD experiments allowed the
termination of the saturation amount of the adsorbed pero
intermediate on the surface of the 10 wt% MnOx /SiO2 catalyst
by measuring the desorption of molecular oxygen as a func
of adsorption temperature. Similarly, acetone TPD experim
allowed determination of the saturation amount of the adso
acetone intermediate. For both the ozone and acetone TP
periments, maximum adsorption was achieved at a treatm
temperature of 273 K.Table 1gives the results of the TPD
measurements along with previously reported surface area
molecular oxygen chemisorption results[4]. Both the ozone
and acetone TPD experiments yielded well-defined desorp
peaks at∼385 K for oxygen and∼345 K for acetone. The
amount of peroxide species (derived from ozone) adsorbe
the catalyst surface was 14 µmol/g, and the amount of aceton
intermediate adsorbed on the catalyst surface was 550 µm/g.
The amount of atomic oxygen chemisorption was 98 µmo/g.
Acetone TPD experiments done on the silica support yie
an adsorption amount for acetone of 790 µmol/g at a desorp
tion temperature of∼350 K.

3.2. Steady-state Raman spectroscopy measurements

Steady-state, in situ Raman spectroscopy experiments
ducted on pure silica and the 10 wt% MnOx /SiO2 catalyst at
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Fig. 2. Steady-state, in situ Raman spectroscopy results for pure SiO2 and the
10 wt% MnOx /SiO2 sample in acetone flow at 298 K.

298 K are shown inFig. 2. The feature at 280 cm−1 due to
a Si–O vibration was used as an internal standard, so th
reasonable comparison could be made between different e
iments on the 10 wt% MnOx /SiO2 catalyst, as well as mea
surements on pure silica.Fig. 2a displays the Raman spe
trum for the 10 wt% MnOx /SiO2 catalyst when acetone wa
included in the gas mixture at a concentration of 0.2 mo
and Fig. 2b shows the spectrum when the concentration
doubled to 0.4 mol%. The increase in acetone concentra
led to a slight increase in peak intensity and area of the b
attributed to the adsorbed acetone intermediate (2930 cm−1).
Fig. 2c shows a Raman spectrum for pure silica with aceton
a concentration of 0.2 mol%, andFig. 2d shows the spectrum
when the concentration of acetone was doubled to 0.4 m
Again, the increase in acetone concentration lead to an incr
in peak intensity and area for the Raman band associated
the adsorbed acetone intermediate (2930 cm−1). Overall the
intensities were much higher on the SiO2 than on the cata
lyst.

Steady-state, in situ Raman spectroscopy experiments
also conducted on the 10 wt% MnOx /SiO2 catalyst at 318 K us
ing the same varying partial pressure conditions as used i
kinetic experiments.Fig. 3 shows the Raman spectra when
initial acetone partial pressure was varied (93–394 Pa) an
initial ozone partial pressure was kept constant (790 Pa).Fig. 4
shows the Raman spectra when the initial ozone partial p
sure was varied (274–1097 Pa) and the initial acetone pa
pressure remained constant (193 Pa).

Using the Raman spectra presented inFigs. 3 and 4, surface
coverage values were calculated at 318 K for the two adso
intermediates at the different reactant partial pressure co
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Fig. 3. Steady-state Raman spectra taken at 318 K with varying acetone p
pressure and constant ozone partial pressure at 790 Pa.

Fig. 4. Steady-state Raman spectra taken at 318 K with varying ozone p
pressure and constant acetone partial pressure at 193 Pa.

tions. The surface coverage for the acetone intermediateθA,
was calculated by integrating the Raman peak at 2930 c−1

and dividing the resulting peak area by the area obtained w
acetone alone was saturated on the surface of the catalyst.
wise, the surface coverage for the peroxide intermediate,θO2

∗ ,
was determined by integrating the Raman peak at 890 c−1

and dividing that peak area by the area obtained when the
oxide species was saturated on the catalyst surface. The
rated surface concentration of acetone (∼811 Pa, 273 K) was
2.6 µmol/m2, whereas the saturated surface concentratio
the peroxide species (∼1013 Pa, 273 K) was 0.067 µmol/m2

(Table 1).
Fig. 5 shows the coverage values associated with ace

(θA) and ozone (θO2
∗ ) when the initial acetone partial pre

sure was varied and the initial ozone partial pressure was
constant (790 Pa).Fig. 6 shows the coverages associated w
acetone (θA) and ozone (θO2

∗ ) when the initial ozone partia
pressure was varied and the initial acetone partial pressure
kept constant (193 Pa).
ial
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Fig. 5. Steady-state surface coverage values at 318 K for adsorbed aceto
ozone intermediates with varying acetone partial pressure is varied and co
ozone partial pressure at 790 Pa.

Fig. 6. Steady-state surface coverage values at 318 K for adsorbed aceto
ozone intermediates with varying ozone partial pressure and constant ac
partial pressure at 193 Pa.

3.3. Steady-state kinetic measurements

Kinetic experiments were performed to determine the r
of acetone and ozone reaction on the 10 wt% MnOx /SiO2 cat-
alyst sample. The data were obtained by varying the pa
pressure of one of the reactants (acetone or ozone) over a
while maintaining partial pressure of the other reactant c
to the middle of the range. A blank kinetic experiment w
conducted to determine the gas phase contributions to the
idation reaction. The gas phase conversions for both ace
and ozone were subtracted from those obtained from the e
iments run with catalyst, so that the calculated kinetic para
ters accounted only for the reaction on the catalyst surface.
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pres
Fig. 7. Steady-state kinetic data for acetone TOF as a function of acetone partial pressure with constant partial pressure of ozone at∼790 Pa for the (a) power-law
expression and (b) Langmuir–Hinshelwood expression.

Fig. 8. Steady-state kinetic data for acetone TOF as a function of ozone partial pressure with constant partial pressure of acetone at 193 Pa (a) power-law expression
and (b) Langmuir–Hinshelwood expression.

Fig. 9. Steady-state kinetic data for ozone TOF as a function of acetone partial pressure with constant partial pressure at 790 Pa (a) power-law exsion and
(b) Langmuir–Hinshelwood expression.
on

cie
co
tak

den-
thmic
ts
one
only observed product for the oxidation of acetone using oz
in the temperature range studied (333–373 K) was CO2.

Using the conversions obtained for each reactant spe
turnover frequencies (TOFs) for both acetone and ozone
version were calculated based on the atomic oxygen up
e

s,
n-
e

value (98 µmol/g) for the 10 wt% MnOx /SiO2 catalyst sam-
ple. Figs. 7–10show the temperature and pressure depen
cies of the acetone and ozone TOFs presented as logari
plots. In Figs. 7a–10a, the straight lines represent overall fi
for a power-law rate expression for both acetone and oz
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Fig. 10. Steady-state kinetic data for ozone TOF as a function of ozone partial pressure with constant partial pressure of acetone at 193 Pa (a) power-law expression
and (b) Langmuir–Hinshelwood expression.

Fig. 11. Schematic depictions of transient experiments (a) acetone addition, (b) acetone removal, (c) ozone addition, and (d) ozone removal.
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TOF. ForFigs. 7b–10b, the curves represent fits for a deriv
Langmuir–Hinshelwood rate expression for both acetone
ozone TOF. The power rate law expressions were obtaine
taking the concentration (mol/m3), TOF (s−1), and tempera
ture (K) data and simultaneously fitting the entire datase
nonlinear least squares regression analysis using the P
MATH 5.1 program[18] to obtain the kinetic parameters; w
discuss this in more detail later in the paper. The Langm
Hinshelwood rate expressions were obtained by taking the
centration (mol/m3), TOF (s−1), and temperature (K) data fo
a single temperature and fitting each dataset by nonlinear
squares regression analysis using the same program. The
opment of the Langmuir–Hinshelwood kinetic expression
well as a statistical comparison of the degree of fit for the
different rate expression forms, are also discussed later.
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3.4. Transient kinetic measurements

Transient, in situ Raman spectroscopy experiments w
conducted on the 10 wt% MnOx /SiO2 catalyst at 318 K using
initial partial pressures for acetone and ozone of 193 and 79
(1900 and 7800 ppm), respectively. Schematic depiction
these experiments are shown inFig. 11. Transient experiment
were used so that the adsorption rate for each adsorbed inte
diate could be studied separately from the rates of reaction
desorption.Fig. 12presents the acetone addition results and
cludes an inset describing the inlet partial pressure profile
the experiment. As soon as acetone was introduced, the c
age associated with the peroxide species quickly dropped
stable value of 0.08 in∼600 s, whereas the coverage asso
ated with the acetone intermediate increased to a steady
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Fig. 12. Transient acetone addition results at 318 K showing coverage v
for adsorbed acetone and ozone intermediates as a function of time. The
shows the inlet partial pressure profiles used for the experiment.

Fig. 13. Transient acetone removal results at 318 K showing coverage v
for adsorbed acetone and ozone intermediates as a function of time. The
shows the inlet partial pressure profiles used for the experiment.

of 0.46 in∼900 s.Fig. 13 shows the acetone removal resu
and also includes an inset describing for the experiment. W
acetone was removed from the reaction mixture, the cove
associated with the peroxide species gradually increased
took >3000 s to reach a value of 0.38 even though the co
age associated with the acetone intermediate decreased t
in ∼1250 s.Fig. 14presents the ozone addition results and
partial pressure profiles for the experiment. When ozone
introduced, the coverage associated with the peroxide sp
quickly increased to a steady value of 0.09 in∼800 s, whereas
the coverage associated with the acetone intermediate se
to decrease slightly from an initial value of 0.49 to a final va
of 0.42 over the time scale shown (∼3000 s). Finally,Fig. 15
es
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Fig. 14. Transient ozone addition results at 318 K showing coverage v
for adsorbed acetone and ozone intermediates as a function of time. The
shows the inlet partial pressure profiles used for the experiment.

Fig. 15. Transient ozone removal results at 318 K showing coverage v
for adsorbed acetone and ozone intermediates as a function of time. The
shows the inlet partial pressure profiles used for the experiment.

shows the ozone removal results along with the partial pres
profiles for the experiment. When ozone was removed from
gas stream, the coverage associated with the peroxide sp
gradually decreased until no peroxide was detected at∼1950 s,
whereas the coverage associated with the acetone interme
remained unchanged at 0.43.

4. Discussion

4.1. Acetone oxidation with ozone

Only a few studies have investigated the kinetics and m
anism of acetone oxidation. One of these studied the ox
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tion of acetone over a preoxidized Ag(111) surface under
trahigh vacuum (UHV) conditions using reflection absorpt
IR [19] and found that at 180 K, acetone adsorbed to form b
propane-2,2-diyldioxy and acetone enolate via O-mediated
cleophilic addition and H abstraction. At∼220 K, the acetone
enolate was oxidized rapidly to produce transient metallacy
intermediates and eventually stable ketenylidene and form
species. Isotopic labeling experiments showed that kete
dene kept the acetone carbonyl group while the formate
formed from the acetone methyl group and surface O[19]. An-
other study[20] investigated the kinetics of the photocatalyz
oxidation of acetone (30–170 ppm) in air over a ceramic h
eycomb monolith coated with TiO2. The rate expression for th
disappearance of acetone took a Langmuir–Hinshelwood f
A third study [21] investigated the mechanism and kinet
of catalytic partial oxidation of acetone on vanadium pent
ide at 413–453 K. The main partial oxidation products w
acetic acid, methanol, and carbon dioxide with minor amou
of formaldehyde and acetaldehyde. The order of the reactio
both acetone and oxygen ranged from zero to one, wherea
activation energy was found to be∼75 kJ/mol, and the mech
anism was consistent with alternating redox steps. The
obtained agreed with the proposed mechanism and the de
kinetic expression except when the concentration of oxy
was varied, and it was concluded that the catalyst reoxida
step was complex[21].

4.2. TPD measurements

Previous oxygen chemisorption measurements on the 10
MnOx /SiO2 catalyst used in this study reported the numbe
reduced surface manganese atoms on the supported catal
98 µmol/g [4]. Dispersion values based on the atomic oxy
chemisorption measurements were compared with dispe
values based on X-ray diffraction (XRD) line-broadening
sults, and the two techniques were found to yield similar res
Thus it was concluded that oxygen chemisorption meas
ments give a reasonable estimate of the number of su
manganese atoms. In this work, ozone TPD results ga
saturation peroxide adsorption value of 14 µmol/g. Thus, at
maximum peroxide adsorption, only∼14% of the surface man
ganese atoms adsorbed a peroxide species. Acetone TP
periments gave very different results, however. On the 10 w
MnOx /SiO2 catalyst, the saturation amount of acetone inter
diate adsorbed on the catalyst surface was 550 µmol/g. Because
this value was∼5.5 times the value obtained for the total nu
ber of surface manganese atoms, it can be concluded that
of the adsorbed acetone was located on the silica support.
tone TPD experiments performed on pure silica resulted
saturation adsorption value of 790 µmol/g. The BET surface
area of the silica and the 10 wt% MnOx /SiO2 sample were
320 and 210 m2/g, respectively. Normalizing the acetone TP
results with respect to surface area gave maximum aceton
sorption values of 2.5 and 2.6 µmol/m2 for both pure silica and
the 10 wt% MnOx /SiO2 sample, respectively (Table 1). There-
fore, the amount of acetone adsorbed on the pure silica
essentially the same as the amount of acetone adsorbed o
l-
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10 wt% MnOx /SiO2 sample based on surface area. This furt
confirmed that most of the adsorbed acetone for the 10
MnOx /SiO2 catalyst was located on the silica support rat
than on the surface Mn atoms. Thus, although the cover
reported in this study are based on saturation adsorption
coverages for the peroxide species are for occupation o
Mn sites, whereas the coverages for the acetone species a
occupation of the silica support.

4.3. Steady-state Raman spectroscopy measurements

Fig. 2compares Raman experiments done on pure, calc
silica and the 10 wt% MnOx /SiO2 catalyst in acetone flow a
298 K, to gain further understanding into the nature of a
tone adsorption.Figs. 2a and b show the Raman spectra for
10 wt% MnOx /SiO2 catalyst when acetone was included in
gas mixture at a concentration of 0.2 and 0.4 mol%, res
tively. Figs. 2c and d display the Raman spectra for the p
silica when the concentration of acetone was 0.2 and 0.4 m
respectively. The feature at 2930 cm−1 (Fig. 2) was attributed
to the adsorbed acetone intermediate and was assigned
CH3 symmetric stretching mode (ν2, A1) from data in the lit-
erature[22]. The features inFigs. 2c and d located at 798 an
1710 cm−1 were assigned to a C–C stretching mode and a C
stretching mode, respectively. These features observed fo
adsorbed acetone intermediate on the pure silica sample
close to the Raman bands reported for liquid phase ace
with bands at 778, 1711, and 2924 cm−1 for C–C, C–O, and
CH3 stretching modes, respectively[23]. The intensities for
these features were reported to be strong for the C–C stretc
mode, intermediate for the C–O stretching mode, and st
for the CH3 stretching mode[23]. However, for the Rama
experiments conducted, the feature (2930 cm−1) attributed to
the CH3 stretching mode was significantly stronger in intens
than the feature (1710 cm−1) attributed to the C–O stretchin
mode. This gives evidence that the molecularly adsorbed
tone intermediate bonds to the catalyst surface via the ox
atom. Further Raman experiments on the pure silica samp
acetone flow showed that heating to only 353 K resulted
large decrease in peak intensities, whereas further heati
just 393 K resulted in the complete disappearance of the ba
These experiments confirm that the acetone was physisorb
the sample surface, for signals from gas phase acetone w
not have decreased so drastically with temperature. Also, t
Raman results indicate that acetone adsorbed molecular
the silica surface with retention of CH3, C–O, and C–C stretch
ing modes.

Another result from the spectra inFig. 2 is that the peak
intensities and areas for the band located at 2930 cm−1 were
much greater (∼10×) for the pure silica sample compared w
the 10 wt% MnOx /SiO2 sample. Also, there were no obser
able bands located at 798 and 1710 cm−1 for the 10 wt%
MnOx /SiO2 sample. An initial conclusion resulting from the
spectra would be that more acetone adsorbs on the pure
than on the 10 wt% MnOx /SiO2 catalyst. However, it must b
considered that the surface area of the SiO2 support (320 m2/g)
was larger than that of the catalyst (210 m2/g) (Table 1) and
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that the white color of the pure silica sample resulted in cle
and more intense Raman signals compared to the dark (b
10 wt% MnOx /SiO2 sample. Therefore, the acetone TPD
sults should be reliable, and the conclusion that similar amo
of acetone, based on surface area, are adsorbed on both sa
under the same conditions is firm. It was also observed tha
same acetone coverage was obtained in approaching a te
ature from higher and lower values, indicating that the ace
adsorption was equilibrated.

Also, it is important to note that including ozone in the m
ture gas for the Raman experiments on pure silica had no e
on the resulting spectra. Ozone was not seen to adsorb o
pure silica sample (Table 1), and ozone did not affect the pea
intensity or area for the bands associated with the adsorbed
tone intermediate when both acetone and ozone were incl
in the reaction mixture.

Figs. 3 and 4display the spectra for the steady-state, in s
Raman spectroscopy experiments conducted on the 10
MnOx /SiO2 catalyst at 318 K using the same varying p
tial pressure conditions used in the steady-state kinetic
periments.Fig. 3 shows the spectra when the acetone pa
pressure was varied (93–394 Pa), andFig. 4 shows the spec
tra when the ozone partial pressure was varied (274–1097
As the partial pressure of acetone was increased (Fig. 3), the
peak intensity associated with the adsorbed acetone interm
ate (2930 cm−1) increased. However, the increased partial p
sure of acetone had little effect on the peak intensity assoc
with the adsorbed peroxide species (890 cm−1). As the partial
pressure of ozone was increased (Fig. 4), the peak intensity as
sociated with the adsorbed acetone intermediate (2930 cm−1)
decreased slightly, whereas the peak intensity associated
the adsorbed peroxide species slightly increased.

Surface coverages were calculated for the two adsorbe
termediates using the Raman spectra shown inFigs. 3 and 4.
Fig. 5 displays the coverages associated with acetone (θA) and
ozone (θO2

∗ ) when the partial pressure of acetone was var
and Fig. 6 shows the coverages when the partial pressur
ozone was varied.Fig. 5 shows that the coverage of the ac
tone intermediate increased with increasing partial pressu
acetone, whereas the coverage of the peroxide species w
sentially unchanged.Fig. 5also shows the increase in covera
attributed to the acetone intermediate when the initial pa
pressure of acetone was increased and ozone was absen
the reacting mixture. Interestingly, the coverage associated
the adsorbed acetone intermediate was similar regardle
whether ozone was included in the reacting mixture. Thi
consistent with its adsorption being equilibrated.Fig. 6 shows
that the coverage of the acetone species decreased very s
with increasing partial pressure of ozone, whereas the cove
of the peroxide intermediate increased also only slightly.Fig. 6
also shows the increase in coverage for the peroxide sp
when the initial partial pressure of ozone was increased
acetone was not included in the reacting mixture. Unlike
effect seen in the coverage of the acetone intermediate, the
erage for the adsorbed peroxide species was drastically red
when acetone was included in the reaction mixture. All of th
observations are consistent with the adsorbed acetone an
r
k)
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oxide species being reaction intermediates. But, as will be s
this is not the case.

4.4. Steady-state kinetic analysis

A previous acetone/ozone reactivity study[4] performed on
the 10 wt% MnOx /SiO2 catalyst found that the reaction w
homogeneous at high temperatures (T > 475 K) but catalytic
at low temperatures (T < 400 K). In this work, a detailed ki
netic analysis was conducted in the lower temperature reg
The measurements were conducted in the apparatus sho
Fig. 1, and only data at low conversions (<10%) were used in
the analysis. The resulting kinetic data were used to determ
the kinetic parameters for both reactants using two diffe
types of rate expressions, a power-rate law and a Langm
Hinshelwood expression.

The power-rate law model had four unknown parametersA,
Ea, α, β) and took the form

(1)TOF= Aexp

(−Ea

RT

)
Cα

AC
β

O3
,

where TOF is the turnover frequency,A is the frequency fac
tor, Ea is the apparent activation energy,R is the gas constan
T is the temperature (K),CA is the concentration of aceton
(mol/m3), CO3 is the concentration of ozone (mol/m3), andα

andβ are the orders with respect to acetone and ozone con
tration, respectively.

To determine the rate expression for acetone conversion
entire dataset, consisting of the concentrations of both r
tants, acetone TOFs, and all temperatures, was simultane
fit to an expression of the foregoing form using nonlinear le
squares regression analysis [Figs. 7a–10a]. The rate of acetone
conversion using all of the data was found to be

(2)Acetone TOF= 0.0797 exp

(−7.05 kJ/mol

RT

)
C0.194

A C0.634
O3

.

The fitting analysis resulted in aR2 degree of fit and varianc
values of 0.834 and 5.16×10−7, respectively. The data for eac
temperature were then regressed using a common slope
on the foregoing overall fit. When acetone TOF was varied w
respect to partial pressure of acetone, the slope (α = 0.194) was
held constant, and when acetone TOF was varied with respe
partial pressure of ozone, the slope (β = 0.634) was held con
stant. The lines inFigs. 7a and 8ashow the individual, regresse
fits at each temperature for the power rate law expression
acetone TOF against the actual kinetic data.

The rate expression for ozone conversion was found in
same manner as the rate expression for acetone conversion
rate of ozone conversion using all the data was found to be

(3)Ozone TOF= 2.04 exp

(−10.0 kJ/mol

RT

)
C−0.133

A C1.71
O3

.

The fitting analysis resulted in aR2 degree of fit and varianc
values of 0.823 and 5.73× 10−5, respectively.Figs. 9a and 10a
display the individual regressed fits at each temperature fo
power rate law expressions for ozone TOF against the a
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Table 2
Non-linear least squares regression results for the kinetic data utilizing
power rate law expressions

T (K) A Ea
(kJ/mol)

α β R2 Variance

Power rate law expression: Acetone TOF= Aexp
(−Ea

RT

)
Cα

AC
β
O3

318, 333, 353, 373 0.0797 7.05 0.194 0.634 0.834 5.16× 10−7

318 (vary acetone) 0.0700 7.37 0.194 0.482 0.789 2.10× 10−7

333 (vary acetone) 0.0799 7.03 0.194 0.595 0.805 4.75× 10−7

353 (vary acetone) 0.0759 7.18 0.194 0.539 0.827 3.88× 10−7

373 (vary acetone) 0.0846 6.86 0.194 0.750 0.799 8.04× 10−7

318 (vary ozone) 0.0843 6.89 0.266 0.634 0.774 2.25× 10−7

333 (vary ozone) 0.0968 6.48 0.331 0.634 0.856 3.32× 10−7

353 (vary ozone) 0.0807 7.01 0.195 0.634 0.810 4.24× 10−7

373 (vary ozone) 0.0690 7.61 0.091 0.634 0.771 7.60× 10−7

Power rate law expression: Ozone TOF= Aexp
(−Ea

RT

)
Cα

AC
β
O3

318, 333, 353, 373 2.04 10.0 −0.133 1.71 0.823 5.73× 10−5

318 (vary acetone) 1.52 10.8 −0.133 1.27 0.812 1.70× 10−5

333 (vary acetone) 1.71 10.5 −0.133 1.37 0.745 5.85× 10−5

353 (vary acetone) 2.02 10.1 −0.133 1.68 0.859 4.31× 10−5

373 (vary acetone) 2.36 9.57 −0.133 1.98 0.769 1.23× 10−4

318 (vary ozone) 1.98 10.1 −0.133 1.71 0.761 2.16× 10−5

333 (vary ozone) 1.87 10.3 −0.209 1.71 0.733 6.11× 10−5

353 (vary ozone) 1.73 10.5 −0.264 1.71 0.888 3.69× 10−5

373 (vary ozone) 2.34 9.53 −0.005 1.71 0.776 1.19× 10−4

kinetic data. The entire fitting results and statistical parame
for the power rate law rate expressions are given inTable 2.

The proposed power rate law expressions show that the
culated activation energies for acetone and ozone conve
are 7.1 and 10.0 kJ/mol, respectively. These values are clo
to those (7.3 and 13.8 kJ/mol, respectively) found in a pre
vious reactivity study done on the same 10 wt% MnO2/SiO2
catalyst[4]. The similarity in activation energies for these tw
studies confirms that in this temperature range, the rea
takes place mainly on the catalyst surface.

Langmuir–Hinshelwood kinetic rate expressions were a
obtained from a proposed mechanism detailing the acetone
dation reaction with ozone over the catalyst. Even though o
steps may be involved in the actual mechanism, many of
proposed steps have been verified and are discussed her
proposed mechanism is as follows:

O3 + ∗ → O2 + O∗, (4)

(5)O3 + O∗ → O2 + O2
∗,

(6)O2
∗ → O2 + ∗,

A + � A�, (7)

A� + ∗ A∗ + �, (8)

A∗ + nO∗ → products, (9)

where∗ represents a surface manganese site,� represents a
surface silica site, and A represents acetone (CH3COCH3).

The first three steps of the proposed mechanism are we
derstood for ozone decomposition on manganese oxide b
on kinetic, spectroscopic, ab initio calculations, and isoto
e

rs

l-
n

n

o
i-
r
e
he

n-
ed

substitution[14,15]. Even though these steps have been v
fied, they are briefly explained here. Raman spectroscopy
used to identify a band at 884 cm−1 that appeared during th
decomposition reaction of ozone, and isotopic substitution
periments allowed the identification of the 884 cm−1 peak as
belonging to a surface peroxide species (O2

2−). This assign-
ment was confirmed through ab initio calculations done o
model Mn(OH)4(O2) complex that resulted in a vibrational fr
quency of 899 cm−1, which is in excellent agreement with th
frequency observed in the spectroscopic experiments. Iso
substitution experiments demonstrated that the peroxide sp
was formed through atomic oxygen species, thus rationali
the first two steps [Eqs.(4) and (5)] of the proposed mechanism
The third step [Eq.(6)] was verified by removing ozone from
the reaction gas mixture and observing the gradual decay i
peroxide signal (884 cm−1) over time. This final step for ozon
decomposition, where the peroxide species decomposes to
gas phase molecular oxygen, is a slow step and was shown
irreversible, because reactions with oxygen alone did not f
the adsorbed peroxide species at any condition[14].

It is known from the Raman experiments that even during
reaction with acetone, an adsorbed peroxide species is obs
on the catalyst surface at 890 cm−1. It is reasonable that thi
adsorbed peroxide species is formed in the same way as i
ozone decomposition reaction. Also, in the temperature ra
used for the kinetic analysis, the TOFs for the ozone were a
10× larger than the TOFs for the acetone reaction. Therefo
reasonable, overall stoichiometry for the reaction between
tone and ozone is as follows:

CH3COCH3 + 8O3 → 3CO2 + 3H2O + 8O2, (10)

where each ozone molecule contributes a single oxygen e
alent to the reaction and produces an oxygen molecule. F
the rate of ozone usage, it can be concluded that the deco
sition of ozone takes place simultaneously with the oxida
reaction. Validation of the fourth step [Eq.(7)] comes through
the acetone TPD results, which demonstrated that nearly a
the adsorbed acetone was located on the silica support. R
spectroscopy experiments conducted on a pure silica sa
in acetone flow (Fig. 2) confirmed that the silica had a stron
affinity for acetone at low temperatures (<373 K). The Raman
studies identified an adsorbed acetone intermediate with a3
symmetric stretching mode at 2930 cm−1, a C–C stretching
mode at 798 cm−1, and a C–O stretching mode at 1710 cm−1,
which gave evidence that the acetone was adsorbed molec
because the C–H and C–O bonds were intact.

Most likely the silica support acted as a reservoir for the
sorbed acetone intermediates until reaction, when the adso
acetone migrated to an active Mn center [Eq.(8)] and then
reacted with an atomically adsorbed oxygen species to f
products as is shown in the last step [Eq.(9)] of the proposed
mechanism. There is evidence that the adsorbed acetone
mediate reacts with an adsorbed atomic oxygen species r
than with the adsorbed peroxide species. As discussed la
detail, transient kinetic experiments prove that the adsorbed
oxide species is a spectator in the acetone oxidation reac
and thus an adsorbed atomic oxygen species is the likel
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active intermediate. These atomic oxygen species are h
reactive, quickly converting to peroxide species in the abse
of acetone, and are not observed. Raman experiments o
10 wt% MnOx /SiO2 catalyst showed a dramatic decrease in
concentration of the peroxide intermediate with the charac
istic band at 890 cm−1 when acetone was added to the react
mixture. Initially, it might appear that the adsorbed perox
species decreased because acetone competes for active c
sites. However, a more reasonable explanation is that the at
oxygen species produced in the first step of the proposed m
anism [Eq.(4)] were immediately used in the acetone oxidat
reaction [Eq.(9)], and thus less of these species were availa
for peroxide formation [Eq.(5)]. This then led to the observe
decrease in peroxide coverage when acetone was includ
the reaction mixture, as shown inFig. 6.

Raman spectroscopy experiments also aided in determ
that Eqs.(7) and (8)were equilibrated based on the observat
of rapid decay and recovery of the adsorbed acetone cove
when acetone was removed from or added to the gas mix
Moreover, the acetone coverage for a given set of condit
was always constant regardless of whether approaching
a lower or a higher temperature, further confirming the eq
librium of acetone adsorption. Acetone TPD experiments d
on the 10 wt% MnOx /SiO2 catalyst confirmed the reversibilit
of Eq. (7) because gas phase acetone was the only desor
product observed.

The last step consists of a dual-site reaction between a
sorbed acetone intermediate and an adsorbed atomic ox
species, eventually resulting in complete oxidation. This s
can be considered a slow step for the acetone reaction. It is
lowed by a series of fast steps (not shown) involving reac
acetone fragments and active oxygen species from ozone
produce the CO2 observed as the reaction product.

Based on the proposed mechanism, rate expressions o
Langmuir–Hinshelwood type were developed for the rate
disappearance of both acetone and ozone. The adsorbed s
on the manganese oxide were assumed to be the per
species observed in the Raman experiments and an ac
species. Eq.(9) was used to develop the rate of acetone
appearance, giving the expression

(11)−r ′
A = r6 = k6(A

∗)(O∗)n.

The concentration of the adsorbed peroxide species was
tained by assumingr1 = r3,

(12)(O2
∗) = k1

k3
(O3)(

∗),

wherek1 is the rate constant for the first step [Eq.(4)], k3 is the
rate constant for the third step [Eq.(6)], and (∗) is the concentra
tion of vacant catalyst sites. The concentration of the adso
acetone species was obtained assuming the fourth and fifth
[Eqs.(7) and (8)] are in equilibrium,

(13)(A∗) = K4K5(A)(∗),

whereK4 andK5 are the respective equilibrium adsorption co
stants. Performing a total manganese site balance and ass
that the concentration of adsorbed atomic oxygen, (O∗), is very
ly
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small compared with the other adsorbed intermediates, the
centration of vacant sites, (∗), can be determined to be

(14)(∗) = (L)

1+ k1
k3

(O3) + K4K5(A)
= (L)

1+ k′′(O3) + K(A)
,

where (L) is the total concentration of active catalyst sit
The assumption that the concentration of adsorbed atomic
gen is much less than that of the other adsorbates is jus
considering that Raman spectroscopy did not identify a
ture attributed to that intermediate. Therefore, the Langm
Hinshelwood rate expressions take the form

(15)−r ′
A = k′(A)(O3)

n

[1+ k′′(O3) + K(A)]1+n

and

(16)−r ′
O3

= k′′′(O3)
2

[1+ k′′(O3) + K(A)]2 .

To simplify the rate of acetone disappearance, the variabn

was set equal to 1, assuming that one adsorbed acetone
mediate reacts with one adsorbed oxygen species in the las
[Eq. (9)] of the proposed mechanism. This assumption is
sonable and results in a squared term in the denominator o
expressions, which is typical for such a dual-site mechan
Both of the Langmuir–Hinshelwood rate expressions deri
for the disappearance of acetone and ozone have three unk
parameters. Unlike the power rate law rate expressions, t
Langmuir–Hinshelwood kinetic expressions do not includ
temperature term. Therefore, to determine the rate of ace
disappearance, the dataset specific to one temperature, co
ing of the concentrations of both reactants and acetone T
was simultaneously fit to the foregoing expression for−r ′

A us-
ing nonlinear least squares regression analysis. This fitting
cedure was then repeated for each reaction temperature
333, 353, and 373 K). Once the kinetic parameters (k′, k′′, and
K) were calculated for each temperature, they were regre
using the Arrhenius (k′ andk′′) or van’t Hoff (K) equations to
determine expressions for each kinetic parameter as a fun
of temperature. These expressions were then substituted
the Langmuir–Hinshelwood rate expression for acetone to
termine an overall fit as a function of temperature. An ident
procedure was carried out for ozone to give the following
pressions:

(17)−r ′
A = 28.0 exp(−1350

T
)(A)(O3)[

1+ 0.413 exp(532
T

)(O3) + 133 exp(−818
T

)(A)
]2

and

(18)

−r ′
O3

= 0.730exp(−262
T

)(O3)2[
1+ 7.66× 10−5 exp(3320

T
)(O3) + 7.84exp(−456

T
)(A)

]2
.

Table 3presents the fitting results for the derived Langmu
Hinshelwood rate expression based on the proposed me
nism, including statistical parameters.Figs. 7b–10bshow the
fits with respect to the actual kinetic data.
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Table 3
Non-linear least squares regression results for the kinetic data utilizing the Langmuir–Hinshelwood expressions

T (K) k′ (s−1 (m3/mol)2) k′′ (m3/mol) K (m3/mol) R2 Variance

Langmuir–Hinshelwood expression: Acetone TOF= k′(A)(O3)

[1+k′′(O3)+K(A)]2
318 0.454 2.44 11.7 0.829 1.70× 10−7

333 0.396 1.59 9.07 0.851 3.64× 10−7

353 0.706 2.31 13.6 0.842 3.55× 10−7

373 0.744 1.61 15.5 0.720 7.51× 10−7

Regression 28.0exp
(−11.2 kJ/mol

RT

)
0.413exp

( 4.43 kJ/mol
RT

)
133exp

(−6.80 kJ/mol
RT

)
T (K) k′′′ (s−1 (m3/mol)2) k′′ (m3/mol) K (m3/mol) R2 Variance

Langmuir–Hinshelwood expression: Ozone TOF= k′′′(O3)2

[1+k′′(O3)+K(A)]2
318 0.320 2.40 2.13 0.820 1.32× 10−6

333 0.332 1.84 1.58 0.728 5.09× 10−6

353 0.289 0.864 2.40 0.892 2.88× 10−6

373 0.156 −0.0446 0.218 0.786 9.32× 10−6

Regression 0.730exp
(−2.18 kJ/mol

RT

)
7.66× 10−5 exp

( 27.6 kJ/mol
RT

)
7.84exp

(−3.79 kJ/mol
RT

)

Fig. 16. Transient kinetic analysis example for (a) acetone addition and (b) acetone removal.
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ComparingTables 2 and 3shows that the fitting statisti
values (R2 and variance) for the power rate law rate expr
sions and the Langmuir–Hinshelwood rate expressions are
similar and cannot be used to discriminate between the rat
pressions. Even though the variances calculated for the o
rates are an order of magnitude smaller for the Langm
Hinshelwood expression compared with the power rate law
R2 degree of fits are comparable. The Langmuir–Hinshelw
expression for the rate of acetone disappearance gives
sonable kinetic parameters and fits, and thus the prop
mechanism does match the data for the acetone reaction
Langmuir–Hinshelwood expression for the disappearanc
ozone also gives reasonable fits, even though one of the
timized parameters (k′′ at 373 K; Table 3) is physically not
realistic.

4.5. Transient kinetic analysis

Even though it is important to identify the reactive inte
mediates involved in a catalytic reaction to elucidate a me
anism, it is equally important to recognize that observed
sorbed species do not always play a role in the overall cata
cycle [24]. Sometimes they can be just spectators on a
face [25]. Therefore, determining an adsorbate’s contribut
-
ite
x-
ne
–
e
d
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to the overall catalytic reaction requires that both steady-s
and transient kinetic analysis be performed and compared[1].
Here the dynamic nature of the adsorbed intermediates invo
in the reaction between acetone and ozone over a 10
MnO2/SiO2 catalyst is discussed using the Tamaru method

The transient coverage versus time curves (Figs. 12–15) can
be used to obtain adsorption and reaction rates as a fun
of coverage by differentiation of the data. An example of t
method for acetone is shown inFig. 16. Fig. 16a displays the
acetone addition curve at 318 K, which shows the evolu
of acetone coverage,θA, as a function of time when aceton
is added to the reaction mixture already containing ozone.
rate of increased coverage,(dθA/dt)a, is equal to the rate o
acetone adsorption,ra, minus the rate of acetone desorptio
rd, minus the rate of acetone reaction,rrxn, or (dθA/dt)a =
ra − (rd + rrxn). Fig. 16b displays the acetone removal curv
which shows the decay in acetone coverage,θA, as a func-
tion of time when acetone is removed from the reaction m
ture. The rate of decrease in coverage,−(dθA/dt)r, is equal
to the sum of the rates of acetone desorption and reactio
−(dθA/dt)r = rd + rrxn. The rates for acetone addition and
moval were obtained by differentiating both curves with resp
to time at the same coverage to obtain the slope (i.e., rate).
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Fig. 17. Transient kinetic analysis results to determine steady-state coverages and rates for (a) acetone and (b) ozone.
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the rate of acetone addition,(dθA/dt)a, and rate of acetone re
moval,−(dθA/dt)r, are obtained, the rate of acetone adsorp
can be calculated by the expressionra = (dθA/dt)a− (dθA/dt)r
(at the same coverage). The same procedure was follow
determine the rate of ozone adsorption using the ozone add
and removal curves.

Fig. 17displays the results of the transient analysis with
rate of acetone adsorption plotted with the rate of acetone
moval [Fig. 17a] and the rate of ozone adsorption plotted w
the rate of ozone removal [Fig. 17b]. Figs. 17a and b show tha
the rates of adsorption for both acetone and ozone adsor
decreased with increasing coverage, whereas the rates
moval increased with increasing coverage. These depende
were expected, because the rate of adsorption is proportion
the number of empty sites and the rate of desorption is pro
tional to the number of occupied sites. At steady state, the
of adsorption is equal to the rate of removal, so steady-s
rate and coverage values can be obtained by the interse
of the two curves.Fig. 17a shows that the steady-state acet
rate was 0.00083 s−1 and the steady-state coverage for the
sorbed acetone intermediate was 0.46.Fig. 17b shows that the
steady-state ozone rate was 0.000095 s−1 and the steady-stat
coverage for the adsorbed peroxide species was 0.087. R
that the conditions for the addition and removal experime
used initial partial pressures for acetone and ozone of 193
793 Pa (1900 and 7800 ppm), respectively, at a temperatu
318 K. Referring toFigs. 7–10, which display steady-state ra
as a function of reactant partial pressure, it can be seen
the steady-state values were 0.0015 s−1 and 0.0086 s−1 for the
overall rates of acetone and ozone reaction, respectively, a
conditions used in the transient experiments. Likewise, re
ring to Figs. 5 and 6, which display steady-state coverage
a function of varying reactant partial pressure, the steady-
coverage values were 0.36 and 0.081 for the adsorbed ac
and ozone intermediates, respectively, at the conditions us
the transient experiments.

Table 4compares the steady-state rate and coverage re
with the rates and coverages obtained from the transient e
iments. As shown, the coverages obtained by the two sep
techniques are in good agreement. There is greater error
comparing the coverages obtained by the two techniques fo
adsorbed acetone intermediate than for the adsorbed ozo
to
n
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Table 4
Steady-state and transient rate and coverage comparison

Steady-state results Transient resu

Acetone coverage,θA 0.36 0.46
Peroxide coverage,θO2

∗ 0.081 0.087
−r ′

A,SS(s−1) 0.0015 0.00083

−r ′
O,SS(s−1) 0.0086 0.000095

termediate. This error is due to the small peak intensity and
attributed to the adsorbed acetone intermediate, which res
in greater error during peak integration. When comparing
rates obtained by the two separate techniques, however,
the acetone results are in reasonable agreement. It is k
from experiments that the rates of ozone reaction are∼10 times
the rates of acetone reaction. For the transient results, how
the rate of ozone reaction obtained by monitoring the adso
peroxide species is significantly less than the rate of ace
reaction obtained from monitoring the adsorbed acetone in
mediate. Thus, it can be concluded that the adsorbed ac
intermediate does contribute to the overall acetone oxida
reaction as described by the reaction mechanism, wherea
adsorbed peroxide species does not contribute to the oxid
reaction. Based on this result, the main reactive species a
dicated to be adsorbed atomic oxygen species, as propos
the mechanism.

5. Conclusions

The steady-state and transient kinetics of the oxidatio
acetone using ozone over a silica-supported manganese
catalyst was studied at 318–373 K. Raman spectroscopy e
iments identified an adsorbed acetone species at 2930 c−1

on the silica support and an adsorbed peroxide species
to ozone at 890 cm−1 on the manganese oxide. The stea
state kinetics for the acetone and ozone reactions were f
to be reasonably described by both a power rate law mode
a Langmuir–Hinshelwood model. Transient experiments, c
ducted for both acetone and ozone, were used to separ
measure the rate of reactant adsorption and the rate of
tant removal (desorption plus reaction) to and from the cata
surface. By setting the rate of adsorption equal to the rat



392 C. Reed et al. / Journal of Catalysis 235 (2005) 378–392

rea
xid
ou
in
ad
to
are
ion
be
w

eto
e t

s-

ub

tal.

995)

hem.

en,

94)

22.

rans.

ical

ael

2

ys.

don,
removal, steady-state rates for both acetone and ozone
tion, as well as coverages for both the acetone and pero
intermediates, were calculated. The coverages obtained thr
the transient experiments compared favorably to those obta
from in situ Raman spectroscopy measurements under ste
state conditions. However, only the steady-state rate of ace
reaction obtained through the transient experiments comp
favorably to the results obtained under steady-state condit
Thus, the adsorbed peroxide species was determined to
spectator in the acetone oxidation reaction. The mechanism
proposed to involve the reaction between an adsorbed ac
species and an adsorbed atomic oxygen species to initiat
formation of complete oxidation products.
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