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Abstract

The selective oxidation of methane to formaldehyde over MoOx /SiO2 was investigated to identify the contributions of methane
formaldehyde reactions occurring in the gas phase and on the surfaces of SiO2 and dispersed MoOx to the overall observed reaction ra
Experiments were conducted with 4.5 wt% MoO3/SiO2 at a nominal surface concentration of 0.44 Mo nm−2. Data were acquired fo
CH4/O2 ratios from 2 to 34 and temperatures from 848 to 923 K. Homogeneous oxidation of methane was negligible, and the hom
oxidation of formaldehyde contributed only to a small degree. The formation of formaldehyde was found to occur largely over Mox and
only to a limited degree over SiO2. By contrast, the rates of formaldehyde consumption over MoOx and SiO2 were comparable. For SiO2
the only process occurring was CH2O decomposition, which was independent of the CH4/O2 ratio, whereas in the case of MoOx , CH2O
decomposition was accompanied by combustion of the H2 formed and by direct CH2O combustion principally to CO. A comprehensi
model of the overall reaction kinetics was assembled from the kinetics determined for the reactions of methane and formaldeh
gas phase and on the surfaces of SiO2 and MoOx . This model describes the observed rates of methane conversion and the formal
selectivity measured experimentally as functions of temperature and CH4/O2 ratio. This model is then used to determine the maxim
single-pass yield of CH2O for a given temperature and CH4/O2 ratio. It is predicted that the maximum single-pass yield increases
reaction temperature and decreasing CH4/O2 ratio.
 2005 Published by Elsevier Inc.
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1. Introduction

The selective oxidation of methane to formaldehyde
a single step is a challenging problem of great pract
importance[1]. Silica-supported oxides are among the be
performing heterogeneous catalysts for the selective ox
tion of methane, especially the supported oxides of Mo
and Fe[2–4]. Silica has emerged as the preferred supp
because other refractory supports, such as TiO2 and Al2O3,
burn formaldehyde very rapidly at temperatures well be
those required for the activation of methane[5]. Although
* Corresponding author.
E-mail address: bell@cchem.berkeley.edu(A.T. Bell).

0021-9517/$ – see front matter 2005 Published by Elsevier Inc.
doi:10.1016/j.jcat.2004.12.024
ation; MoO3/SiO2; Molybdena; Silica

SiO2 is inert to CH2O relative to other supports, it still de
composes CH2O rapidly at temperatures and contact tim
relevant to methane oxidation[6]. Since the optimum meta
loading needed to achieve maximum formaldehyde yiel
well below monolayer coverage[2,7], most of the expose
surface area is SiO2. The loss of CH2O via homogeneou
reaction is also known to occur[8,9] and has been impli
cated as a primary factor limiting CH2O yield during CH4
oxidation over MoOx /SiO2 [7]. However, previous studie
modeling the kinetics of CH4 oxidation over bare SiO2 and
MoOx /SiO2 have ignored the gas-phase contribution to
CH2O reaction rate[10–13]. Therefore the question arise

how much of a role do the silica support and the gas phase
play in determining the product distribution during methane
oxidation over silica-supported oxides?

http://www.elsevier.com/locate/jcat
mailto:bell@cchem.berkeley.edu
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The selective oxidation of methane to formaldehyde m
be reduced to two processes, the formation and consum
of the product formaldehyde. The kinetics of formaldehy
consumption (i.e., decomposition and oxidation) have
ically been studied indirectly by analysis of rate data
methane oxidation. However, we can obtain a better un
standing of the kinetics of CH2O decomposition and oxida
tion by studying these secondary processes independen
CH4 oxidation.

This study focuses on decoupling the rates of reac
occurring over MoOx /SiO2. The rates of CH4 oxidation
and CH2O consumption occurring in the gas phase,
the SiO2 support, and on the MoOx sites are decouple
through kinetic analysis of CH4 oxidation and CH2O reac-
tion data obtained over a wide range of feed composit
and over a range of temperatures relevant to methane a
tion (> 848 K). The reaction network and rate laws utiliz
are justified by kinetic analysis. The individually measu
kinetics are assembled to describe the relevant processe
curring during CH4 oxidation over MoOx /SiO2. The model
is used to describe the effects of operating conditions on
alyst performance and to define the contributions of the
phase, exposed support, and supported MoOx to the overall
rates of methane oxidation and formaldehyde consumpt

2. Experimental

A MoOx /SiO2 catalyst was prepared by aqueous impr
nation of Silicycle 60-Å silica gel with ammonium hept
molybdate (AHM) tetrahydrate (Aldrich 99.98% pure). T
bare silica gel was washed in 9 M HNO3 at 333 K, rinsed
thoroughly with deionized water, and calcined in flowing
for 3 h at 973 K to remove alkaline earth impurities[14,15].
This treatment reduced the silica surface area from 50
460 m2 g−1, as measured by five-point BET analysis of2
adsorption isotherms. AHM (0.067 g) was dissolved in 2.
of deionized water (150% of the pore-filling amount) f
each gram of silica gel to be prepared. The silica and
lution were mixed to dryness in a bath heated at 333
oven-dried at 383 K overnight, and calcined under flow
air at 873 K for 3 h before use. After loading with moly
dena, the catalyst surface area was 426 m2 g−1. Elemental
analysis (Galbraith Laboratories) determined the Mo we

fraction to be 3.0% (4.5 wt% as MoO3), so that the nominal

SiO2 – 460 0.5
MoOx /SiO2 0.44 426 0.6
talysis 231 (2005) 115–130
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-

c-

ciently small to ensure that the reactions were not limited
mass transfer according to the Weisz–Prater criterion[16].
The catalyst was used without adjustment of the size di
bution or dilution.

The catalyst properties are summarized inTable 1. The
parameterζ describes the ratio of the exposed SiO2 area per
unit bed volume of the MoOx /SiO2 catalyst to that of the
bare SiO2, and is calculated as

(1)ζ = amρb

a0
mρ0

b

(
1− cm

cmono
m

)
,

wheream andρb are the specific surface area and bulk d
sity of the MoOx /SiO2 catalyst, respectively, anda0

m and
ρ0

b are the corresponding parameters for the bare SiO2. The
term in parentheses accounts for the fraction of the surfa
MoOx /SiO2 occupied by MoOx . cm is the surface concentra
tion of Mo, andcmono

m is the theoretical monolayer covera
of MoOx , taken as 8.2 Mo nm−2 [17]. The porosityε is cal-
culated from the bulk densityρb and skeletal densityρs of
each catalyst as

(2)ε = ρb

ρε

= 1− ρb

ρs
,

whereρb was measured by volumetry, andρs was estimated
from linear summation of skeletal densities of the SiO2 and
MoOx , assuming the MoOx to be present as bulk MoO3:

(3)

ρs = (2.20 g cm−3)(1− ωMoO3) + (4.62 g cm−3)ωMoO3,

whereωMoO3 is the weight fraction of MoOx as MoO3.
Raman spectra were recorded with a Kaiser Opt

HoloLab 5000 series Raman spectrometer equipped w
Nd:YAG laser that was frequency-doubled to 532 nm a
operated at 7 mW. Catalyst samples (50–100 mg) w
ground into powder and pressed into discs 1 cm in di
eter at 10,000 psi. The discs were placed in a sealed ro
cell and rotated at 400 rpm during laser exposure to dis
ute the beam over a greater area and reduce local he
The cell was heated to 923 K with air flowing over the sa
ples to examine the state of the catalysts at a temper
relevant to CH4 oxidation. Cubic splines were utilized to r
move background fluorescence. Raman peak positions
reproducible to within 1 cm−1 for strong peaks and 2 cm−1

for all peaks.

Flow experiments were conducted by supporting the cat-

a
bed
surface coverage of MoOx was 0.44 Mo nm−2. The diameter
of the catalyst particles was 200–500 µm, which was suffi-

alyst on a plug of quartz wool in a quartz reactor with
quartz-sheathed thermocouple inserted halfway into the

Table 1
Catalyst physical properties

Catalyst Mo surface
concentration
cMo
(Mo nm−2)

Specific
surface area
am
(m2 g−1)

Bulk
density
ρb
(g cm−3)

Skeletal
density
ρs
(g cm−3)

Porosity
ε

Residual
exposed
surface area
ζ

70 2.20 0.741 1
60 2.28 0.711 1.01
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Fig. 1. Schematic of reactor configurations utilized. The bulbless con
ration was used for most of the experiments. The configuration utilizin
bulb was utilized to gather data at long contact times.

for temperature control. Two reactor geometries were
lized: one with a bulb and one without, depending on h
much catalyst was needed. The reactors are shown sch
ically in Fig. 1. The tubing downstream of the bulb was
smaller diameter (2 mm) so that the product gases w
be transported out of the heated zone as rapidly as pos
after they left the catalyst bed[7]. The mass of the quart
wool plug was approximately 50 mg. We measured the
tivity of the quartz wool plug by running the reactor with a
without the plug in place. The activity of the plug was und
tectable for CH4 oxidation and reacted with less than 5%
the CH2O fed under the slowest flow conditions employ
here.

The reactor was heated over a 15-cm zone with a 6
Omegalux radiant heater (Omega CFRC-16/60-C-A).
vestibules at each end of the heater were stuffed with g
wool insulation. CH4, O2, and He were delivered to the ma
ifold via Porter 201 mass flow controllers, which were c
ibrated with a bubble meter. CH2O was added to the fee
stream by passing on O2/He flow through a saturator fille
with beads of solid paraformaldehyde (Aldrich; 95% pur
We controlled the CH2O vapor pressure in the saturator
recirculating heated water through a jacket surrounding
saturator. The temperature of the water was controlled w
Thermo Electron Neslab RTE-7 recirculating heater/chil
A temperature of about 331 K was necessary to achie
vapor pressure of 0.01 atm CH2O in the saturator. Typica
formaldehyde molar fractions observed during CH4 oxida-
tion were on the order of 1%, so similar molar fractio
were targeted for studies of formaldehyde consumption.
feed flow could be directed through the catalyst bed

through a bypass for analysis of feed composition. All tubing
downstream of the saturator was maintained at about 423 K
with heat tapes to prevent condensation of water or solid
talysis 231 (2005) 115–130 117
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paraformaldehyde on the tubing walls. Pressure was m
itored with a pressure transducer (Omega PX 543-150
positioned before the reactor. A National Instruments L
View interface was utilized with a Porter PCIM-4 controll
to apply composition and total flow program setpoints
the mass flow controllers, and with an Omega CN3251 c
troller to apply temperature program setpoints to the rad
heater. Contact times were determined taking total pres
and temperature, as well as molar flow rates, into acco
since the pressure was as high as∼ 2 atm for the highes
flow rates utilized:

(4)τ = V

F ′ =
(

mε

ρb

)/(
FRT

P

)
.

In this expression,τ is the contact time,V is the gas vol-
ume within the catalyst bed,F ′ is the volumetric flow rate
m is the catalyst mass,ε is the catalyst porosity,ρb is the
bulk catalyst density,F is the molar flow rate,R is the gas
constant,T is the absolute temperature, andP is the total
pressure. This definition differs slightly from the definitio
of space time, in which the reactor volume is the total v
ume occupied by the catalyst bed (the factorε is omitted).
The contact time defined in this way accurately reflects
amount of time the gas is within the catalyst bed. This
tail becomes important when analysing homogeneous
of reaction within a catalyst bed.

An HP 6890N gas chromatograph with a heated 25
sampling loop was used to measure the composition of
the reactor feed and the reactor effluent. A 30-foot-lo
1/8-inch-diameter column packed with Hayesep DB 80/100
mesh was used to separate all components. The column
perature was held at 278 K for 7 min, ramped at 45 K min−1

to 423 K, and held at 423 K for 15 min. Eluted compone
were detected with a thermal conductivity detector. Repe
measurements of feed flows demonstrated standard d
tions of 2% or less for all feed components relative to m
amounts. CH2O peak areas were calibrated in the followi
manner. A mixture of CH2O, O2, and He was passed throug
reactor loaded with 5% Pd/Al2O3, which combusted CH2O
completely to CO2. The amount of CH2O responsible for
each CH2O peak observed during bypass of the reactor
set equal to the corresponding amount of CO2 observed afte
complete combustion.

3. Modeling methods

During CH4 oxidation over MoOx /SiO2, reactions can
occur in the gas phase, on the exposed SiO2 support, and on
the supported MoOx . To ascertain the contributions of ea
of these reactive media to the observed reaction rates,
tions were conducted with an empty reactor and with the
actor filled with either bare SiO2 or the MoOx /SiO2 catalyst.

The overall (observed) rate of reaction is assumed to be the
sum of the individual contributions. For reactions over bare
SiO2, the observed reaction rates are assumed to include the
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rates in the gas phase and the rates on the SiO2 surface. For
reactions over MoOx /SiO2, the rates include both of thes
contributions and the contribution of the supported Mox

moieties. Denoting homogeneous reaction with H, reac
on the SiO2 surface with S, and reaction on the suppor
MoOx with M, the observed rates over SiO2 are thus

(5)ri = εriH + riS

and the rates over MoOx /SiO2 are

(6)ri = εriH + ζ riS + riM .

In Eqs.(5) and (6), all rates have units of mol cm−3 s−1.
Surface reaction rates are normalized by catalyst bed
ume to allow summation with the homogeneous reac
rate. The rates are easily converted to the typical area or
lar bases by multiplication by the appropriate bulk cata
properties taken fromTable 1:

(7)r ′
iS (moli m−2 s−1) = riS (moli cm−3 s−1)

a0
m (m2 g−1) × ρ0

b (g cm−3)
,

r ′′
iM (moli mol−1

Mo s−1)

= (
riM (moli cm−3 s−1) × 6.02× 1023 (Mo mol−1

Mo)
)

/
(
am (m2 g−1) × ρb (g cm−3)

(8)× 1018 (nm2 m−2) × cMo (Mo nm−2)
)
.

In Eqs.(5) and (6)the rate of homogeneous reactionriH is
reduced by the factorε to account for the fraction of the cat
lyst bed occupied by the gas phase. The rate of reaction
SiO2 is assumed to be proportional to the SiO2 surface area
and hence the rate of reaction over bare SiO2 is multiplied
by ζ in Eq. (6) in order to describe the extent to which su
reaction contributes to the overall surface reaction occur
on MoOx /SiO2.

Reaction modeling and data fitting were performed w
the use of a plug-flow reactor (PFR) model implemente
Mathematica. The effects of axial dispersion were exam
but were found to have very little impact on the values
the extracted kinetic parameters, so an ideal PFR mode
utilized. The differential equations describing the conc
tration profiles of gaseous and surface species were so
along the length of the reactor, with the NDSolve algorit
as a shooting method. The calculated gas-phase compo
of the reactor effluent was compared with the experiment
observed effluent composition in terms of the mean obse
reaction rate, calculated as

(9)〈ri〉 = FziXi

V
= F(zi − yi)

V
,

whereXi , yi , andzi are, respectively, the conversion, effl
ent fraction, and feed fraction of componenti. For homoge-
neous reaction,V is the reactor volume. For reaction ov

a solid catalyst,V is the volume of the catalyst bed,m/ρb.
Rates reported here are mean rates calculated according t
Eq.(9) unless otherwise noted. We minimized the sum of the
talysis 231 (2005) 115–130
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n

squared differences between the mean rates observed e
imentally and calculated from the model by adjusting kine
parameters with the FindMinimum search algorithm.

During CH4 oxidation, O2 was the limiting reagent
The O2 conversion varied from 1% to as high as 95
depending on operating conditions. During CH2O oxida-
tion/decomposition, CH2O was the limiting reagent, an
CH2O conversions approached∼ 75% in some cases. Be
cause a plug-flow reactor model was used, and becaus
state of the surface is taken into account in the model,
reactant conversions do not present a problem in the ana
of the rate data.

4. Results and discussion

4.1. Catalyst characterization

The Raman spectra of the bare SiO2 support under ambi
ent conditions and at 923 K under flowing air are shown
Fig. 2. The spectra show features characteristic of the te
hedral SiO2 network at 430, 805, 1060, and 1180 cm−1. The
bands at 605 and 490 cm−1 are assigned to the D1 and D2
defect features, respectively, and the band at 970 cm−1 is as-
signed to the Si–O stretching vibrations of silanol grou
[18–20]. The spectrum of the bare SiO2 does not chang
upon heating to 923 K in flowing air, but the Raman sc
tering amplitude increases by about tenfold.

Raman spectra for the MoOx /SiO2 catalyst at ambi-
ent temperature and at 923 K are shown inFig. 3. Un-
der ambient conditions, the spectrum shows features at
and 955 cm−1 that are indicative of surface polymolybda
species[21,22]. Upon heating in dry flowing air to 923 K
the polymolybdate species disperse to yield isolated mo
oxo molybdate species, characterized by the single Mo=O
oFig. 2. Raman spectra of bare SiO2 (a) under ambient conditions and (b) at
923 K under flowing air. Ambient spectrum amplified 10×.
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Fig. 3. Raman spectra of MoOx /SiO2 (a) under ambient conditions an
(b) at 923 K under flowing air. Ambient spectrum amplified 5×.

stretching frequency observed at 985 cm−1 [22–28]. The
SiO2 features at 430, 490, 605, 805, and 1190 cm−1 are all
clearly observed, but the features at 975 and 1060 cm−1 are
obscured by the intense Mo=O stretching band. The featu
at 370 cm−1 in the spectra of the MoOx /SiO2 under ambien
conditions and at 923 K has been assigned as the ben
mode of surface molybdate species[22]. The spectra ob
served under ambient conditions and during heating at 92
are similar to those previously observed for MoOx /SiO2 pre-
pared by deposition-precipitation[23]. The similarity of the
Raman spectra is consistent with previous findings that
structure of SiO2-supported MoOx moieties is independen
of the Mo precursor after high-temperature calcination[21].
Raman spectra similar to that shown inFig. 3 have been
recorded during CH4 oxidation at 823 K[22,24,25], suggest-
ing that supported MoOx does not restructure under cond
tions of CH4 oxidation.

The coordination of MoOx /SiO2 at these low weigh
loadings is octahedral under ambient conditions[21], but the
structure under dehydrated conditions has been disput
the literature, with some authors claiming tetrahedral coo
nation[26,27], others claiming distorted octahedral coor
nation[24,25,29,30], and some claiming a geometry “inte
mediate” between tetrahedral and octahedral[31]. The broad
bands observed by UV–visible spectroscopy for this c
lyst and the close proximity of the ligand-to-metal cha
transfer bands for the Td and Oh coordination preclude th
use of the technique as a definitive indicator of coordi
tion [29,32]. The most useful method for determining M
coordination in this case is XANES. LIII -edge XANES data
for MoOx /SiO2 suggest a degree of non-centrosymmetry
Mo intermediate between Oh and Td [31]. Based on this

observation and the observation by Raman and IR that the
MoOx /SiO2 has a single terminal oxo group, it seems likely
that the SiO2-supported MoOx moieties observed at 923 K
talysis 231 (2005) 115–130 119

Fig. 4. Carbon selectivity versus methane conversion for methane oxid
over bare SiO2 at 873 K. Feed composition is 90% CH4, 10% O2. CH4
conversion was varied by varying contact time. Trendlines are empi
polynomial fits.

Fig. 5. Carbon selectivity versus methane conversion for methane oxid
over 0.44 Mo nm−2 MoOx /SiO2 at 873 K. Feed composition is 90% CH4,
10% O2. CH4 conversion was varied by varying contact time. Trendlin
are empirical polynomial fits.

are pentacoordinate. A trigonal bipyramid or square pyra
will have a degree of non-centrosymmetry intermediate
tween Oh and Td and will have six total bonds with a sing
terminal oxo group. Such a coordination has previously b
assigned to MoOx /ZrO2 at low loadings after calcination a
973 K, based on Raman spectroscopic observations[33].

4.2. Product distribution

The product distributions observed during CH4 oxidation
at 873 K over bare SiO2 and over MoOx /SiO2 are plotted
versus CH4 conversion inFigs. 4 and 5, respectively. Ove
both catalysts the product distribution approaches 10
CH2O as the CH4 conversion approaches zero, demonst
ing that CH2O is the only initial product. As the CH4 conver-
sion increases, the CH2O selectivity decreases and the sel
tivities for CO and CO2 increase. These results demonstr
that COx is produced in secondary reactions from CH2O.

Whereas several authors have also made observation

dicating that the initial product distribution of CH4 oxidation
over MoOx /SiO2 is > 95% CH2O [7,34–36], Spencer and
Pereira reported a product distribution of 89% CH2O and
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11% CO2 in the limit of zero CH4 conversion[37]. A possi-
ble explanation for this discrepancy is the presence of C2
in the CH4 supply. At very low CH4 conversion, the con
centration of CO2 contaminant becomes comparable to
concentrations of reaction products, and the apparent in
product distribution will include this contaminant CO2 if it
is uncorrected.

Based on our observations of the change in product di
bution with CH4 conversion, we assume that CH4 is oxidized
selectively to CH2O, and that COx (CO and CO2) is formed
solely from subsequent reaction of CH2O:

CH4 → CH2O → COx .

Exclusion of a direct pathway from CH4 to CO2 allows CO
and CO2 to be treated as a single product (COx) in the analy-
sis of the kinetics of CH2O formation and consumption.

The ratio of CO/CO2 observed during CH2O oxida-
tion/decomposition was about 12 over bare SiO2 and about 9
over MoOx /SiO2. During CH4 oxidation, the ratio was in th
range of 8–10 over bare SiO2 and 5.5–7 over MoOx /SiO2.
The lower ratios observed during CH4 oxidation are proba
bly due to the higher partial pressure of H2O during CH4 ox-
idation and the water–gas shift equilibrium reaction, wh
lies toward CO2 under the operating conditions employed
this study. Since the interconversion of CO and CO2 was not
investigated, no attempt was made to include the effec
this process in the modeling of CH2O formation and con
sumption.

4.3. Methane oxidation

Homogeneous oxidation of CH4 is not measurable unde
the conditions employed in this study. Whereas Baldwin
al. have found that homogeneous oxidation of CH4 by O2
becomes measurable at 923 K for residence times gr
than 2 s and pressures greater than 2 atm[9], the contact
times employed for CH4 oxidation over MoOx /SiO2 are typ-
ically less than 1 s, and the pressures are typically less
2 atm. Therefore only the contributions of the bare SiO2 and
supported MoOx are considered in the modeling of CH4 ox-
idation.

The kinetics of CH4 oxidation over bare SiO2 have been
successfully described by Arena et al. with the use of a t
site, dissociative mechanism allowing for surface oxy
vacancies[10]. The model successfully described the ext
of catalyst reduction observed by pulse O2 chemisorption.
The two-site dissociative mechanism includes the follow
reactions:

CH4 + 2MO → CH2O + H2O + 2M, (1S)

CH2O +
(

SCO + 2SCO2

SCO + SCO2

)
MO

(
SCO + 2SCO2

)

→ COx + H2O +

SCO + SCO2

M, (2S)

2M + O2 → 2MO. (3S)
talysis 231 (2005) 115–130
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In these equations, MO represents an oxidized surface
and M a reduced surface site. The factornS is the moles
of O2 consumed per mole of CH4 consumed. Oxidized an
reduced active sites are taken to be the only surface sp
present and are thus conserved according to

(10)θox + θred= 1.

In Eq. (10), θox is the fraction of active sites in the oxidize
form (MO) andθred is the fraction of active sites in the re
duced form (M).

The rates of reactions(1S)and(2S)are written as

(11)r1S= k1SpCH4θ
2
ox,

(12)r3S= k3SpO2θ
2
red= k3SpO2(1− θox)

2,

whereriS is the reaction rate of reactioni on the SiO2 sur-
face, ki is the corresponding rate constant, andpj is the
partial pressure of componentj . We determined the frac
tion of the surface sites oxidized under given conditionsθox
by equating the rates of surface reduction and oxidatio
steady state:

(13)nSr1S= r3S.

The rate laws in Eqs.(11) and (12)are substituted into
Eq.(13)and solved forθox in terms of rate constants, parti
pressures of CH4 and O2, andnS. According to this kinetic
scheme,θox depends only on the ratio of partial pressures
CH4 and O2 [10].

If it is assumed that CO and CO2 are formed exclusively
by the reactions

CH2O + MO → CO+ H2O + M,

CH2O + 2MO → CO2 + H2O + 2M,

thennS is related to the product distribution by

(14)nS = SCH2O + 1.5SCO + 2SCO2.

Therefore,nS is 1 for a product distribution of 100% CH2O
and 1.5 for 100% CO. Arena et al. demonstrated thatθox
is insensitive tonS and usednS = 1.25, based on an ap
proximate product distribution of 50% CH2O, 50% CO. We
observed a value ofnS ≈ 1.18 for CH4 oxidation over SiO2
for the range of CH4 conversions over which rate data we
fit. However, as discussed below, the reaction of CH2O over
SiO2 does not appear to consume oxygen, and hence we
nS = 1 in Eq.(13).

Rate data for the oxidation of CH4 over bare SiO2 at
873 K are shown inFig. 6. We increased the CH4/O2
feed ratio from 1.6 to 7.5 by increasing the feed fract
of CH4 from 19 to 87% while holding the O2 feed frac-
tion constant at 13% (the balance was He). We further
creased the CH4/O2 feed ratio to 22.7 by decreasing th
O2 feed fraction. The CH4 oxidation rate exhibits a max

imum at CH4/O2 = 7.5, where both reactants are at their
maximum values. The model represented by Eqs.(10)–(13)
was fit to the data by adjustment of the values ofk1S
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Fig. 6. Rate of CH4 oxidation versus CH4:O2 ratio over bare SiO2. CH4
feed fraction was increased from 19 to 87% at 13% O2 (balance He). CH4
feed fraction was then held constant at 87% while O2 feed fraction was
reduced to 3.3% (balance He). Data recorded at 873 K with 0.65 s co
time. Model fit by varyingk1S andk3S.

Fig. 7. Rate of CH4 oxidation over bare SiO2 versus temperature. Da
recorded with 0.65 s contact time and feed composition of 87% C4,
13% O2. Model fit by varyingE1S andE4S.

and k4S. As shown inFig. 6, the model satisfactorily de
scribes the CH4 oxidation rate with respect to both rea
tants. Values ofk1S and k3S at 873 K were found to be
0.122 and 50.3 µmol cm−3 atm−1 s−1, respectively (0.466
and 192 nmol m−2 atm−1 s−1 when normalized by surfac
area). The ratio of the rate constantsk1S/k3S is 0.0024,
which is about 50% higher than the value of 0.00159
ported by Arena et al.[10] at 873 K. The temperature depe
dence of the CH4 oxidation rate over bare SiO2 is shown in
Fig. 7. The two-site dissociative mechanism is fit to data w
the assumption of Arrhenius forms for the rate constantsk1S
andk3S. A good fit to the data is obtained with values f
the activation energies ofE1S = 152 kJ mol−1 andE3S= 0.
These values ofE1S andE3S are in reasonable agreeme
with the findings of Arena et al., who reported activation

−1
ergies of 159 and 20 kJ mol for the respective reactions.
The speciation of the active sites on SiO2 is plotted versus

the CH4/O2 ratio at 923 K inFig. 8. With the model formu-
talysis 231 (2005) 115–130 121

Fig. 8. SiO2 surface state predicted by model versus CH4:O2 ratio at 923 K.

Fig. 9. Rate of CH4 oxidation versus CH4:O2 ratio over MoOx /SiO2. CH4
feed fraction was increased from 20 to 90% at 10% O2 (balance He). CH4
feed fraction was then held constant at 90% while O2 feed fraction was
reduced to 2.7% (balance He). Data recorded at 873 K at 0.85 s contac
Dashed line shows model treating kinetics over MoOx with rate laws of the
same form as those used for bare SiO2. Solid line shows model accountin
for surface carbonaceous species.

lated as described above, the speciation of active sites o
SiO2 surface is completely specified by the CH4/O2 ratio.
The fraction of oxidized sites predicted by the kinetic mo
falls from 88% at a CH4/O2 ratio of 2 to 67% at a CH4/O2
ratio of 33. Since the rate of CH4 oxidation is proportiona
to the square of the fraction of oxidized sites, the rate
CH4 oxidation decreases by 42%. The agreement betw
our model derived from kinetic observations and the pu
O2 chemisorption observations of Arena et al. is quite go
but our model predicts a slightly more reduced surface o
the range of CH4/O2 ratios for which data were availabl
At a CH4/O2 ratio of 8, our kinetic model predicts 20% su
face vacancies, whereas O2 chemisorption data reported b
Arena et al. demonstrate 17% vacancies[10]. This small dis-
crepancy could be ascribed to the different sources of S2

in the two studies.

The rate of CH4 oxidation over MoOx /SiO2 at 873 K
is plotted versus the CH4/O2 ratio in Fig. 9. The exper-
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imental conditions are the same as those employed in
experiments conducted over bare SiO2 shown inFig. 6. The
CH4 feed fraction is increased to raise the CH4/O2 feed ratio
from 2 to 9, and we further raised the feed ratio by decre
ing the O2 feed fraction. The dashed line shows the best fi
the CH4 oxidation rate data of a model formulated with t
assumption that the rate laws for the reactions occurrin
the supported MoOx are of exactly the same form as tho
occurring on the SiO2 surface (Eqs.(10)–(13)). It is evident
that the two-site dissociative mechanism describing the S2
surface is incapable of properly describing the kinetics
curring on the supported MoOx . Although the general shap
of the rate dependence is correct, the sensitivity of the
to both the CH4 and the O2 partial pressures is too high.

To correctly model the kinetics occurring over the SiO2-
supported MoOx , the mechanism assumed for SiO2 must
be modified to include another kinetically relevant surfa
species. This can be done by assuming that CH2O is formed
in a two-step process. The CH4 is assumed to adsorb di
sociatively and reversibly to yield methoxide species, wh
are then oxidized to yield CH2O:

CH4 + MO � MOCH3 + HS, (0M)

MOCH3 + MO → CH2O + M + MOH. (1M)

The oxidation of CH2O over supported MoOx and the re-
oxidation of MoOx sites are assumed to occur via the f
lowing reactions:

CH2O +
(

SCO + 2SCO2

SCO + SCO2

)
MO

→ COx + H2O +
(

SCO + 2SCO2

SCO + SCO2

)
M, (2M)

2M + O2 → 2MO. (3M)

The factornM is the ratio of the moles of O2 consumed pe
mole of CH4 consumed on the supported MoOx moieties.
The hydrogen atom formed in reaction(0M) is assumed to
be bonded to the oxygen of a cleaved Mo–O–Si bond. T
surface hydrogen is assumed to react rapidly with M
formed from the oxidation of surface methoxide in re
tion (1M) to release H2O:

HS + MOH → H2O + M. (4M)

The surface-catalyzed oxidation of CH4 to CH2O and
H2O requires a four-electron reduction of the catalyst.
though the MoOx sites of MoOx /SiO2 appear to be isolate
as discussed above, the mechanism is written to inc
two molybdenum centers because MoOx undergoes a two
electron reduction from MoVI to MoIV under reducing con
ditions at temperatures relevant to CH4 oxidation[26], and
hence two MoOx centers are required to accommodate
oxidation of CH4 to CH2O. While spectroscopic observ
tions indicate that the MoOx moieties do not share bridgin

oxo groups, these species remain in relatively close proxim-
ity after their formation from polymolybdate species. The
so-called microspreading of the polymolybdate present on
talysis 231 (2005) 115–130

the hydrated catalyst precursor to yield isolated MoOx is
believed to be a short-range phenomenon[23]. It has been
demonstrated that MoO3 does not spread over macrosco
distances on SiO2 [38] and that polymolybdate is rege
erated upon exposure of isolated MoOx /SiO2 to hydrating
conditions [22], suggesting a close proximity of isolate
MoOx moieties. Methoxide was chosen as the most
sonable intermediate because it has been observed
adsorption of CH4 at low temperatures over MoOx /SiO2 by
IR spectroscopy[39].

The rate laws for the reactions occurring on suppo
MoOx are written as

(15)r0M = k0MfpCH4φox − k0Mrφ
2
C,

(16)r1M = k1MφCφox,

(17)r3M = k3MpO2φ
2
red,

whereφox, φC, andφred are the fractions of MoOx present
as oxidized sites (MO), sites with adsorbed methox
(MOCH3), and vacant sites (M), respectively. The subscr
f and r in Eq.(15) denote the forward and reverse rate c
stants for the dissociative adsorption of CH4. The second-
order dependence of the reverse reaction onφC arises be-
cause the amount of surface hydrogen HS is approximately
equal to the amount of MOCH3. Surface hydrogen is forme
and consumed by adsorption and desorption of CH4 at the
same rates as MOCH3. Assuming that reaction(4M) oc-
curs rapidly, then as soon as MOH is formed by oxidat
of methoxide, surface hydrogen is consumed to yield H2O.
Hence, the amount of surface hydrogen is approxima
equal to the amount of methoxide, and the reverse rate o
dissociative adsorption is described as an elementary pro
that is second-order inφ2

C (see Eq.(15)).
To solve forφox, φred, andφC, it is necessary to write

three steady-state balances for surface species. Balanc
MO, MOCH3, and total sites provide the necessary eq
tions:

(18)
2r3M − r0Mf + r0Mr − (nM − 1)r1M − (nS − 1)ζ r1S= 0,

(19)r0Mf − r0Mr − r1M = 0,

(20)φox + φred+ φC = 1.

The quantity−(nS − 1)ζ r1S is included in the balance o
MO (Eq. (18)) because H2 resulting from non-oxidative de
composition of CH2O over the SiO2 surface is oxidized to
H2O by MO (see below). HerenS is calculated from the ob
served product distribution during CH4 oxidation over bare
SiO2 (rather than usingnS = 1 as in Eq.(13)), andnM is
approximated from the observed product distribution dur
CH4 oxidation over MoOx /SiO2, in the same way asnS is
in Eq. (14). AlthoughnM is not strictly specified asnS is in
Eq. (14), since it accounts only for the reactions occurr
over the supported MoOx , Eq.(14)provides a good approx

imation ofnM because the majority of CH4 oxidation occurs
on supported MoOx and the product distributions over SiO2
and MoOx /SiO2 are similar. The values ofnS andnM are not
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Fig. 10. Arrhenius plots of rate constantsk0Mf , k0Mr, k1M, andk3M de-
scribing CH4 oxidation over supported MoOx . Data recorded with feed
composition of 90% CH4, 10% O2 at 0.38 or 0.24 s contact time.

constant over the length of the reactor but are taken as
stants because they vary only slightly and the kinetic mo
is insensitive to their values. For the small conversion le
at which these expressions were fit to experimental data
values ofnS andnM were taken as 1.18 and 1.24, resp
tively.

From a fit of the model to the data shown inFig. 9, the
values of the rate constantsk0Mf , k0Mr, k1M, and k3M at
873 K were determined to be 1.35 µmol cm−3 atm−1 s−1,
710 µmol cm−3 s−1, 40.6 µmol cm−3 s−1, and 178 µmol
cm−3 atm−1 s−1, respectively. In order to calculate activ
tion energies, we collected data similar to those show
Fig. 9 at 848, 898, and 923 K. Values of the four rate co
stants were determined for each temperature; the value
tained are plotted inFig. 10. Good linearity is observed fo
temperatures greater than 848 K. At 848 K the rates o
action are relatively low, and the model begins to dev
from observations. The activation energies for the forw
and reverse dissociative adsorption of CH4, E0Mf andE0Mr,
were found to be 206 and 299 kJ mol−1, respectively, in-
dicating an enthalpy loss of 93 kJ mol−1 upon dissociative
adsorption of CH4. The activation energy for oxidation o
the surface methoxide species was found to be 269 kJ m−1.
The rate of surface re-oxidation was practically unaffec
by changes in temperature, and correspondinglyE3M is only
22.2 kJ mol−1.

The fit of the model to the data is shown inFig. 11 for
temperatures between 848 and 923 K. The sensitivity o
rate of CH4 oxidation to decreased oxygen partial pressur
high CH4/O2 ratios becomes greater at higher temperat
This is due in part to the greater decrease in O2 partial pres-

sure along the length of the reactor at higher rates, but is also
due to the non-activated nature of the surface re-oxidation
(reaction(3M)). The relatively large activation energies for
talysis 231 (2005) 115–130 123

-

-

Fig. 11. Rate of CH4 oxidation versus CH4:O2 ratio at temperatures of 848
873, 898, and 923 K. Symbols are data; lines are model predictions
kinetic parameters extracted inFig. 10. CH4 feed fraction was increase
from 20 to 90% at 10% O2 (balance He). CH4 feed fraction was then hel
constant at 90% while O2 feed fraction was reduced to 3.3% (balance H
Data recorded at 0.38 s contact time at 848 and 873 K, and at 0.24 s c
time at 898 and 923 K.

Fig. 12. Model predictions of MoOx site speciation versus CH4:O2 ratio
during CH4 oxidation at 873 K. CH4 feed fraction increased from 0 t
90% while holding O2 feed fraction constant at 10%, then O2 feed frac-
tion decreased from 10 to 2.5% while holding CH4 feed fraction constan
at 90% (balance He). Percentage of surface carbonaceous species am
10 times.

the reactions of CH4 cause the rates of surface reduct
to increase sharply with temperature, whereas the rat
surface re-oxidation does not increase appreciably with t
perature. As a result, more surface vacancies are prese
higher temperature for a given gas-phase composition.
speciation of MoOx sites predicted by the kinetic model
shown inFig. 12versus gas composition at 873 K. Increa
ing the gas-phase fraction of CH4 from 20 to 90% at 10%
O2 increases the fraction of MoOx with oxygen vacancie
from 12 to 20% and increases the fraction of MoOx with
adsorbed methoxide from 0.8 to 2.5%. Decreasing the

phase O2 fraction from 10 to 2.5% at 90% CH4 results in
a further increase of the fraction of vacancies to 34%. The
fraction of MoOx containing adsorbed methoxide species
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Fig. 13. Extraction of kinetic ordersα andβ of the homogeneous CH2O
reaction. (
) varying CH2O at 11% O2 feed fraction and (- - -) linear fit with
slope of 2.55; (�) varying O2 feed fraction at 1.1% CH2O feed fraction
and (—) linear fit with slope of 0.61. Conversion of CH2O was less than
20% throughout; conversion of O2 was less than 2%. Recorded at 873
1.62 atm absolute total pressure, and 0.9 s residence time.

decreases slightly to 2.4%, as fewer oxidized sites are a
able for dissociative adsorption of CH4. Thus, the fraction o
MoOx sites available for CH4 oxidation (oxidized sites) de
creases with increasing CH4 partial pressure or decreasin
O2 partial pressure. This is manifested in the observed n
tive curvature of the CH4 oxidation rate with increased CH4
feed fraction and in the decreased CH4 oxidation rate with
decreased O2 feed fraction.

4.4. Reactions of formaldehyde

The reaction of CH2O over bare silica or supporte
MoOx /SiO2 has not received nearly the attention dedica
to the oxidation of CH4 over the same catalysts, and hen
the rate laws for the reaction of CH2O are not as well known
as those for CH4 oxidation. Useful information regarding th
rate laws was obtained from reaction of CH2O/O2/He mix-
tures over these catalysts at temperatures relevant to4
oxidation. The homogeneous reaction of CH2O was also in-
vestigated under the same reaction conditions to deter
its relative importance during oxidation over the solid ca
lysts.

The homogeneous reaction of CH2O produces COx , typ-
ically with a carbon selectivity of> 90% CO and< 10%
CO2. The homogeneous reaction proceeds via a radical
work [8] and was modeled by a fit of rate data to an empir
rate law:

(21)r2H = k2Hpα
CH2Op

β

O2
.

Fig. 13 shows rate data for homogeneous CH2O reaction
versus the mean CH2O and O2 molar fractions. The ki-
netic orders were extracted from the log–log plot sho
rather than by use of a PFR model because the data sh
good linearity on the log–log plot, and the additional pre

sion afforded by the PFR model was deemed unnecessary
The data are well represented by Eq.(21) with α = 2.55,
β = 0.61, andk2H = 5.2 × 10−3 mol cm−3 atm−3.16s−1.
talysis 231 (2005) 115–130

d

Fig. 14. Arrhenius plot of homogeneous CH2O reaction rate. Feed com
posed of 1.1% CH2O, 11% O2, balance He at 1.62 atm absolute to
pressure, 0.9 s residence time.

Fig. 15. Extraction of kinetic orders of CH2O reaction with respect to CH2O
over bare SiO2 and MoOx /SiO2. Varying CH2O feed fraction at 11% O2,
balance He at 873 K. (•) Data recorded over bare SiO2 and (—) linear fit
with slope of 0.93; (�) data recorded over MoOx /SiO2 and (- - -) linear fit
with slope of 0.98.

The large value ofα is consistent with the observation
increased CH2O conversion with increased CH2O partial
pressure made by Baldwin et al.[9]. The large exponen
is attributable to the multiple roles of CH2O and its frag-
ments in the CH2O reaction network. An Arrhenius plot o
k2H versus temperature for temperatures of 848 K to 92
is shown asFig. 14. The activation energy determined fro
the slope of this plot is 231 kJ mol−1. This is higher than
the values of 96 to 109 kJ mol−1 reported by other worker
at temperatures of 573 to 823 K, but is comparable to
value of 209 kJ mol−1 reported for reaction vessels coat
with “oxidation inhibitors” to suppress reactions occurri
on the vessel walls[8].

. Fig. 15shows the dependence of the rate of CH2O con-
sumption at 873 K on the CH2O feed fraction for reaction
over bare SiO2 and over MoOx /SiO2. The reaction obeys
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Fig. 16. Rate of CH2O consumption versus O2 feed fraction at 873 K with
1.1% CH2O feed fraction. (•) Data recorded over bare SiO2 and (—) model
fit by varyingk2S; (�) data recorded over MoOx /SiO2 and (- - -) model fit

by varyingk
(0)
2M andk

(1)
2M.

Table 2
Mean rates of CH2O reaction at 873 K with 1.1% CH2O feed fraction

Catalyst rCH2O (µmol cm−3 s−1)

11% O2 No O2

Empty tube 0.043 0.005
SiO2 0.20 0.19
MoOx /SiO2 0.95 0.49

first-order kinetics with respect to CH2O over both SiO2
and MoOx /SiO2, so linear regression of log–log data of t
CH2O consumption rate versus CH2O feed fraction yields a
slope of very nearly 1 in both cases.

The rate of CH2O consumption at 873 K over bare SiO2
and over MoOx /SiO2 is shown inFig. 16as a function of the
fraction of O2 in the feed. With no O2 in the feed, CO and
H2 are produced in equivalent quantities, consistent with
pyrolytic decomposition of CH2O:

CH2O → CO+ H2.

When bare SiO2 is used as the catalyst, the rate of CH2O
consumption increases very slightly with increasing O2 feed
fraction, and only a small fraction (∼ 20%) of the H2 gener-
ated is oxidized. The decomposition of CH2O also occurs
over the MoOx moieties, as indicated by the increase
the rate of CH2O decomposition in the absence of O2 over
MoOx /SiO2 (0.49 µmol cm−3 s−1 relative to the rate ove
bare SiO2 (0.19 µmol cm−3 s−1). As O2 is added to the feed
the rate of CH2O consumption over MoOx /SiO2 increases
by almost a factor of 2 to 0.95 µmol cm−3 s−1, and all H2
formed is combusted to H2O. In separate experiments
which H2/O2 mixtures were fed to the reactor, it was co
firmed that the rate of H2 combustion was very small ove
bare SiO2 but comparable to the rate of reaction of CH2O
over MoOx /SiO2.

The mean reaction rates observed at the highest (1
and lowest (0%) O2 feed fractions studied are summariz

in Table 2. The homogeneous reaction of CH2O proceeds
much more slowly than the reaction in the presence of either
solid catalyst.
talysis 231 (2005) 115–130 125

The rate laws utilized by Arena et al.[11] and Amiridis et
al. [13] to describe CH2O consumption during CH4 oxida-
tion over SiO2 and MoOx /SiO2, respectively, assume that th
reaction is oxidative and requires one surface oxygen to
ceed (see reactions(2S) and (2M)above). Such rate laws wi
work as long as the fraction of oxidized surface sites does
vary greatly from the value for the reaction conditions u
der which the rate constant was determined. However, t
rate laws will fail when the distribution of surface spec
deviates significantly because of changes in coverage by
bonaceous species or oxygen vacancies. A more physi
meaningful model for the rate of CH2O consumption can
be constructed with the incorporation of terms into the r
expressions for CH2O consumption accounting for the no
oxidative decomposition of CH2O to CO. The following rate
laws are therefore proposed to describe the reaction rat
CH2O over bare SiO2 and MoOx /SiO2, respectively:

(22)r2S= k2SpCH2O,

(23)r2M = k
(0)
2MpCH2Oφred+ k

(1)
2MpCH2Oφox.

The rate law for CH2O decomposition over SiO2 is taken
to be independent of the speciation of the active sites
SiO2, consistent with the observed insensitivity of the re
tion rate of CH2O to the O2 partial pressure over bare SiO2.
The (0) and (1) superscripts onk2M in Eq. (23) refer to the
rate constants for CH2O decomposition and oxidation, re
spectively, on the supported MoOx domains. The terms ar
assumed to represent, respectively, the activities of the
duced (M) sites and oxidized (MO) sites of the suppor
MoOx as presented in the CH4 oxidation model above.

The rate law for CH2O decomposition over SiO2
(Eq. (22)) was fit to the rate data for CH2O over bare SiO2
at 873 K shown inFig. 16 by adjustment of the rate con
stantk2S. The rate law for CH2O reaction over the supporte
MoOx moieties (Eq.(23)) was then fit to the correspond
ing rate data obtained over MoOx /SiO2 by adjustment of
k
(0)
2M andk

(1)
2M. A surface oxygen balance similar to Eq.(18)

was utilized to track the fraction of oxygen vacancies on
supported MoOx . The balance was constructed by equat
the rate of MoOx reduction by CH2O and by the H2 pro-
duced from non-oxidative CH2O decomposition to the rat
of surface re-oxidation already specified by the fit of C4
oxidation data:

(24)2r3M − r2M − ζ r2S= 0.

It was assumed that no carbonaceous species are pr
on MoOx sites during CH2O oxidation because CH2O is
weakly adsorbed on oxides[13,40,41]. Eq. (24) is used to-
gether with the site conservation statement given by Eq.(20),
taking φC = 0. A similar balance is not necessary for t
SiO2, since the decomposition of CH2O over SiO2 is inde-

pendent of the fraction of sites oxidized on SiO2. The pre-
dictions of the model take into account contributions due to
homogeneous reactions and reactions occurring on exposed
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Fig. 17. Rate of CH2O reaction versus temperature for reaction of CH2O
over (") bare SiO2 and (—) model fit by varyingE2S; (�) MoOx /SiO2

and (- - -) model fit by varyingE(0)
2M andE

(1)
2M. Feed composition was 1.1%

CH2O, 11.5% O2 (balance He).

SiO2 and MoOx , as described by Eqs.(5) and (6). The result-
ing fits of the model are shown with the rate data inFig. 16.
The best fits were obtained with rate constants ofk2S =
18.3 µmol cm−3 s−1, k

(0)
2M = 7.91 µmol cm−3 atm−1 s−1, and

k
(1)
2M = 24.5 µmol cm−3 atm−1 s−1.

The O2 dependence of the homogeneous reaction
CH2O appears to account for the very slight increase
the rate of CH2O consumption as the O2 feed fraction is
increased over bare SiO2. The dependence of the CH2O re-
action rate over MoOx /SiO2 with respect to O2 feed fraction
is captured by the model, but the rate rises too sharply
O2 feed fraction before reaching a plateau. This devia
is the result of a similar trend in fractional oxygen cov
age, which rises very sharply with O2 feed fraction at smal
O2 feed fractions because the rate constantk3M is large rel-
ative to the rate constantsk(0)

2M andk
(1)
2M. Although the fit is

not exact, the rate derived from the model deviates by
than 10% on a relative basis over the range of O2 feed frac-
tions studied. Furthermore, the fit obtained from Eq.(23) is
not worse at any O2 feed fraction than a fit obtained wit
the use of a rate law that does not include a non-oxida
component and provides a better fit at very small O2/CH2O
ratios where surface oxygen vacancies become signifi
As demonstrated inFig. 12, the fraction of surface vacancie
can be quite significant and can vary significantly with g
composition and temperature during CH4 oxidation.

The temperature dependence of the CH2O consumption
rate over SiO2 and over supported MoOx was modeled
with the assumption that the rate constantsk2S, k

(0)
2M, and

k
(1)
2M obey Arrhenius expressions, in which the correspo

ing activation energies areE2S, E
(0)
2M, and E

(1)
2M. E2S was

fit to rate data obtained over bare SiO2 at various tem-
peratures, and thenE(0)

2M and E
(1)
2M were fit to similar data

obtained over MoOx /SiO2. The resulting fits of the mode
to the experimental data are shown inFig. 17. The activa-
tion energies used in the model areE = 109 kJ mol−1,
2S

E
(0)
2M = 125 kJ mol−1, andE

(1)
2M = 120 kJ mol−1. The rate

data appear to be well described by Eqs.(22) and (23).
talysis 231 (2005) 115–130

.

The observations made here allow us to challenge
assertions made in the literature concerning CH2O reaction
at temperatures relevant to CH4 oxidation. The first is tha
the reaction of CH2O with O2 proceeds over SiO2 by a
heterogeneous–homogeneous reaction mechanism, in w
the SiO2 surface initiates the formation of free radicals th
decompose CH2O in the gas phase[6]. This assertion wa
based on the observation by mass spectrometry of HO2· rad-
icals at a number density of about 1013 cm−3 during the
oxidation of CH2O over bare SiO2 at 873 K. Inserting this
concentration of HO2· into the rate law reported by Eitene
et al.[42] for the decomposition of CH2O by HO2·, we esti-
mate the rate of CH2O decomposition at 873 K and 1.5 at
for a feed containing 1% CH2O to be 0.01 µmol cm−3 s−1.
This is about four orders of magnitude less than the r
observed over SiO2 in the present study, which sugges
that the HO2· observed by Nersessian et al. is kinetically
relevant. It can similarly be demonstrated with the use
combustion kinetic data[43] that the concentration of H·
necessary to produce the observed concentration of HO2· is
much too small to decompose CH2O at the observed reactio
rate. These conclusions are supported by our observatio
the change in the order of reaction with respect to CH2O
from 2.55 to 1.0 as we go from homogeneous CH2O ox-
idation to heterogeneous CH2O oxidation over SiO2. The
reduction in the reaction order in the presence of SiO2 may
be caused by quenching of the radical mechanism by ra
recombination on the SiO2 surface[9] or simply by the first-
order heterogeneous reaction proceeding at a much gr
rate than the higher-order homogeneous reaction.

Bañares and Fierro have also claimed that the reactio
CH2O over MoOx /SiO2 proceeds primarily in the gas pha
based on their observations regarding the deleterious ef
of a heated post-reactor volume on the CH2O selectivity dur-
ing CH4 oxidation [7]. While homogeneous reaction ca
indeed destroy an appreciable amount of CH2O given suf-
ficient contact time, the present investigation has shown
the void volume within the packed bed is insufficient
the homogeneous reaction to contribute appreciably to
consumption of CH2O for the feed rates studied. Careful
tention to reactor design, as described by Bañares and F
(exclusion of post-reactor volume and use of small-ID t
ing to transport the products rapidly out of the heated zo
is important for minimization of the effects of the homog
neous reaction downstream of the catalyst bed, but w
the catalyst the homogeneous component of the reactio
pears to be insignificant.

4.5. Model analysis

The kinetic parameters and the rate laws describing
consumption of CH4 and CH2O are summarized inTable 3.
This information can now be used to simulate the obser

trends in CH4 conversion and CH2O selectivity versus con-
tact time. To utilize the model in a predictive fashion, we cast
the surface oxygen balances in terms of the rates of surface
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Fig. 18. CH4 conversion and CH2O selectivity during CH4 oxidation over
bare SiO2 at 873 K with feed consisting of 90% CH4, 10% O2. (�) Ob-
served CH4 conversion and (—) model prediction; (�) observed CH2O
selectivity and (- - -) model prediction.

reduction and oxidation, rather than in terms of the pa
meterni . The balance on oxidized MoOx sites (Eq.(18)) is
re-written as

2r3M − r0Mf + r0Mr − r1M −
(

SCO + 2SCO2

SCO + SCO2

)
r2M

(25)− ζ r2S= 0.

The CH2O consumed by non-oxidative processes o
both exposed SiO2 and supported MoOx is accounted for in
the MoOx oxygen balance because the H2 produced by thes
processes is oxidized to H2O over MoOx . The bracketed
term in Eq.(25) accounts for the additional surface oxyg
consumed in the generation of CO2. The product distribution
during the oxidation of CH2O over MoOx /SiO2 is typically
90% CO, 10% CO2, so the bracketed term is approximat
as 1.1. This is a good approximation because the term v
weakly with the product distribution (going from 1.1 at
CO/CO2 ratio of 9 to 1.2 at a CO/CO2 ratio of 6). At con-
tact times shorter than the time of maximum CH2O yield,
this assumption is even more appropriate because the
of CH4 oxidation is faster than the rate of CH2O consump-
tion. For SiO2, it was possible to continue using Eq.(13)
with nS = 1, since CH2O decomposition does not consum
surface oxygen.

Comparisons of the model predictions with experim
tal data observed during CH4 oxidation over bare SiO2 are
shown inFig. 18. Consumption of both CH4 and CH2O ap-
pears to occur somewhat more slowly over the bare S2
than is predicted by the model. The predicted CH4 conver-
sion is about 33% higher than the observed rate at a co
time of 1.25 s, and the predicted CH2O selectivity is abou
33% lower than the observed selectivity. The model p
dictions are better at shorter times. The deviation may
due in part to experimental error and may also be rela
to the variation in H2O partial pressure with contact tim
as H2O is unaccounted for in the model and may in f
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inhibit CH4 oxidation. Because the rate of CH4 oxidation
over SiO2 is small relative to the corresponding rate over
supported MoOx , this deviation is not of great concern. It
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Fig. 19. CH4 conversion and CH2O selectivity during CH4 oxidation over
MoOx /SiO2 at 873 K with feed consisting of 90% CH4, 10% O2. (�) Ob-
served CH4 conversion and (—) model prediction; (�) observed CH2O
selectivity and (- - -) model prediction.

Fig. 20. Model predictions of maximum CH2O yield with respect to contac
time versus CH4 feed fraction at various temperatures. O2 feed fraction held
constant at 10%, total pressure of 1.5 atm absolute.

should be noted that the predicted CH2O selectivity versus
CH4 conversion is excellent, as the observed rate of CH2O
decomposition (as measured by the CH2O selectivity) is
slower by approximately the same factor as the obse
rate of CH4 oxidation.

The predicted trends for CH4 oxidation over MoOx /SiO2
at 873 K with 90% CH4, 10% O2 are compared with th
observed data inFig. 19. The model predictions are in ver
good agreement with observations of both CH4 conversion
and CH2O selectivity over the entire range of the data. D
viations are less than 10 relative % over the entire range

Since the model provides a good description of CH4 con-
version and CH2O selectivity for MoOx /SiO2 and was de-
veloped from observations made over a wide range of t
peratures and gas-phase compositions, it can be used
sess the impact of reaction conditions on the CH2O yield.
Fig. 20shows the effects of both feed composition and te
perature on the maximum single-pass yield achievable
respect to contact time over MoOx /SiO2. The highest single
pass yields are possible when the rate of CH4 oxidation is
maximized relative to the rate of CH2O consumption. The

rate of CH4 oxidation is more sensitive to the fraction of
oxidized sites than is the rate of reaction of CH2O. CH4
oxidation is second-order in the fraction of oxidized sites
talysis 231 (2005) 115–130

s-

Fig. 21. Mean rates of CH4 oxidation and CH2O consumption in each of th
reactive media versus contact time at 923 K, 1.5 atm during CH4 oxidation
with feed composed of 20% CH4, 10% O2 (balance He). The slope of th
top curve in each plot is the total local rate. The maximum CH2O yield
occurs at 0.29 s under these conditions, where the total local rates of4
oxidation and CH2O consumption are equal.

over the exposed SiO2 and pseudo-second-order in the fra
tion of oxidized sites over MoOx , whereas reaction of CH2O
is independent of the fraction of oxidized sites over S2
and first-order in the fraction of oxidized sites over MoOx .
Hence the maximum single-pass yield achievable incre
with decreasing CH4/O2 ratio as the surface fractions of ox
dized sites become greater. At 923 K, the maximum poss
CH2O yield increases from 2.0 to 5.1% as the CH4 feed
fraction is decreased from 90 to 1% while the O2 feed frac-
tion is held constant at 10%. Because the activation ene
for CH4 oxidation are large relative to the activation en
gies for CH2O decomposition and oxidation, the rate of C4
oxidation increases faster than the rate of CH2O consump-
tion with increasing temperature, so the maximum poss
yield increases with temperature. This effect is much m
pronounced at small CH4/O2 ratios. High CH4/O2 ratios di-
minish the effect of increasing temperature, as the balan
surface sites is shifted away from oxidized sites under th
conditions. With a feed composed of 1% CH4, 10% O2,
the maximum CH2O yield increases from 2.2% at 848
to 7.8% at 973 K, but with a feed composed of 90% C4,
10% O2, the maximum CH2O yield only increases from 1.
to 2.0%. This is consistent with the observations of Spen
and Pereira, who observed only a very slight increase in

profile of CH2O selectivity versus CH4 conversion with in-
creasing temperature when they conducted experiments at a
CH4/O2 ratio of 9[14].
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Fig. 22. Maximum CH2O yield with respect to contact time versus CH4:O2
ratio for CH4 oxidation at 973 K, 1.5 atm with 10% O2 feed fraction over
MoOx /SiO2. (—) All reaction pathways active (real system as modele
(- - -) SiO2 pathways inactive.

Having defined the contributions of the gas-phase, s
port, and supported MoOx , it is possible to isolate the in
trinsic activity of the supported MoOx . Fig. 21 shows the
contribution of each locus of reaction on the total rates of
action during CH4 oxidation at 923 K for a feed compose
of 20% CH4, 10% O2. These contributions were determin
by constructing the gas-phase and surface species pr
versus contact time, integrating the local rates of reactio
each of the reactive media over the length of the reactor,
normalizing by the total contact time. The observed rate
reaction is the sum over〈ri〉 for reaction occurring in the ga
phase, on the exposed SiO2, and on the supported MoOx .

(26)〈ri〉 = 1

τ

τ∫
0

ri(τ
′)dτ ′.

The overall rate of reaction is given by the upperm
curve in Fig. 21. The rate of reaction at a given conta
time within the reactor is proportional to the slope of t
uppermost curve, and the maximum yield is obtained w
the slopes of the CH2O consumption rate and CH4 oxida-
tion rate are equal but opposite. This occurs atτ = 0.29 s
for the conditions shown inFig. 21. At this contact time,
the mean CH4 oxidation rate over the supported MoOx is
1.17 µmol cm−3 s−1, whereas the mean rate of CH4 oxida-
tion over the exposed SiO2 is only 0.082 µmol cm−3 s−1.
The mean rates of CH2O consumption at this contact tim
are 0.483, 0.358, and 0.041 µmol cm−3 s−1 on the MoOx , on
the exposed SiO2, and in the gas-phase, respectively. He
the effect of the exposed SiO2 on the observed activity i
deleterious, as it contributes to the consumption of CH2O to
a greater extent than it does to the formation of CH2O.

To determine the activity of MoOx on a completely iner
support, the rates of the reactions over SiO2 are set to zero
in the model. The resulting increase in the maximum CH2O
yield with respect to contact time is plotted inFig. 22versus
the CH4 feed fraction at 973 K while the O2 feed fraction

is held constant at 10%. When a completely inert support is
used, the maximum CH2O yield increases from 7.8 to 10.5%
at 1% CH4, or from 2.0 to 2.5% at 90% CH4.
talysis 231 (2005) 115–130 129

s

5. Conclusions

A model has been developed to describe the ki
ics of the selective oxidation of methane to formaldeh
over MoOx /SiO2. This model accounts for the reactions
methane and formaldehyde occurring in the gas phase
on the surfaces of the silica support and the dispersed mo
dena. The overall rate of reaction, predicted by the mode
the sum of the rates of reaction proceeding in the gas p
and on the catalyst surface, very accurately describes
rate of CH4 oxidation and the selectivity of the products f
CH2O observed experimentally. Since the kinetics of hom
geneous reaction and heterogeneous reaction occurrin
SiO2 and MoOx are each known, it is possible to use t
model to assess the importance of each contribution to
overall performance of the catalyst.

The oxidation of CH4 is found to proceed almost ex
clusively over the supported molybdena. The rate of
mogeneous oxidation is negligible at the pressures use
this study, and the rate of CH4 oxidation over bare SiO2 is
about an order of magnitude less than that over the supp
MoOx . Although the rate of gas-phase CH2O oxidation is
measurable, the void volume within the catalyst is insu
cient for this process to make a significant contribution
overall rate of CH2O consumption. The principal process o
curring over bare SiO2 is CH2O decomposition to form CO
and H2. Even in the presence of excess O2, very little of the
H2 undergoes combustion. CH2O decomposition also occu
on the supported MoOx . When O2 is present in the feed, a
of the H2 formed from CH2O decomposition is combuste
on the supported MoOx .

The maximum single-pass conversion of CH4 to CH2O
is strongly influenced by temperature and CH4/O2 ratio in
the feed. The maximum single-pass yield increases with
creasing temperature and decreasing CH4/O2 ratio. For the
catalyst studied a maximum CH2O yield of 7.0% could be
achieved at a temperature of 973 K with a feed compose
5% CH4 and 10% O2 in He. A further gain of 2.5% could b
achieved if the surface of SiO2 were made completely inac
tive.
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