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Abstract

The selective oxidation of methane to formaldehyde over M8, was investigated to identify the contributions of methane and
formaldehyde reactions occurring in the gas phase and on the surfaces,dr&l@ispersed MoQto the overall observed reaction rate.
Experiments were conducted with 4.5 wt% Mg/SiO, at a nominal surface concentration of 0.44 MoTfmData were acquired for
CHgy/0O7 ratios from 2 to 34 and temperatures from 848 to 923 K. Homogeneous oxidation of methane was negligible, and the homogeneous
oxidation of formaldehyde contributed only to a small degree. The formation of formaldehyde was found to occur largely oyemilloO
only to a limited degree over SOByY contrast, the rates of formaldehyde consumption over Ma@d SiQ were comparable. For SO
the only process occurring was @8 decomposition, which was independent of the,ZBb ratio, whereas in the case of MgOCH,O
decomposition was accompanied by combustion of thddiimed and by direct CHO combustion principally to CO. A comprehensive
model of the overall reaction kinetics was assembled from the kinetics determined for the reactions of methane and formaldehyde in the
gas phase and on the surfaces of S&Dd MoQ.. This model describes the observed rates of methane conversion and the formaldehyde
selectivity measured experimentally as functions of temperature and@Hratio. This model is then used to determine the maximum
single-pass yield of CHD for a given temperature and GHD» ratio. It is predicted that the maximum single-pass yield increases with
reaction temperature and decreasingy@Bhb ratio.
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1. Introduction SiOy is inert to CHO relative to other supports, it still de-
composes CED rapidly at temperatures and contact times
The selective oxidation of methane to formaldehyde in rélévant to methane oxidatigf]. Since the optimum metal
a single step is a challenging problem of great practical loading needed to achieve maximum formaldehyde yield is
importance1]. Silica-supported oxides are among the best- Well below monolayer coverade,7], most of the exposed
performing heterogeneous catalysts for the selective oxida-Surface area is S The loss of CHO via homogeneous
tion of methane, especially the supported oxides of Mo, \, '€action is also known to occy8,9] and has been impli-
and Fe[2—4]. Silica has emerged as the preferred support caFed as a primary fagtor limiting GI® yield dyrmg CH,
because other refractory supports, such ag il AbOs, oxidation over MoQ/SiO; [7]. However, previous studies

- deling the kinetics of ClHoxidation over bare Si®and
burn formaldehyde very rapidly at temperatures well below mo . . oo
: L MoO,/SiO; have ignored the gas-phase contribution to the
those required for the activation of methasg. Although CH20 reaction ratgd10-13] Therefore the question arises,

how much of a role do the silica support and the gas phase
" Corresponding author. play in determining the product distribution during methane
E-mail address: bell@cchem.berkeley.edi.T. Bell). oxidation over silica-supported oxides?
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The selective oxidation of methane to formaldehyde may ciently small to ensure that the reactions were not limited by
be reduced to two processes, the formation and consumptiormass transfer according to the Weisz—Prater critefl@j.
of the product formaldehyde. The kinetics of formaldehyde The catalyst was used without adjustment of the size distri-
consumption (i.e., decomposition and oxidation) have typ- bution or dilution.
ically been studied indirectly by analysis of rate data for The catalyst properties are summarizedlable 1 The
methane oxidation. However, we can obtain a better under-parametet describes the ratio of the exposed S#dea per
standing of the kinetics of C¥D decomposition and oxida-  unit bed volume of the MoQ@SiO, catalyst to that of the
tion by studying these secondary processes independently obare SiQ, and is calculated as
CHg, oxidation. a c

This study focuses on decoupling the rates of reaction ¢ = g‘pg <1— m:)”no>, (1)
occurring over MoQ/SiO,. The rates of Chl oxidation AmPp ‘m

and CHO consumption occurring in the gas phase, on wherean, andpy are the specific surface area and bulk den-

the SiG support, and on the MoQOsites are decoupled  sjty of the MoQ/SiO;, catalyst, respectively, andC, and

through kinetic analysis of CHoxidation and CHO reac- 50 are the corresponding parameters for the bare SiBe

tion data obtained over a wide range of feed compositions term in parentheses accounts for the fraction of the surface of

and over a range of temperatures relevant to methane activamo0, /SiO, occupied by MoQ. cm is the surface concentra-

tion (> 848 K). The reaction network and rate laws utilized tjon of Mo, andcmono is the theoretical monolayer coverage

are justified by kinetic analysis. The individually measured of MoO,, taken as 8.2 Mo nf? [17]. The porositye is cal-

kinetics are assembled to describe the relevant processes 0Gulated from the bulk density, and skeletal densitys of

curring during CH oxidation over MoQ/SiO,. The model each catalyst as

is used to describe the effects of operating conditions on cat-

alyst performance and to define the contributions of the gase = P _ 1-— @,

phase, exposed support, and supported Mthe overall Pe Ps

rates of methane oxidation and formaldehyde consumption. wherepp, was measured by volumetry, apgwas estimated
from linear summation of skeletal densities of the S#nd
MoO,, assuming the MoQto be present as bulk MaO

(@)

2. Experimental 3 3
ps=(2.20 gcm >)(1 — wmo0;) + (4.62 g M *)wmo0s,

A MoO, /SiO; catalyst was prepared by aqueous impreg- 3)
nation of Silicycle 60-A silica gel with ammonium hepta- wherewwoo, is the weight fraction of MoQ as MoGs.
molybdate (AHM) tetrahydrate (Aldrich 99.98% pure). The Raman spectra were recorded with a Kaiser Optical
bare silica gel was washed in 9 M HNGt 333 K, rinsed HoloLab 5000 series Raman spectrometer equipped with a
thoroughly with deionized water, and calcined in flowing air Nd:YAG laser that was frequency-doubled to 532 nm and
for 3 h at 973 K to remove alkaline earth impuritidsgl,15] operated at 7 mW. Catalyst samples (50-100 mg) were
This treatment reduced the silica surface area from 500 toground into powder and pressed into discs 1 cm in diam-
460 m?g~1, as measured by five-point BET analysis of N eter at 10,000 psi. The discs were placed in a sealed rotary
adsorption isotherms. AHM (0.067 g) was dissolved in 2.1 g cell and rotated at 400 rpm during laser exposure to distrib-
of deionized water (150% of the pore-filling amount) for ute the beam over a greater area and reduce local heating.
each gram of silica gel to be prepared. The silica and so- The cell was heated to 923 K with air flowing over the sam-
lution were mixed to dryness in a bath heated at 333 K, ples to examine the state of the catalysts at a temperature
oven-dried at 383 K overnight, and calcined under flowing relevant to CH oxidation. Cubic splines were utilized to re-
air at 873 K for 3 h before use. After loading with molyb- move background fluorescence. Raman peak positions were
dena, the catalyst surface area was 42gnt. Elemental reproducible to within 1 cm! for strong peaks and 2 cmh
analysis (Galbraith Laboratories) determined the Mo weight for all peaks.
fraction to be 3.0% (4.5 wt% as Ma{) so that the nominal Flow experiments were conducted by supporting the cat-
surface coverage of MoQwas 0.44 Mo nm?2. The diameter alyst on a plug of quartz wool in a quartz reactor with a
of the catalyst particles was 200-500 um, which was suffi- quartz-sheathed thermocouple inserted halfway into the bed

Table 1

Catalyst physical properties

Catalyst Mo surface Specific Bulk Skeletal Porosity Residual
concentration surface area density density 3 exposed
Mo am b 0s surface area
(Monm™2) (m?g™) (gem?) (gem3) ¢

SiO - 460 0570 220 0741 1

MoO,/SiOy 0.44 426 0660 228 0711 101
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I 6mm OD x 4mm ID paraformaldehyde on the tubing walls. Pressure was mon-
quartz tubing itored with a pressure transducer (Omega PX 543-150Gl)
positioned before the reactor. A National Instruments Lab-
Bulb: 12mm OD x View interface was utilized with a Porter PCIM-4 controller
10mm ID quartz to apply composition and total flow program setpoints to
— - the mass flow controllers, and with an Omega CN3251 con-
'20131?“ gﬁiﬁ; Slézm troller to apply temperature program setpoints to the radiant

heater. Contact times were determined taking total pressure

Catalyst bed and temperature, as well as molar flow rates, into account,

since the pressure was as high~a® atm for the highest
flow rates utilized:

Quartz wool plug

(~50 mg) Y (E)/(E) ()
F’ Pb P

6mm OD x 2mm ID In this expressiony is the contact timeV is the gas vol-
quartz tubing ume within the catalyst bed;’ is the volumetric flow rate,
m is the catalyst massg, is the catalyst porosityyy is the
bulk catalyst densityF is the molar flow rateRr is the gas
constant,T is the absolute temperature, aidis the total
pressure. This definition differs slightly from the definition
of space time, in which the reactor volume is the total vol-
ume occupied by the catalyst bed (the factds omitted).
for temperature control. Two reactor geometries were uti- The contact time defined in this way accurately reflects the
lized: one with a bulb and one without, depending on how amount of time the gas is within the catalyst bed. This de-
much catalyst was needed. The reactors are shown schematail becomes important when analysing homogeneous rates
ically in Fig. 1 The tubing downstream of the bulb was of of reaction within a catalyst bed.
smaller diameter (2 mm) so that the product gases would  An HP 6890N gas chromatograph with a heated 250-
be transported out of the heated zone as rapidly as possiblgampling loop was used to measure the composition of both
after they left the catalyst befd@]. The mass of the quartz  the reactor feed and the reactor effluent. A 30-foot-long,
wool plug was approximately 50 mg. We measured the ac- 1/8-inch-diameter column packed with Hayesep DB BI0
tivity of the quartz wool plug by running the reactor withand mesh was used to separate all components. The column tem-
without the plug in place. The activity of the plug was unde- perature was held at 278 K for 7 min, ramped at 45 KTin
tectable for CH oxidation and reacted with less than 5% of to 423 K, and held at 423 K for 15 min. Eluted components
the CHO fed under the slowest flow conditions employed were detected with a thermal conductivity detector. Repeated
here. measurements of feed flows demonstrated standard devia-
The reactor was heated over a 15-cm zone with a 60-V tions of 2% or less for all feed components relative to mean
Omegalux radiant heater (Omega CFRC-16/60-C-A). The amounts. CHO peak areas were calibrated in the following
vestibules at each end of the heater were stuffed with glassmanner. A mixture of CHO, Oy, and He was passed through
wool insulation. CH, O;, and He were delivered to the man- reactor loaded with 5% Pd/AD3, which combusted CyD
ifold via Porter 201 mass flow controllers, which were cal- completely to CQ@. The amount of CHO responsible for
ibrated with a bubble meter. G was added to the feed each CHO peak observed during bypass of the reactor was
stream by passing onJAHe flow through a saturator filled set equal to the corresponding amount of@Dserved after
with beads of solid paraformaldehyde (Aldrich; 95% pure). complete combustion.
We controlled the CHIO vapor pressure in the saturator by
recirculating heated water through a jacket surrounding the
saturator. The temperature of the water was controlled with a3. Modeling methods
Thermo Electron Neslab RTE-7 recirculating heater/chiller.
A temperature of about 331 K was necessary to achieve a During CH; oxidation over MoQ/SiO,, reactions can
vapor pressure of 0.01 atm G#& in the saturator. Typical  occur in the gas phase, on the exposedSiGpport, and on
formaldehyde molar fractions observed during {bkida- the supported MoQ To ascertain the contributions of each
tion were on the order of 1%, so similar molar fractions of these reactive media to the observed reaction rates, reac-
were targeted for studies of formaldehyde consumption. Thetions were conducted with an empty reactor and with the re-
feed flow could be directed through the catalyst bed or actor filled with either bare Sigor the MoQ,/SiO; catalyst.
through a bypass for analysis of feed composition. All tubing The overall (observed) rate of reaction is assumed to be the
downstream of the saturator was maintained at about 423 Ksum of the individual contributions. For reactions over bare
with heat tapes to prevent condensation of water or solid SiO,, the observed reaction rates are assumed to include the

Fig. 1. Schematic of reactor configurations utilized. The bulbless configu-
ration was used for most of the experiments. The configuration utilizing a
bulb was utilized to gather data at long contact times.
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rates in the gas phase and the rates on the Si@face. For squared differences between the mean rates observed exper-
reactions over MoQ'SiO,, the rates include both of these imentally and calculated from the model by adjusting kinetic
contributions and the contribution of the supported MoO parameters with the FindMinimum search algorithm.
moieties. Denoting homogeneous reaction with H, reaction  During CH; oxidation, @ was the limiting reagent.

on the SiQ surface with S, and reaction on the supported The & conversion varied from 1% to as high as 95%,

MoO, with M, the observed rates over Si@re thus depending on operating conditions. During £H oxida-
tion/decomposition, CkD was the limiting reagent, and
Ti =E&riH +7is (5) CH20 conversions approached 75% in some cases. Be-

cause a plug-flow reactor model was used, and because the
state of the surface is taken into account in the model, high
ri = &riH + Cris+rim. (6) reactant conversions do not present a problem in the analysis
of the rate data.

and the rates over Mo@SiO, are

In Egs.(5) and (6) all rates have units of molcnis1.
Surface reaction rates are normalized by catalyst bed vol-
ume to allow summation with the homogeneous reaction 4 Resultsand discussion
rate. The rates are easily converted to the typical area or mo-
lar bases by multiplication by the appropriate bulk catalyst 4 1 Catalyst characterization
properties taken froriable 1

ris (mol; cm—3s71) The Raman spectra of the bare Si€upport under ambi-

rlg (mol;m=2s7h) = o1 5 = (7) ent conditions and at 923 K under flowing air are shown in
a (M7 x pp (gCmT) Fig. 2 The spectra show features characteristic of the tetra-
riy (mol; molt s71) hedral SiQ network at 430, 805, 1060, and 1180thThe
o 31 3 -1 bands at 605 and 490 crh are assigned to theDand D
= (rim (mol;em™>s™%) x 6.02 x 10** (Mo mMolyo)) defect features, respectively, and the band at 970'dmas-
/(am (M*g™) x pp (gem™) signed to the Si—O stretching vibrations of silanol groups
% 10'8 (NP m~2) x epo (Mo nm_z)). (8) [18-20] The spectrum _of the_bare_ SiQloes not change
upon heating to 923 K in flowing air, but the Raman scat-
In Egs.(5) and (6)the rate of homogeneous reactign is tering amplitude increases by about tenfold.
reduced by the factarto account for the fraction of the cata- Raman spectra for the Mq@8iO, catalyst at ambi-

lyst bed occupied by the gas phase. The rate of reaction overent temperature and at 923 K are shownFig. 3. Un-

SiO, is assumed to be proportional to the Si€lirface area,  der ambient conditions, the spectrum shows features at 870
and hence the rate of reaction over bare Sg©Omultiplied and 955 cm! that are indicative of surface polymolybdate
by ¢ in Eq.(6) in order to describe the extent to which such specieq21,22] Upon heating in dry flowing air to 923 K,
reaction contributes to the overall surface reaction occurring the polymolybdate species disperse to yield isolated mono-

on MoQ,/SiO;. oxo molybdate species, characterized by the single-Mo
Reaction modeling and data fitting were performed with

the use of a plug-flow reactor (PFR) model implemented in 100 == Ambient 0050

Mathematica. The effects of axial dispersion were examined — 03K

but were found to have very little impact on the values of

the extracted kinetic parameters, so an ideal PFR model was 80

utilized. The differential equations describing the concen-
tration profiles of gaseous and surface species were solved

»

along the length of the reactor, with the NDSolve algorithm E 60 [

as a shooting method. The calculated gas-phase composition <

of the reactor effluent was compared with the experimentally *;f

observed effluent composition in terms of the mean observed £ 40 .
=

reaction rate, calculated as

L FuXi  F@i—yi)
(ri) = v % , (9)

whereX;, y;, andz; are, respectively, the conversion, efflu-
ent fraction, and feed fraction of componénFor homoge-
neous reactiony is the reactor volume. For reaction over
a solid catalysty is the volume of the catalyst bed,/ op.
Rates reported here are mean rates calculated according t@ig. 2. Raman spectra of bare Si() under ambient conditions and (b) at
Eq.(9) unless otherwise noted. We minimized the sum of the 923 K under flowing air. Ambient spectrum amplified>10

1200 1000 800 600 400
Raman Shift (cm™!)
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. -1
Raman Shift (em™") 100
Fig. 3. Raman spectra of Ma@BiO, (a) under ambient conditions and
(b) at 923 K under flowing air. Ambient spectrum amplified.5 : 8
. Z 60
stretching frequency observed at 985 ¢nj22-28] The E ’
SiO, features at 430, 490, 605, 805, and 1190 ¢rare all 2 0
clearly observed, but the features at 975 and 1060cane E
obscured by the intense M@ stretching band. The feature 5 2
at 370 cntlin the spectra of the Mo@SiO, under ambient
conditions and at 923 K has been assigned as the bending 0
mode of surface molybdate speci@?]. The spectra ob- 0 1 2 3 4 5 6 7
served under ambient conditions and during heating at 923 K Methane Conversion (%)

are similar to those previously observed for M@SIO, pre- _ . . I
" ARV Lo Fig. 5. Carbon selectivity versus methane conversion for methane oxidation
pared by deposition-precipitatig@3]. The similarity of the over 0.44 Mo nn2 MoO,/SiO, at 873 K. Feed composition is 90% GH
Raman spectra is consistent with previous findings that the 100, 0,. CH, conversion was varied by varying contact time. Trendlines
structure of Si@-supported MoQ@ moieties is independent  are empirical polynomial fits.
of the Mo precursor after high-temperature calcinafiei.
Raman spectra similar to that shown fiig. 3 have been  are pentacoordinate. A trigonal bipyramid or square pyramid
recorded during Clfoxidation at 823 H22,24,25] suggest-  will have a degree of non-centrosymmetry intermediate be-
ing that supported MoQdoes not restructure under condi- tween G, and Ty and will have six total bonds with a single
tions of CH, oxidation. terminal oxo group. Such a coordination has previously been
The coordination of MoQ@/SiO, at these low weight  assigned to MoQ'ZrO; at low loadings after calcination at
loadings is octahedral under ambient conditif1g, but the 973 K, based on Raman spectroscopic observafisis
structure under dehydrated conditions has been disputed in
the literature, with some authors claiming tetrahedral coordi- 4.2, Product distribution
nation[26,27], others claiming distorted octahedral coordi-
nation[24,25,29,30] and some claiming a geometry “inter- The product distributions observed during £ékidation
mediate” between tetrahedral and octahef®4]. The broad at 873 K over bare Si®and over MoQ/SiO; are plotted
bands observed by UV-visible spectroscopy for this cata- versus CH conversion inFigs. 4 and 5respectively. Over
lyst and the close proximity of the ligand-to-metal charge both catalysts the product distribution approaches 100%
transfer bands for theqTand G, coordination preclude the  CH,O as the CH conversion approaches zero, demonstrat-
use of the technique as a definitive indicator of coordina- ing that CHO is the only initial product. As the CHconver-
tion [29,32] The most useful method for determining Mo sion increases, the G selectivity decreases and the selec-
coordination in this case is XANESy|-edge XANES data tivities for CO and CQ increase. These results demonstrate
for MoO,/SiO, suggest a degree of non-centrosymmetry for that CQ. is produced in secondary reactions from£H
Mo intermediate between Qand Ty [31]. Based on this Whereas several authors have also made observations in-
observation and the observation by Raman and IR that thedicating that the initial product distribution of Gtdxidation
MoO,/SiO; has a single terminal oxo group, it seems likely over MoGQ,/SiO, is > 95% CHO [7,34-36] Spencer and
that the Si@-supported Mo@ moieties observed at 923 K Pereira reported a product distribution of 89% fCHand



120

11% CQ in the limit of zero CH, conversior[37]. A possi-

ble explanation for this discrepancy is the presence of CO

in the CH; supply. At very low CH conversion, the con-

centration of CQ contaminant becomes comparable to the

N. Ohler, AT. Bell / Journal of Catalysis 231 (2005) 115-130

In these equations, MO represents an oxidized surface site
and M a reduced surface site. The facigy is the moles

of O, consumed per mole of CGHonsumed. Oxidized and
reduced active sites are taken to be the only surface species

concentrations of reaction products, and the apparent initial present and are thus conserved according to

product distribution will include this contaminant G@ it
is uncorrected.

Oox + Ored= 1. (10)

Based on our observations of the change in product distri- | Eq. (10), 6, is the fraction of active sites in the oxidized

bution with CH, conversion, we assume that ¢id oxidized
selectively to CHO, and that CQ (CO and CQ) is formed
solely from subsequent reaction of @bl

CH4 - CH,O — CO,.

Exclusion of a direct pathway from GHo CO; allows CO
and CQ to be treated as a single product (@ the analy-
sis of the kinetics of ChHIO formation and consumption.
The ratio of CQCO, observed during CpD oxida-
tion/decomposition was about 12 over bare S#0d about 9
over MoQ,/SiO,. During CH; oxidation, the ratio was in the
range of 8-10 over bare SiGnd 5.5—-7 over MoQ'SiOs.
The lower ratios observed during Gldxidation are proba-
bly due to the higher partial pressure of®iduring CH, ox-

idation and the water—gas shift equilibrium reaction, which

lies toward CQ under the operating conditions employed in
this study. Since the interconversion of CO and,@@s not

form (MO) and6yeq is the fraction of active sites in the re-
duced form (M).

The rates of reactiond S)and(2S)are written as
(11)
12)

r1s = k1spcH,02,.
r3s= k3sP029r2ed = k3spo,(1 — fox)?,

wherer;s is the reaction rate of reactianon the SiQ sur-
face, k; is the corresponding rate constant, andis the
partial pressure of componerit We determined the frac-
tion of the surface sites oxidized under given conditiégs

by equating the rates of surface reduction and oxidation at

steady state:
ngris =ras. (13)

The rate laws in Egs(11) and (12)are substituted into
Eqg. (13) and solved foboy in terms of rate constants, partial

investigated, no attempt was made to include the effects of pressures of Cldand G, andns. According to this kinetic

this process in the modeling of GB formation and con-
sumption.

4.3. Methane oxidation

Homogeneous oxidation of CHs not measurable under

schemegyy depends only on the ratio of partial pressures of
CHg and G [10].

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

CH20 + MO — CO+ H20 + M,

the conditions employed in this study. Whereas Baldwin et CH,O + 2MO — CO, + H,0 + 2M,

al. have found that homogeneous oxidation of iy O,

becomes measurable at 923 K for residence times greate

than 2 s and pressures greater than 2 @nthe contact
times employed for Chloxidation over MoQ/SiO; are typ-

thenns is related to the product distribution by

ns= Sch,0 + 1.55co + 2Sco,. (24)

ically less than 1 s, and the pressures are typically less thanThereforess is 1 for a product distribution of 100% Gi&®

2 atm. Therefore only the contributions of the bare S#0d
supported MoQ@ are considered in the modeling of Glax-
idation.

The kinetics of CH oxidation over bare Si@have been

and 1.5 for 100% CO. Arena et al. demonstrated that
is insensitive tong and usedns = 1.25, based on an ap-
proximate product distribution of 50% GB, 50% CO. We
observed a value ofs ~ 1.18 for CH,; oxidation over SiQ

successfully described by Arena et al. with the use of a two- for the range of Cld conversions over which rate data were
site, dissociative mechanism allowing for surface oxygen fit. However, as discussed below, the reaction obOkbver
vacancie$10]. The model successfully described the extent SiO, does not appear to consume oxygen, and hence we took

of catalyst reduction observed by pulse €hemisorption.

The two-site dissociative mechanism includes the following

reactions:
CHa + 2MO — CH20 + H,0 + 2M, (1S)
S 28
CH,0 + (M) MO
Sco+ Sco,
S 28
— COy + H0 + (M>M, (29)
Sco+ Sco,

2M + O, — 2MO. (3S)

ns=1in Eq.(13).

Rate data for the oxidation of GHover bare SiQ at
873 K are shown inFig. 6. We increased the CHO»
feed ratio from 1.6 to 7.5 by increasing the feed fraction
of CHy from 19 to 87% while holding the ©feed frac-
tion constant at 13% (the balance was He). We further in-
creased the CH O, feed ratio to 22.7 by decreasing the
O, feed fraction. The CHl oxidation rate exhibits a max-
imum at CH,;/O,; = 7.5, where both reactants are at their
maximum values. The model represented by Et@)—(13)
was fit to the data by adjustment of the values kg§
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Fig. 6. Rate of Cl oxidation versus CltO, ratio over bare Si@ CHy

feed fraction was increased from 19 to 87% at 13%(alance He). Ch

feed fraction was then held constant at 87% whilg f@ed fraction was
reduced to 3.3% (balance He). Data recorded at 873 K with 0.65 s contact
time. Model fit by varyingk1s andkss.
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Fig. 7. Rate of Clj oxidation over bare Si®versus temperature. Data
recorded with 0.65 s contact time and feed composition of 87%,CH
13% Oy. Model fit by varyingE1s and E4s.

and k4s. As shown inFig. 6, the model satisfactorily de-
scribes the Cll oxidation rate with respect to both reac-
tants. Values oft1s and k3s at 873 K were found to be
0.122 and 50.3 pmol cntatm 1s1, respectively (0.466
and 192 nmol m2atm 1s~1 when normalized by surface
area). The ratio of the rate constaritss/k3s is 0.0024,
which is about 50% higher than the value of 0.00159 re-
ported by Arena et aJ10] at 873 K. The temperature depen-
dence of the Clloxidation rate over bare SiQs shown in
Fig. 7. The two-site dissociative mechanism is fit to data with
the assumption of Arrhenius forms for the rate constapgs
and kss. A good fit to the data is obtained with values for
the activation energies df1s= 152 kJmot! and Ess= 0.
These values off1s and E3s are in reasonable agreement
with the findings of Arena et al., who reported activation en-
ergies of 159 and 20 kJ mo! for the respective reactions.
The speciation of the active sites on Si®plotted versus
the CHy/O> ratio at 923 K inFig. 8 With the model formu-
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Fig. 9. Rate of CH oxidation versus CltO, ratio over MoQ./SiOy. CHy

feed fraction was increased from 20 to 90% at 10%(falance He). Ch

feed fraction was then held constant at 90% whilg f@ed fraction was
reduced to 2.7% (balance He). Data recorded at 873 K at 0.85 s contact time.
Dashed line shows model treating kinetics over Mofth rate laws of the
same form as those used for bare £iSolid line shows model accounting

for surface carbonaceous species.

lated as described above, the speciation of active sites on the
SiO, surface is completely specified by the £, ratio.
The fraction of oxidized sites predicted by the kinetic model
falls from 88% at a Clj/O; ratio of 2 to 67% at a Chj/O,
ratio of 33. Since the rate of Ctbxidation is proportional
to the square of the fraction of oxidized sites, the rate of
CHa oxidation decreases by 42%. The agreement between
our model derived from kinetic observations and the pulse
O> chemisorption observations of Arena et al. is quite good,
but our model predicts a slightly more reduced surface over
the range of Chll/O> ratios for which data were available.
At a CH,/Og ratio of 8, our kinetic model predicts 20% sur-
face vacancies, whereas ©hemisorption data reported by
Arena et al. demonstrate 17% vacang¢iy. This small dis-
crepancy could be ascribed to the different sources o0f SiO
in the two studies.

The rate of CH oxidation over MoQ/SiO, at 873 K
is plotted versus the CHO» ratio in Fig. 9. The exper-
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imental conditions are the same as those employed in thethe hydrated catalyst precursor to yield isolated Md®
experiments conducted over bare Sghown inFig. 6. The believed to be a short-range phenomef23j. It has been
CHg, feed fraction is increased to raise the £8, feed ratio demonstrated that Mofddoes not spread over macroscopic
from 2 to 9, and we further raised the feed ratio by decreas- distances on Si©[38] and that polymolybdate is regen-
ing the @ feed fraction. The dashed line shows the bestfitto erated upon exposure of isolated Mg6iO, to hydrating
the CH, oxidation rate data of a model formulated with the conditions[22], suggesting a close proximity of isolated
assumption that the rate laws for the reactions occurring onMoO, moieties. Methoxide was chosen as the most rea-
the supported MoQare of exactly the same form as those sonable intermediate because it has been observed upon
occurring on the Si@surface (Eqs(10)—(13). It is evident adsorption of CH at low temperatures over Mg@siO, by
that the two-site dissociative mechanism describing the SiO IR spectroscopy39].
surface is incapable of properly describing the kinetics oc-  The rate laws for the reactions occurring on supported
curring on the supported MgOAlthough the general shape MoO, are written as
of the rate dependence is correct, the sensitivity of the rate 2
to both the CH and the Q partial pressures is too high. rom = Komt PCH, Pox — Komréc (15)

To correctly model the kinetics occurring over the $i0  rim = kimécox, (16)
supported MoQ@, the mechanism assumed for Si@wust
be modified to include another kinetically relevant surface
species. This can be done by assuming thas@is formed ~ Wheregox, ¢c, andéreq are the fractions of MoQpresent
in a two-step process. The GHs assumed to adsorb dis- S oxidized sites (MO), sites with adsorbed methoxide
sociatively and reversibly to yield methoxide species, which (MOCHz), and vacant sites (M), respectively. The subscripts

r3Mm = k3m PO, Pag (17)

are then oxidized to yield C}D: fand r in Eq.(15) denote the forward and reverse rate con-
stants for the dissociative adsorption of £Hhe second-

CHz + MO = MOCHjz + Hs, (OM) order dependence of the reverse reactionpgrarises be-

MOCH3; + MO — CH20 + M + MOH. (1IM) cause the amount of surface hydrogegislapproximately

equal to the amount of MOCGH Surface hydrogen is formed
and consumed by adsorption and desorption of, @Hthe
same rates as MOGH Assuming that reactiofdM) oc-
curs rapidly, then as soon as MOH is formed by oxidation

The oxidation of CHO over supported MoQand the re-
oxidation of MoQ. sites are assumed to occur via the fol-
lowing reactions:

Sco+ 25co, of methoxide, surface hydrogen is consumed to yie}®OH
CH, O+ | ——————=)]MO . )
Sco + Sco, Hence, the amount of surface hydrogen is approximately
Seo 4 25 equal to the amount of methoxide, and the reverse rate of the
— COy; + H2O + (M) M, (2M) dissociative adsorption is described as an elementary process
Sco+ Sco, that is second-order ip2 (see Eq(15)).
2M + O, — 2MO. (3M) To solve forgox, dreds @nd ¢, it is necessary to write

three steady-state balances for surface species. Balances on
MO, MOCHSs, and total sites provide the necessary equa-
tions:

The factorny is the ratio of the moles of £consumed per
mole of CH; consumed on the supported Mp@oieties.
The hydrogen atom formed in reacti¢®M) is assumed to
be bonded to the oxygen of a cleaved Mo—O-Si bond. This 2,5\, — yoms + romr — (nm — D)ram — (ns — 1)¢r1s =0,

surface hydrogen is assumed to react rapidly with MOH (18)
formed from the oxidation of surface methoxide in reac- ,oyur — romr — rim = 0, (19)

tion (1M) to release HO: dox + bred+ dc = 1. (20)

Hs + MOH — H0 + M. (4M) The quantity—(ns — 1)¢r1s is included in the balance on
The surface-catalyzed oxidation of gHo CH,O and MO (Eg. (18)) because Hresulting from non-oxidative de-
H>O requires a four-electron reduction of the catalyst. Al- composition of CHO over the SiQ surface is oxidized to
though the MoQ sites of MoQ/SiO, appear to be isolated H20 by MO (see below). Heres is calculated from the ob-
as discussed above, the mechanism is written to includeserved product distribution during GHbxidation over bare
two molybdenum centers because Mo@nhdergoes a two-  SiOy (rather than usings = 1 as in Eq.(13)), andny is
electron reduction from M8 to MoV under reducing con-  approximated from the observed product distribution during
ditions at temperatures relevant to gbikidation[26], and CH4 oxidation over MoQ/SiO,, in the same way ass is
hence two MoQ centers are required to accommodate the in Eq. (14). Althoughny is not strictly specified ass is in
oxidation of CH, to CHyO. While spectroscopic observa- Eqg. (14), since it accounts only for the reactions occurring
tions indicate that the MoOmoieties do not share bridging over the supported MoQ Eq.(14) provides a good approx-
0X0 groups, these species remain in relatively close proxim- imation ofny because the majority of Gfbxidation occurs
ity after their formation from polymolybdate species. The on supported MoQand the product distributions over SIO
so-called microspreading of the polymolybdate present on and MoQ,/SiO, are similar. The values afs andn)y are not
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Fig. 11. Rate of Clf oxidation versus CltO, ratio at temperatures of 848,
Fig. 10. Arrhenius plots of rate constai§v, komr. kim, andkgy de- 873, 898, and 923 K. Symbols are data; lines are model predictions using
scribing CH, oxidation over supported MoQ Data recorded with feed kinetic parameters extracted fig. 10 CHy feed fraction was increased
composition of 90% Cly, 10% , at 0.38 or 0.24 s contact time. from 20 to 90% at 10% ©(balance He). Chifeed fraction was then held

constant at 90% while ©feed fraction was reduced to 3.3% (balance He).
Data recorded at 0.38 s contact time at 848 and 873 K, and at 0.24 s contact
constant over the length of the reactor but are taken as con-ime at 898 and 923 K.

stants because they vary only slightly and the kinetic model

is insensitive to their values. For the small conversion levels 1.0 i Decreasing
at which these expressions were fit to experimental data, the 0.8
values ofns andny were taken as 1.18 and 1.24, respec- y
tively. 0.6 F I-lcrfasiung [ .
From a fit of the model to the data shownkig. 9, the < ﬂp: == G
values of the rate constanksms, komr, k1m, andksy at 04F L= 10X
873 K were determined to be 1.35 umolchatm 1s1, e e B =
710 pmolcem®s~1, 40.6 pmolcm3s™1, and 178 pmol 021 ,//" -
cm3atm1s1, respectively. In order to calculate activa- o 2 , ; , ,
tion energies, we collected data similar to those shown in o 5 10 15 20 25 30
Fig. 9 at 848, 898, and 923 K. Values of the four rate con- CH,:0; Ratio

stants were determined for each temperature; the values ob-

tained are plotted ifrig. 10 Good linearity is observed for gig: 12-C '\"Ode'_dpf?dic“o”;?gfP'z"OéDSi;e S(jP$Ciatﬁ0“ versus Q(;i"?z fatg’
temperatures gl.‘eater than 848 K. At 848 K the rates Of re- 983: ?/vhilzh h(z))ildi:go(; :ged fraciioanoenestar:?Ztlol%‘!/:,sze\i;;e@erg rPrac-tO
action are reIatlver low, and the model beglns to deviate tion decreased from 10 to 2.5% while holding g£fé¢ed fraction constant
from observations. The activation energies for the forward at90% (balance He). Percentage of surface carbonaceous species amplified
and reverse dissociative adsorption of LHoms and Eomr, 10 times.

were found to be 206 and 299 kJ mbd] respectively, in-

dicating an enthalpy loss of 93 kJ maélupon dissociative  the reactions of Cl cause the rates of surface reduction
adsorption of CH. The activation energy for oxidation of to increase sharply with temperature, whereas the rate of
the surface methoxide species was found to be 269 kJ'mol  surface re-oxidation does not increase appreciably with tem-
The rate of surface re-oxidation was practically unaffected perature. As a result, more surface vacancies are present at

by changes in temperature, and correspondifgly is only higher temperature for a given gas-phase composition. The
22.2 kJmot 1, speciation of MoQ sites predicted by the kinetic model is
The fit of the model to the data is shown kig. 11 for shown inFig. 12versus gas composition at 873 K. Increas-

temperatures between 848 and 923 K. The sensitivity of theing the gas-phase fraction of GHrom 20 to 90% at 10%
rate of CH, oxidation to decreased oxygen partial pressure at O, increases the fraction of MoOwith oxygen vacancies
high CHy/Os ratios becomes greater at higher temperature. from 12 to 20% and increases the fraction of MoW®ith

This is due in part to the greater decrease jrp@rtial pres- adsorbed methoxide from 0.8 to 2.5%. Decreasing the gas-
sure along the length of the reactor at higher rates, but is alsophase @ fraction from 10 to 2.5% at 90% Ctresults in

due to the non-activated nature of the surface re-oxidationa further increase of the fraction of vacancies to 34%. The
(reaction(3M)). The relatively large activation energies for fraction of MoQ, containing adsorbed methoxide species
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Fig. 13. Extraction of kinetic orders and 8 of the homogeneous Gi® _5
reaction. €) varying CHO at 11% Q feed fraction and (- - -) linear fit with 1

slope of 2.55; &) varying O, feed fraction at 1.1% CpD feed fraction

0.130 0.134 0.138 0.142

and (—) linear fit with slope of 0.61. Conversion of @8l was less than 1 mol
20% throughout; conversion of Qvas less than 2%. Recorded at 873 K, —_—(—
RT KkJ

1.62 atm absolute total pressure, and 0.9 s residence time.
) o ] _ Fig. 14. Arrhenius plot of homogeneous @Bl reaction rate. Feed com-

decreases slightly to 2.4%, as fewer oxidized sites are avail-posed of 1.1% CHO, 11% G, balance He at 1.62 atm absolute total

able for dissociative adsorption of GHThus, the fraction of ~ pressure, 0.9 s residence time.

MoOQ, sites available for Chloxidation (oxidized sites) de-

creases with increasing Ghpartial pressure or decreasing — ~ —02 a——
O, partial pressure. This is manifested in the observed nega- % - MoO,/SiO;
tive curvature of the Chloxidation rate with increased GH m; —-0.4
feed fraction and in the decreased LCbkidation rate with S
decreased ©feed fraction. g o
S o6}
4.4. Reactions of formaldehyde A§
= o8} L7
The reaction of CHO over bare silica or supported @ /'-
MoO,/SiO; has not received nearly the attention dedicated = 10 L~ .

to the oxidation of Clj over the same catalysts, and hence

the rate laws for the reaction of GB are not as well known

as those for Chloxidation. Useful information regardingthe _ o o

rate laws was obtained from reaction of §BO,/He mix- Fig. 15. Extr_actlon of k|net|q orders o_f CGIO reaction with r_espectto GO
over bare Si@ and MoQ,/SiO». Varying CHO feed fraction at 11% &

tures over these catalysts at temperatures relevant o CH pajance He at 873 Kef Data recorded over bare Si@nd (—) linear fit

oxidation. The homogeneous reaction of {LHwas also in- with slope of 0.93; M) data recorded over Mo@SiO, and (- - -) linear fit

vestigated under the same reaction conditions to determinewith slope of 0.98.

its relative importance during oxidation over the solid cata-

lysts.

=27 =26 -25 -24 =23 -22

Logw(Y(‘lhO)

-2.1 =2.0 -1.9

The large value ofv is consistent with the observation of
The homogeneous reaction of @Bl produces CQ, typ- increased CHO conversion with increased GB partial
ically with a carbon selectivity o~ 90% CO and< 10% pressure made by Baldwin et 49]. The large exponent
CO,. The homogeneous reaction proceeds via a radical net-is attributable to the multiple roles of GB and its frag-
work[8] and was modeled by a fit of rate data to an empirical ments in the CHO reaction network. An Arrhenius plot of
rate law: kon versus temperature for temperatures of 848 K to 923 K
is shown ag=ig. 14 The activation energy determined from
the slope of this plot is 231 kJnmot. This is higher than
Fig. 13 shows rate data for homogeneous fCHreaction the values of 96 to 109 kJ ot reported by other workers
versus the mean C and @ molar fractions. The ki- at temperatures of 573 to 823 K, but is comparable to the
netic orders were extracted from the log—log plot shown value of 209 kJ mol! reported for reaction vessels coated
rather than by use of a PFR model because the data showedith “oxidation inhibitors” to suppress reactions occurring
good linearity on the log—log plot, and the additional preci- on the vessel wallg8].
sion afforded by the PFR model was deemed unnecessary. Fig. 15shows the dependence of the rate ofOHon-
The data are well represented by K1) with « = 2.55, sumption at 873 K on the CHD feed fraction for reaction
B = 0.61, andkoy = 5.2 x 10~2 molcm 3atn 31651, over bare Si@ and over MoQ/SiO,. The reaction obeys

ran = kaHp&,oPb,- (1)
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Fig. 16. Rate of CHO consumption versusfeed fraction at 873 K with
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Table 2
Mean rates of CHIO reaction at 873 K with 1.1% CyO feed fraction
Catalyst rch,0 (Hmolenm3s71)

11% O No O,
Empty tube 043 Q005
SiOy 0.20 019
MoO,/SiOy 0.95 049

first-order kinetics with respect to GB over both SiQ
and MoQ./SiOy, so linear regression of log—log data of the
CH20 consumption rate versus GE feed fraction yields a
slope of very nearly 1 in both cases.

The rate of CHO consumption at 873 K over bare SiO
and over MoQ/SiO; is shown inFig. 16as a function of the
fraction of & in the feed. With no @in the feed, CO and

The rate laws utilized by Arena et §1.1] and Amiridis et
al. [13] to describe CHO consumption during CHoxida-
tion over SiQ and MoQ,/SiOy, respectively, assume that the
reaction is oxidative and requires one surface oxygen to pro-
ceed (see reactiofi@S) and (2Mabove). Such rate laws will
work as long as the fraction of oxidized surface sites does not
vary greatly from the value for the reaction conditions un-
der which the rate constant was determined. However, these
rate laws will fail when the distribution of surface species
deviates significantly because of changes in coverage by car-
bonaceous species or oxygen vacancies. A more physically
meaningful model for the rate of GI® consumption can
be constructed with the incorporation of terms into the rate
expressions for CED consumption accounting for the non-
oxidative decomposition of C¥D to CO. The following rate
laws are therefore proposed to describe the reaction rates of
CH20 over bare Si@and MoQ./SiO;, respectively:

ras = k2spch,0, (22)
0 1
ram = ki PCH0Pred + ksy) PCH,0¢ox- (23)

The rate law for CHHO decomposition over Sigs taken
to be independent of the speciation of the active sites on
SiOp, consistent with the observed insensitivity of the reac-
tion rate of CHO to the Q partial pressure over bare SIO
The (0) and (1) superscripts day in Eq. (23) refer to the
rate constants for C¥#D decomposition and oxidation, re-
spectively, on the supported Mg@omains. The terms are
assumed to represent, respectively, the activities of the re-
duced (M) sites and oxidized (MO) sites of the supported
MoOQ, as presented in the GHbxidation model above.

The rate law for CHO decomposition over SiD

H» are produced in equivalent quantities, consistent with the (Eq. (22)) was fit to the rate data for G#® over bare Si@

pyrolytic decomposition of CbD:
CH,O — CO + Ho.

When bare SiQis used as the catalyst, the rate of £LH
consumption increases very slightly with increasingf€ed
fraction, and only a small fraction{(20%) of the H gener-
ated is oxidized. The decomposition of &bl also occurs
over the MoQ moieties, as indicated by the increase in
the rate of CHHO decomposition in the absence of Gver
M00,/SiO, (0.49 pmolcm3s1 relative to the rate over
bare SiQ (0.19 umol cm3s~1). As O; is added to the feed,
the rate of CHHO consumption over Mo@SiO; increases
by almost a factor of 2 to 0.95 umol cris™1, and all H
formed is combusted to #D. In separate experiments in
which Hy/O2 mixtures were fed to the reactor, it was con-
firmed that the rate of pilcombustion was very small over
bare SiQ but comparable to the rate of reaction of &M
over MoGQ,/SiOs.

at 873 K shown inFig. 16 by adjustment of the rate con-
stantk,s. The rate law for CHO reaction over the supported
MoO, moieties (Eq.(23)) was then fit to the correspond-
ing rate data obtained over MQ{5iO, by adjustment of
kg,)\), andké}\}l. A surface oxygen balance similar to H48)
was utilized to track the fraction of oxygen vacancies on the
supported MoQ. The balance was constructed by equating
the rate of MoQ reduction by CHO and by the H pro-
duced from non-oxidative C#D decomposition to the rate
of surface re-oxidation already specified by the fit of CH
oxidation data:

2ram —ram — {ras=0. (24)

It was assumed that no carbonaceous species are present
on MoO; sites during CHO oxidation because CI® is
weakly adsorbed on oxidd$3,40,41] Eq. (24) is used to-
gether with the site conservation statement given by(F),

The mean reaction rates observed at the highest (11%)taking ¢c = 0. A similar balance is not necessary for the

and lowest (0%) @ feed fractions studied are summarized
in Table 2 The homogeneous reaction of &bl proceeds

SiOy, since the decomposition of GB over SiQ is inde-
pendent of the fraction of sites oxidized on $iQhe pre-

much more slowly than the reaction in the presence of either dictions of the model take into account contributions due to

solid catalyst.

homogeneous reactions and reactions occurring on exposed
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= 50, ._-/ The observations made here allow us to challenge two
& Mo0,/Si0; -7 assertions made in the literature concerninggOHeaction
¥ 3 at temperatures relevant to glaxidation. The first is that
the reaction of CHO with O, proceeds over Si©by a
- heterogeneous—homogeneous reaction mechanism, in which

N e the SiQ surface initiates the formation of free radicals that
[ decompose CkD in the gas phasgs]. This assertion was
based on the observation by mass spectrometry of -
0.0 . . : ' icals at a number density of about#0cm=2 during the

840 860 880 900 920 940 oxidation of CHO over bare SiQ at 873 K. Inserting this
Temperature (K) concentration of H@ into the rate law reported by Eiteneer

Fig. 17. Rate of CHO reaction versus temperature for reaction of;CH et al.[42] for the decomposition of C4O by HO,-, we esti-
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over (@) bare SiQ and (—) model fit by varyingtos; (l) MoO,/SiOy mate the rate of ChD decomposition at 873 K and 1.5 atm
and (- - -) model fit by varyingEg,)\}I andEéﬂ. Feed compositionwas 1.1%  for a feed containing 1% C¥D to be 0.01 umol cms i,
CHz0, 11.5% Q (balance He). This is about four orders of magnitude less than the rates

observed over Si@in the present study, which suggests
_ _ that the HQ- observed by Nersessian et al. is kinetically ir-
SiOz and MoQ,, as described by Eqé) and (6) Theresult-  relevant. It can similarly be demonstrated with the use of

ing fits of the model are shown with the rate datdig. 16 combustion kinetic dat§3] that the concentration of H

The best fits were obtained with rate constantsksf = necessary to produce the observed concentration of KO
183 pmolcn3s1, k4 = 7.91 pmolcm3atm s, and  much too small to decompose 68 at the observed reaction
kg\}l =245 pmolcn3atm1s 1, rate. These conclusions are supported by our observations of

The O dependence of the homogeneous reaction of the change in the order of reaction with respect to,OH
CHoO appears to account for the very slight increase in from 2.55 to 1.0 as we go from homogeneous,OHox-
the rate of CHO consumption as the Ofeed fraction is  idation to heterogeneous GB oxidation over Si@. The
increased over bare SiOThe dependence of the G re- reduction in the reaction order in the presence of,Sitay
action rate over MoQ'SiO; with respect to @feed fraction ~ be caused by quenching of the radical mechanism by radical
is captured by the model, but the rate rises too sharply with Fecombination on the Siglsurface9] or simply by the first-
O, feed fraction before reaching a plateau. This deviation Order heterogeneous reaction proceeding at a much greater
is the result of a similar trend in fractional oxygen cover- 'ate than the higher-order homogeneous reaction.

age, which rises very sharply with,@eed fraction at small Bafares and Fierro have also claimed that the reaction of
O feed fractions because the rate consfapt is large rel- CH,0 over MoQ,/SiO; proceeds primarily in the gas phase

ative to the rate constankéo,\jl and kéﬂ Although the fit is based on their observations regarding the deleterious effects

not exact, the rate derived from the model deviates by Iessf)fa heated post-reactor volume on the Crbelectivity dur-

than 10% on a relative basis over the range pfé€2d frac- ng CH, oxidation [7]. Wh_ile homogeneous rgaction can
tions studied. Furthermore, the fit obtained from E2R) is mdeed destroy' an appreciable amount OTZOFglven suf-
not worse at any @feed fraction than a fit obtained with ficient contact time, the present investigation has shown that

. ... the void volume within the packed bed is insufficient for
the use of a rate law that does not include a non-oxidative the homogeneous reaction to contribute aporeciably to the
component and provides a better fit at very smallCH,O 9 bp y

ratios where surface oxygen vacancies become significant consumption of CHO for the feed rates studied. Careful at-
ice oxyg . gnit ‘tention to reactor design, as described by Bafiares and Fierro
As demonstrated iRig. 12 the fraction of surface vacancies

b ite significant and nificantly with (exclusion of post-reactor volume and use of small-ID tub-
can be quite signiticant and can vary signiicantly with gas ing to transport the products rapidly out of the heated zone),
composition and temperature during gékidation.

Th q d f thesOr . is important for minimization of the effects of the homoge-
€ temp_erature ependence of the;Ortonsumption neous reaction downstream of the catalyst bed, but within
rate over SiQ and over supported MoOwas modeled

X ) ) the catalyst the homogeneous component of the reaction ap-
with the assumption that the rate constakys, k), and pears to be insignificant.

kgﬂ obey Arrhenius expressions, in which the correspond-

ing activation energies argss, Eé%l and Eéﬁl E»s was 4.5. Model analysis

fit to rate data obtained over bare Si@t various tem-

peratures, and thefyy and Eyy) were fit to similar data The kinetic parameters and the rate laws describing the
obtained over MOQSIOZ The resulting fits of the model Consumption of Ch and ChO are summarized imable 3

to the experimental data are shownHig. 17 The activa-  This information can now be used to simulate the observed
tion energies used in the model aks = 109 kJ mot™, trends in CH conversion and CpD selectivity versus con-

Eé%}l = 125 kJmot?, and ES}' =120 kImoat!. The rate tact time. To utilize the model in a predictive fashion, we cast

data appear to be well described by H@R) and (23) the surface oxygen balances in terms of the rates of surface
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6.44 x 10~3 mol molﬁ% atm1s-1
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klf’ (873 K)
3.39 mol mqj,
0.194 mol mqy

0.466 nmol 2 atm—1s1
58.3 nmolmr2atm~1s-1

K, (873 K)

5.2 x 103 pmol enr3atm3165-1

Rate constant at 873 K
0.122 pmolcm3 atn1s—1
1.35 pmolcnt3atm1s-1
710 pmolcnr3s-1

18.3 pmolcnm3atm1s-1

K (873K)
40.6 pmolcnr3s~1

0.55

Kinetic
group
PCH, 0
PCHy%Pox
dCPH
PoxPc

2.65
PCH,0P0,
PCH,0

Summary of kinetic parameters
CHy — CH,0

k1s
CH,0 — CO,

Table 3
Rate
constant
komf
komr
k1m
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=) 53 bare SiQ at 873 K with feed consisting of 90% GH10% Q. (¢) Ob-
§ § 3 g served CH conversion and (—) model predictiona) observed CHO
selectivity and (- - -) model prediction.
reduction and oxidation, rather than in terms of the para-
T - - metern;. The balance on oxidized MgoGsites (Eq(18)) is
T 9 re-written as
g E £ Sco+2S
T = = cO C
Tc_é‘—'mo e 2r3m — romf + roMr — F1m — <402>”2M
g 'é? ? Sco+ Sco,
Té E E —¢rps=0. (25)
§ N 2 The CHO consumed by non-oxidative processes over
S 3 = both exposed Si@and supported MoQis accounted for in
the MoQ; oxygen balance because thgptoduced by these
processes is oxidized toJ® over MoQ.. The bracketed
Tm term in Eq.(25) accounts for the additional surface oxygen
TE consumed in the generation of @he product distribution
= during the oxidation of ChHO over MoQ,/SIO; is typically
NLE 90% CO, 10% CQ, so the bracketed term is approximated
] as 1.1. This is a good approximation because the term varies
£ . S )
c weakly with the product distribution (going from 1.1 at a
Lo e, CO/CO ratio of 9 to 1.2 at a C@QCO; ratio of 6). At con-
tact times shorter than the time of maximum £MHyield,
this assumption is even more appropriate because the rate
of CHy oxidation is faster than the rate of GB consump-
tion. For SiQ, it was possible to continue using E@.3)
T T T with ng = 1, since CHO decomposition does not consume
n un (2]
T T T surface oxygen.
% % % % Comparisons of the model predictions with experimen-
T & % tal data observed during GHbxidation over bare SiQare
— 5 S shown inFig. 18 Consumption of both CiHand CHO ap-
E g E g pears to occur somewhat more slowly over the bare, SiO
5 2 o than is predicted by the model. The predicted Gldnver-
= 0 sion is about 33% higher than the observed rate at a contact
time of 1.25 s, and the predicted @8 selectivity is about
B x 33% lower than the observed selectivity. The model pre-
S‘% %\‘ %ENE dictions are better at shorter times. The deviation may be
535 & & due in part to experimental error and may also be related
= = == to the variation in HO partial pressure with contact time,
as HO is unaccounted for in the model and may in fact
g inhibit CH4 oxidation. Because the rate of Gtbxidation
PR over SiQ is small relative to the corresponding rate over
S = 29 supported MoQ, this deviation is not of great concern. It
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Fig. 21. Mean rates of CiHoxidation and CHO consumption in each of the
reactive media versus contact time at 923 K, 1.5 atm during @tilation

with feed composed of 20% CH10% O (balance He). The slope of the
top curve in each plot is the total local rate. The maximumyOHield
occurs at 0.29 s under these conditions, where the total local ratesof CH
30 45 60 75 90 oxidation and CHO consumption are equal.
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Fig. 20. Model prediction_s of maximum Gi@ yield with respect tq contact over the exposed Sitand pseudo-second-order in the frac-
time versus CH feed fraction at various temperatures.f®ed fraction held tion of oxidized sites over MoQ whereas reaction of Gi®
constant at 10%, total pressure of 1.5 atm absolute. e . an . .

is independent of the fraction of oxidized sites over £iO
and first-order in the fraction of oxidized sites over MoO
Hence the maximum single-pass yield achievable increases
with decreasing Ch} O, ratio as the surface fractions of oxi-

slower by approximately the same factor as the observedg'aegs't_ef dbgcome gre?ter. Azth:% K5 tlr:)/e maX|rr1n umfgo;smle
rate of CH, oxidation. L0 yield increases from 2.0 to 5.1% as the Ltde

The predicted trends for GHoxidation over MoQ/SiO; f.ract.ion is decreased from 90 to 1% while thg @gd frac- '
at 873 K with 90% CH, 10% O are compared with the tion is held constant at 10%. Because the activation energies

observed data iffig. 19 The model predictions are in very fqr CHg oxidation are Iarge relative.to t.he activation ener-
good agreement with observations of both Gtenversion  9i€s for CO decomposition and oxidation, the rate of £H
and CHO selectivity over the entire range of the data. De- ©Xidation increases faster than the rate ofOHonsump-
viations are less than 10 relative % over the entire range. 10N with increasing temperature, so the maximum possible
Since the model provides a good description of;@Hn- yield increases with temperature. This effect is much more
version and CHO selectivity for MoQ/SiO, and was de-  Pronounced at small C41O; ratios. High CH/ Oz ratios di-
veloped from observations made over a wide range of tem- Minish the effect of increasing temperature, as the balance of
peratures and gas-phase compositions, it can be used to agurface sites is shifted away from oxidized sites under these
sess the impact of reaction conditions on the,OHyield. conditions. With a feed composed of 1% &HO0% Q,
Fig. 20shows the effects of both feed composition and tem- the maximum CHO yield increases from 2.2% at 848 K
perature on the maximum single-pass yield achievable with to 7.8% at 973 K, but with a feed composed of 90%4CH
respect to contact time over MQ@iO;. The highest single-  10% G, the maximum CHO vyield only increases from 1.2
pass yields are possible when the rate ofs@iidation is to 2.0%. This is consistent with the observations of Spencer
maximized relative to the rate of GB consumption. The  and Pereira, who observed only a very slight increase in the
rate of CH; oxidation is more sensitive to the fraction of profile of CHO selectivity versus Chkiconversion with in-
oxidized sites than is the rate of reaction of £LH CH, creasing temperature when they conducted experiments at a
oxidation is second-order in the fraction of oxidized sites CH,/O ratio of 9[14].

should be noted that the predicted &M selectivity versus
CHg4 conversion is excellent, as the observed rate of@QH
decomposition (as measured by the ACHselectivity) is
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— Si0, Active 5. Conclusions
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=
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-

N = = 8i0; Inactive

=}

A model has been developed to describe the kinet-
ics of the selective oxidation of methane to formaldehyde
over MoQ,/SiO,. This model accounts for the reactions of
methane and formaldehyde occurring in the gas phase and
on the surfaces of the silica support and the dispersed molyb-
dena. The overall rate of reaction, predicted by the model as
the sum of the rates of reaction proceeding in the gas phase

0 15 30 45 60 75 90 and on the catalyst surface, very accurately describes the
CH, Feed Fraction (%) rate of CH, oxidation and the selectivity of the products for

) ) i . . CH20 observed experimentally. Since the kinetics of homo-
Fig. 22. Maximum CHO yield with respect to contact time versus £8» . . .
ratio for CH, oxidation at 973 K, 1.5 atm with 10%{feed fraction over geneous reaction and heterogene_ogs reac_tlon occurring on
MoO,/SiO;. (—) All reaction pathways active (real system as modeled); Si02 and MoQ. are each known, it is possible to use the
(---) SiO, pathways inactive. model to assess the importance of each contribution to the
overall performance of the catalyst.

Having defined the contributions of the gas-phase, sup- The oxidation of CH is found to proceed almost ex-
port, and supported MoQ it is possible to isolate the in-  clusively over the supported molybdena. The rate of ho-
trinsic activity of the supported MoQ Fig. 21 shows the mogeneous oxidation is negligible at the pressures used in
contribution of each locus of reaction on the total rates of re- this study, and the rate of Gibxidation over bare Si®is
action during CH oxidation at 923 K for a feed composed about an order of magnitude less than that over the supported
of 20% CHy, 10% . These contributions were determined MoO;. Although the rate of gas-phase @B oxidation is
by constructing the gas-phase and surface species proﬁ|e§neasurable, the void volume within the catalyst is insuffi-
versus contact time, integrating the local rates of reaction in cient for this process to make a significant contribution to
each of the reactive media over the length of the reactor, andoverall rate of CHO consumption. The principal process oc-
normalizing by the total contact time. The observed rate of curring over bare Si@is CH,O decomposition to form CO
reaction is the sum over;) for reaction occurring in the gas ~ and k. Even in the presence of excesg, @ery little of the

phase, on the exposed Si@nd on the supported MgO H2 undergoes combustion. GB decomposition also occurs
on the supported MoQ When G is present in the feed, all

£

[ ]

Maximum CH,O Yield (%)
=)

[—]

T

1 o of the H, formed from CHO decomposition is combusted
(ri) = ;/Vi(f )dt'. (26)  on the supported Mo
0 The maximum single-pass conversion of £td CH,O

The overall rate of reaction is given by the uppermost IS Strongly influenced by temperature and £28; ratio in
curve inFig. 21 The rate of reaction at a given contact the feed. The maximum single-pass yield increases with in-
time within the reactor is proportional to the slope of the Creasing temperature and decreasing; G} ratio. For the
uppermost curve, and the maximum yield is obtained when catalyst studied a maximum GB yield of 7.0% could be
the slopes of the CyO consumption rate and Groxida- achieved at atempe_rature of 973 K Wlt_h a feed composed of
tion rate are equal but opposite. This occurg at 0.29 s 9% CHiand 10% Qin He. A further gain of 2.5% could be
for the conditions shown iffig. 21 At this contact time, ~ achieved if the surface of SiQvere made completely inac-

the mean Cl oxidation rate over the supported Mo@s tive.
1.17 pmolcnt3 s, whereas the mean rate of Gldxida-
tion over the exposed SiOs only 0.082 pmolcm3s1.
The mean rates of G0 consumption at this contact time
are 0.483, 0.358, and 0.041 pmolchs 1 on the MoQ, on

the exposed Sig and in the gas-phase, respectively. Hence
the effect of the exposed S)dn the observed activity is
deleterious, as it contributes to the consumption opOkb

a greater extent than it does to the formation of,OH
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