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Abstract

Mo2O5
2+-ZSM-5 (Mo/Al f = 0.4, Si/Al f = 20) samples prepared by sublimation of MoO3 were carburized in CH4 to form MoCx

clusters active in CH4 pyrolysis and then exposed to different CO2/CH4 mixtures. CO2/CH4 reactant ratios between 0 and 0.1 increa
catalyst stability but decreased pyrolysis rates, and ratios above 0.1 led to a sudden loss of activity that was reversed after remo2.
Below CO2/CH4 ratios of 0.1, the catalyst bed can be described as a CO2-reforming and pyrolysis reactor in series. In the first segmen
the bed, where CO2 is present, pyrolysis is completely suppressed by reverse Boudouard reactions; pyrolysis reactions begin afte2 is
completely consumed. CO2 cannot directly influence rates or deactivation for pyrolysis reactions. Rather, the greater stability observ
CO2-containing reactants arises solely from the presence of H2, formed in the CO2-reforming section, in the pyrolysis regions within th
catalyst bed. The evolution of catalyst structure and composition in CO2/CH4 reactants was also probed by mass spectrometric analy
effluent streams and by in situ X-ray absorption spectroscopy to determine the underlying processes responsible for reversible d
at CO2/CH4 ratios greater than 0.1. MoCx -ZSM-5 samples exposed to CO2/CH4 streams with 0.022 and 0.055 ratios at 950 K acqu
0.3±0.01 and 1.75±0.03 O-atoms/Mo, respectively. X-ray absorption edge energies in MoCx -ZSM-5 increased from 0.2 to 1.9 eV (relativ
to Mo0) after contact with 0.025 CO2/CH4 mixtures at 950 K for 1 h, indicating that oxidation of some Mo centers occurs. These sp
changes occurred concurrently with the detection of pre-edge features typical of MoOx structures. Radial structure functions resemble th
for samples exposed to pure CH4, which consist of 0.6-nm MoCx clusters, but show an additional Mo–O coordination shell also dete
in bulk β-Mo2C exposed to ambient air. These data suggest that the inhibition and ultimate suppression of catalytic pyrolysis
with CO2 addition reflect the oxidation of active MoCx structures, the extent of which increases with increasing CO2/CH4 reactant ratios
CO2/CH4 reactant ratios above 0.1 lead to conversion of MoCx to MoOx structures, which are inactive for both reforming and pyroly
reactions of CH4, but which reform active MoCx after an induction period when exposed to pure CH4 reactants at reaction conditions.
 2004 Elsevier Inc. All rights reserved.

Keywords:Molybdenum; Carbides; ZSM-5; MFI; CO2; CH4; Reforming; Pyrolysis; EXAFS; XANES; Aromatization
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1. Introduction

Medium-pore zeolites with MFI structure and modifi
by transition metal cations catalyze oligomerization,
clization, and dehydrogenation reactions required to con
small alkanes to alkenes and arenes[1–14]. Wang et al.[15]
first reported that MFI modification by contact with aqu
ous Mo6+ salts leads to near-equilibrium yields of ethe
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E-mail address:iglesia@cchem.berkeley.edu(E. Iglesia).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.037
ethane, and benzene during nonoxidative CH4 reactions with
low selectivities for larger unsaturated products, appare
because of steric constraints imposed by MFI chann
MoOx precursors were shown to form carbide clusters d
ing initial contact with CH4 at 950 K [16]; these clusters
provide the catalytic surfaces required for activation of C
bonds in CH4 and for removal of H-atoms as H2 during both
CH4 conversion to C2 molecules and sequential conversi
of these primary C2 products to arenes[17]. The exchange
of acidic protons with D2 [18], together with Raman spec
troscopy and multiple-scattering simulations of the exten
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fine structure in X-ray absorption spectra[19], provided di-
rect evidence that Mo(VI)-oxo dimers form at exchange s
during sublimation of MoO3/H-ZSM-5 physical mixtures
These Mo-oxo dimers subsequently convert to active Mx
structures during CH4 reactions.

Mo-ZSM-5 catalysts deactivate during nonoxidative C4
reactions[20–22] via carbon deposition processes, wh
become slower as external acid sites on zeolite crystal
selectively titrated by bulky organosilanes[23]. CO2/CH4
mixtures lead to slower deactivation than pure CH4 reac-
tants[24,25], an observation attributed to continuous carb
removal via

CO2 + C∗ → 2CO+ ∗. (1)

A sudden loss of catalytic activity above a threshold CO2/

CH4 reactant ratio (∼ 0.06), reversed upon removal of CO2
from the CH4 reactant stream, has also been reported[26].
This sudden but reversible deactivation in CO2/CH4 feeds
appears to reflect the oxidation of MoCx instead of carbon
deposition processes prevalent with pure CH4 reactants[27].
At CO2/CH4 ratios below these threshold values, CH4 con-
version rates were lower but more stable than those obta
with pure CH4 reactants. These lower rates reflect, at lea
part, kinetic and thermodynamic inhibition by H2 formed in
CH4–CO2 reforming reactions; H2 can also inhibit the for
mation of large organic residues. Lower pyrolysis rates m
also reflect the continuous removal of reactive carbon
quired for C–C bond formation, as CO, with the use of C2
as a reactant. Green et al.[28] examined CO2 reforming
on bulk Mo2C and WC and proposed that CO2 dissociates
at carbon vacancies to form a steady-state concentratio
chemisorbed oxygen (O∗) at carbide surfaces. High O∗ ther-
modynamic activities, prevalent at high CO2/CH4 ratios,
can lead to Mo2C oxidation to less reactive MoOx species.

Here we probe CH4 pyrolysis catalysis and deactivatio
pathways on carburized Mo2O5

2+-ZSM-5 at low CO2 con-
centrations by rigorously isolating and examining the kin
and thermodynamic effects of CO2 on measured reactio
rates. Kinetic factors contributing to decreased hydrocar
formation rates such as C∗ scavenging by CO2 and H2 and
oxidative deactivation of carbide active sites are exam
independently with varying feed composition and conc
tration. In contrast to previous studies, we report true
ward rates by accounting for reactions of products and u
thermodynamic equations that account for the equilibr
approach inherent in measured rates. Moreover, we re
new evidence suggesting that the enhanced stability of
ZSM-5 in CO2/CH4 mixtures is due to H2 alone and not, a
previously proposed, CO2 [24]. Finally, in situ time-resolved
mass spectrometry and X-ray absorption spectroscopy
used to measure the oxidation state, local coordination,
structure of Mo-ZSM-5 in CH4 reactants with low CO2 con-
centrations and to identify processes leading to the obse
effects of CO2 on the catalytic rates, selectivity, and ultima
reversible deactivation of active Mo-based structures at
CO2 concentration.
f

t

2. Experimental

2.1. Catalyst synthesis

We prepared H-ZSM-5 from Na-ZSM-5 (Si/Al f = 20,
Zeochem; Alf = framework Al) by heating Na-ZSM-5
(2 g) to 823 K at 0.083 K s−1 in He (2.5 cm3 s−1 g−1

Airgas, UHP) and holding at 823 K for 2 h in dry a
(2.5 cm3 s−1 g−1 Airgas, zero grade), a process that remo
the organic templates used in ZSM-5 synthesis witho
detectable loss of crystallinity. The resulting template-f
Na-ZSM-5 (10 g) was converted to NH4-ZSM-5 by ion ex-
change with 1 L of NH4NO3,aq (1 M, Fisher, Cert. ACS
at 353 K for 12 h, followed by washing with 2 L of deion
ized H2O. This exchange procedure was carried out th
times with fresh solutions; samples were then dried for 1
at 400 K in ambient air. NH4-ZSM-5 (5 g) was converte
to H-ZSM-5 by heating in 0.5 cm3 s−1 g−1 dry air to 773 K
at 0.167 K s−1 and holding for 24 h. H-ZSM-5 and MoO3
(Johnson Matthey, 99.5%) were then ground in an a
mortar and pestle for 0.2 h to form intimate mixtures c
taining a Mo/Al f ratio of 0.41. This mixture was heated
623 K at 0.167 K s−1 and then held at 623 K for 24 h i
20% O2/He to remove water and to spread MoO3 on exter-
nal zeolite surfaces[17,19]; finally, the mixture was heate
to 973 K at 0.167 K s−1 and held at 973 K for 2 h to form ex
changed Mo2O5

2+-ZSM-5 [19]. The catalysts were forme
into pellets with 0.12–0.25-mm diameter for use in structu
characterization and catalytic studies.

2.2. Catalytic reactions of CH4 and CH4–CO2 mixtures

Steady-state catalytic rates were measured at 950 K
1-g catalyst samples held within a quartz reactor (12
i.d.). Reactants were 90% CH4/Ar (Matheson, UHP, pu
rified with a Matheson MTRP-0019-XX oxygen-moistu
trap; 1 bar total pressure, 0.208 cm3 s−1) mixed with 50%
CO2/He (Matheson, UHP) or H2 (Airgas, UHP). We held
CH4 partial pressures constant (91 kPa) when using C2
or H2 coreactants by increasing the total reactor press
The reactor effluent was directly transferred via heated l
(423 K) into a gas chromatograph (Agilent model 6890). H
drocarbons were separated with a capillary column (Agi
HP-1, 50 m× 0.32 mm× 1.05 µm) and their concentr
tions were measured by flame ionization. CH4, Ar, CO, CO2,
and H2 were separated with a packed column (Agilent Po
pak Q, 4.5 m) connected to a thermal conductivity detec
CH4 conversion rates were measured with Ar as an inte
standard to ensure rigorous mass balances. Product se
ities are reported on a carbon basis as the percentage o
verted CH4 molecules appearing as each product. Unreac
residues or nonvolatile products remaining on catalyst
transfer lines were determined by difference and reporte
C12+. CO selectivities are reported as the percentage o
CH4 converted and appearing as CO (using half the total
formed, i.e., excluding CO formed in Eq.(1)); in this way,
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the sum of all reported carbon selectivities, including C
equals unity. Yields are reported as the product of each
lectivity and the fractional CH4 conversion.

Measurements of O-atoms removed from or added to
catalyst with sudden changes in reactant composition
quired product analyses at short time intervals (< 1 s). Prod-
uct evolution rates in these experiments were measure
mass spectrometry (MKS Minilab with electron multiplie
detection limit∼ 1× 10−4 kPa for fixed gases), with the us
of a heated capillary for continuous sampling of condens
species. All transient experiments were conducted at 95
and ambient total pressure. During reduction/carburiza
of Mo2O5

2+-ZSM-5, the reactor feed was rapidly chang
from pure He at 1 cm3 s−1 to a mixture containing 54 kP
CH4, 6 kPa Ar, and the balance in He at a total flow rate o
cm3 s−1. During oxidation of reduced/carburized Mo-ZSM
5, the feed was switched from the latter composition to
containing 54 kPa CH4, 6 kPa Ar, 1–3 kPa CO2, and He as a
balancing gas to maintain a constant flow of 1 cm3 s−1. CH4
pyrolysis and reforming products with overlapping ma
fragments were measured with the use of matrix deco
lution methods adapted from earlier studies[18,29].

Measured net product formation rates are lower than
true kinetic forward rates when the product formed is
volved in subsequent reactions or when reverse reac
become important near equilibrium. Forward rates,rforward,
corrected from the measured net reaction rates,rnet, in a se-
quential reaction (Eq.(2)) can be determined by correctio
for the approach to thermodynamic equilibrium with

(2)CH4
1←→ C2H4

2←→ C6H6
3←→ C10H8,

(3)rC2H4,forward= rC2H4,net+ r−1 + rC6H6,net+ rC10H8,net,

(4)rC2H4,net+ r−1 = rC2H4,net/(1− η1),

where the approach to equilibrium for reactionj , ηj (where
j = 1 for ethene formation from methane), is given in ter
of the partial pressures (in atm),pi , of chemical species,i,
and the equilibrium constant,Kj , for each reaction[30]

(5)ηj = p
1/2
C2H4

pH2

pCH4Kj

.

2.3. MoK-edge X-ray absorption spectroscopy

X-ray absorption spectra (XAS) were measured with
use of beamline 4-1 at the Stanford Synchrotron Radia
Laboratory (SSRL). Spectra were recorded in transmis
mode with the use of three ionization chambers in se
filled with a constant Ar flow. Catalyst samples were plac
between the first two detectors, and a Mo foil (2.5 µm) w
placed between the last two. The energy scale was
brated from the first inflection point in the Mo foilK-edge
(20 keV). The beamline was equipped with a Si(220) dou
crystal monochromator and a downstream horizontal a
ture (0.2 mm× 5.0 mm). Signal intensities were detuned
70% of their maximum levels to minimize harmonic cont
butions. Spectra were acquired in 5-eV increments wi
the pre-edge region (19.80–19.98 keV), 0.25 eV near
edge (19.98–20.04 keV), and 0.04 Å−1 in the fine structure
region (3.24–16 k). Transient experiments required ra
scanning for accurate assessments of the dynamic e
tion in the near-edge spectra (< 1 ks per spectrum). Thes
rapid scans were measured in 5-eV increments from 1
to 19.98 keV, 0.5 eV from 19.98 to 20.03 keV, 3.77 eV fro
20.03 to 20.13 keV, and 20.4 eV from 20.13 to 20.73 k
The two types of spectral acquisition protocols descri
above are hereinafter denoted as methods 1 and 2.

The in situ X-ray absorption cell used in this stu
has been described previously[31,32]. Samples were hel
within a 0.8-mm i.d. quartz capillary with 0.1-mm-thic
walls. Gases were metered with electronic mass flow c
trollers in a manifold capable of producing streams prepa
from three different gas sources. H-ZSM-5 was exchan
with MoO3 with the procedures described above, bef
X-ray absorption measurements were recorded. Mo2O5

2+-
ZSM-5 was exposed to 90% CH4/Ar (Praxair, UHP) at
950 K, and reduction and carburization processes were m
itored from X-ray absorption near-edge spectra (XANE
with acquisition method 2; we determined the extent
carburization by monitoring changes in the pre-edge
sorption feature. When the pre-edge features became
detectable, samples were exposed to one of two rea
mixtures. Some samples were exposed to pure CH4 for 1 h,
and then extended X-ray absorption fine spectra (EXA
were recorded with method 1. The remaining samples w
exposed to a reaction mixture with a 0.025 CO2/CH4 molar
ratio and the XANES region was monitored with acquisit
method 2 until no further spectral changes were detecte
which time a detailed spectrum, including the details of
fine structure, was acquired with method 1.

MoO3 (Johnson Matthey, 99.5%), MoO2 (Aldrich, 99.9%)
β-Mo2C (prepared by temperature-programmed reduc
of MoO3 in 20% H2/CH4 at 973 K[33]), MgMo2O7 (pre-
pared as in[34]), and (NH4)2Mo2O7 (Strem Chemicals
99.98%) were diluted with boron nitride and sealed w
Kapton tape before we acquired X-ray absorption spe
for these materials with known structures. Theβ-Mo2C
sample was passivated before exposure to ambient air
near-surface regions of the sample contained oxygen. T
compounds provide structural and oxidation state stand
for the assessment of unknown structures as they evolve
ing catalysis in various reactant mixtures.

Spectra were analyzed with the use of WinXAS Vers
2.1 [35]. Pre-edge and post-edge baselines were subtra
with the use of first- and third-order polynomials, resp
tively, and the near-edge region was analyzed between 1
and 20.12 keV. The absorption background was remo
andk2-weighted spectra were transformed between 2.6
13.0 Å−1. The spectra were then corrected for phase s
and fitted inR-space between 0.5 and 4 Å with the use of
Hanning window and FEFFIT[36] to determine interatomi
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distances and coordination numbers. Backscattering am
tudes and phase shifts of theoretical standards were g
ated with the use of FEFF8.0[37] algorithms, and ATOMS
[38] was used to generate the required input files from
viously reported atomic coordinates. We determined the
plitude reduction factor,S2

0, by fitting experimental Mo foil
spectra. Factor analysis was used to identify the princ
components in the samples from near-edge spectra rec
during transient experiments. WinXAS software contain
built-in factor analysis code that uses the Malinowski indi
tor function[39] to estimate the number of pure componen
and a target transformation module to identify the pure c
ponents[40]. The target transformation algorithm genera
an absorption vector of a known reference compound
interpolating its spectra onto the same energy grid as
unknown experimental spectra. A least-squares fitting
cedure is then used to determine a transformation vecto
will be identical to the absorption vector of the referen
compound within experimental error if the reference is
deed a principal component. A goodness-of-fit param
or residual, less than 1% is generally considered acc
able[40].

3. Results and discussion

3.1. Steady-state catalytic studies

Steady-state catalytic rates and selectivities were
measured on Mo2O5

2+-ZSM-5 (Mo/Al f = 0.41) at 950 K
with the use of pure CH4 reactants (91 kPa). This cataly
composition led to maximum CH4 pyrolysis rates by bal
ancing the number of MoCx species required for CH4 activa-
tion and the residual Brønsted acid sites required for alk
oligomerization and cyclization, while avoiding dealumin
tion of the zeolite framework via formation of Al molybda
species at higher Mo loadings[17].

Table 1 shows forward rates for product formation
950 K and 91 kPa CH4 after 8.6 and 30.1 ks of contact wi
reactants. Ethane and etheneη values are almost identica
indicating that their interconversion is equilibrated. The
proach to equilibrium for arene synthesis was substantia
decreased with time because of catalyst deactivation by
position of unreactive residues, which form on active s
within channels, restrict reactant access to such sites
decrease CH4 conversion levels[27]. The sequential natur
of arene formation pathways (via C2 initial products) led
to stronger time-on-stream effects on arene formation r
than on C2 formation rates. Thus, the selectivity shifts to p
mary C2 products as deactivation occurs.

CO2 was added to CH4 reactants to probe the effects
CO2 concentration on CH4 reaction rates and catalyst stab
ity. Steady-state CH4 conversion and CO and hydrocarb
yields are shown inFig. 1 for CO2/CH4 molar ratios less
than 0.1. Samples were first activated by reduction and
burization with pure CH4 reactants until hydrocarbon yield
r-

d

t

-

Table 1
CH4 pyrolysis over Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3

s−1 CH4; 101.1 kPa, CH4:Ar = 9:1)

Time on stream (ks) 8.6 30.1
CH4 conversion (%) 7.0 4.8

Distance to equilibrium (η, %)a

C2H4 87 70
C2H6 86 71
C6H6 54 25
C7H8 57 29
C10H8 (naphthalene) 44 19

Forward rates (10−3 mol/(g-atom Mo-s))
C2 2.04 1.17
C6H6 2.55 1.16
C7H8 0.14 0.09
C10H8 0.47 0.15

Selectivity (% carbon)
C2H4 3 7
C2H6 2 3
C6H6 54 59
C7H8 3 5
C10H8 14 9

a η, Distance to equilibrium for each product defined in Eqs.(2)–(5)(Sec-
tion 2.2).

Fig. 1. CH4 conversion and hydrocarbon yield as a function of CO2/CH4
ratio on Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3 s−1 CH4,
91 kPa CH4).

reached maximum values (∼ 2 h); CO2 was then added. CH4
conversion remained constant at∼ 7% for CO2/CH4 ra-
tios below 0.064; CO2 was not detected in the effluent wi
these reactant mixtures. At slightly higher CO2/CH4 ratios,
CH4 conversion increased proportionally with CO2 concen-
tration. Methane conversions were very similar to the s
of hydrocarbons and CO (from CH4, defined in the Exper
imental section) yields; no detectable C12+ products were
formed at these moderate CO2 concentrations.Fig. 2shows
CH4 conversion and hydrocarbon and CO yields for re
tant mixtures with CO2/CH4 ratios of 0, 0.05, and 0.1 afte
activation in pure CH4 for 2 h. Hydrocarbon yields wer
2.1% at a 0.05 CO2/CH4 ratio and did not decrease ev
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Fig. 2. CH4 conversion and hydrocarbon yield as a function of time on Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3 s−1 CH4, 91 kPa CH4).
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after 15 ks; only traces of C12+ hydrocarbons were formed
At a CO2/CH4 ratio of 0.1, the initial CH4 conversion was
∼ 10%, CO2 was completely consumed within the catal
bed, and hydrocarbons were virtually undetected at less
two orders of magnitude of their yields in CO2 free feeds
(Fig. 2, right panel). With this reactant mixture, CH4 con-
version decreased abruptly to undetectable levels after∼ 1 h.
Removal of CO2 from the reactant stream led to the recov
of catalytic rates, after an activation period of 3 ks, dur
which CO was formed and hydrocarbons increased to m
mum rates (Fig. 2, right panel).

The lower hydrocarbon yields obtained with CO2 core-
actants may reflect thermodynamic or kinetic effects.2

formed via CH4–CO2 reforming would decrease equilib
rium CH4 conversion levels and increase rates for the
verse of the dehydrogenation steps required to form alk
and arenes. Adsorbed organic species may be removed
tinuously by CO2, thus inhibiting chain growth process
requiring C–C bond formation, but ultimately replacing c
bidic carbon in MoCx with O-atoms until CO2 is depleted
along the catalyst bed. CO products of CH4–CO2 mixtures
may also form unreactive carbon species via Boudouard
actions that impede access to active sites. We consider
of these possible effects below.

Net rates were corrected for approach to equilibrium
assess the role of H2 formed in CH4–CO2 reactions on
pyrolysis forward rates. The resulting (forward) arene s
thesis rates decreased with increasing CO2 concentration
(Fig. 3). Equilibrium calculations for combined pyrolys
and CO2 reforming reactions, made with thermodynam
data[41,42], showed that net hydrocarbon yields decrea
with increasing CO2 feed concentration because of the2
formed in CO2 reforming reactions. If H2 were solely re-
sponsible, however, for the observed effects of CO2 on
hydrocarbon synthesis rates, forward arene synthesis
-

h

s

Fig. 3. Forward product synthesis rates as a function of CO2/CH4 ratio
on Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3 s−1 CH4, 91 kPa
CH4).

would be independent of CO2 concentration, in contradic
tion to the data shown inFig. 3.

We next consider the effect of H2 on pyrolysis rates inde
pendently of CO2 with H2/CH4 reactants. H2 can decreas
net arene synthesis rates because of thermodynamic ef
which are accounted for through our use of forward ra
or via scavenging of reactive carbon and suppression o
C bond formation pathways.Fig. 4a shows benzene forwar
rates as a function of average H2 pressure (defined as th
mean of its inlet and outlet values) with both H2/CH4 and
CO2/CH4 reactants (at 950 K and 91 kPa CH4). We calcu-
lated inlet H2 pressures for CO2/CH4 mixtures by assuming
that CO2 is depleted near the bed inlet and H2 forms with
the stoichiometry of CH4–CO2 reactions. Forward rates o
benzene synthesis decreased with increasing H2 pressure in
H2/CH4 feeds, indicating that H2 kinetically inhibits CH4



178 H. Lacheen, E. Iglesia / Journal of Catalysis 230 (2005) 173–185
Fig. 4. Forward benzene formation rate as a function of average H2 pressure on Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3 s−1 CH4, 91 kPa CH4)
assuming (a) CO2 is completely consumed near bed inlet and (b) CO2 is consumed at an intermediate point along the bed proportional to the CO2 inlet
concentration given by Eqs.(6) and (7). The average H2 pressure is defined as the arithmetic mean of the inlet and outlet H2 partial pressures. The inlet H2
partial pressure for CO2/CH4 mixtures is defined as the partial pressure of H2 produced in CO2 reforming reactions.
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pyrolysis reactions, because we take thermodynamic ef
into account by using Eqs.(2)–(5)to calculate forward rates
Benzene synthesis forward rates were always higher
H2/CH4 than with CO2/CH4 reactants for any given ave
age H2 pressure. Therefore, the lower benzene forward r
observed with CO2/CH4 mixtures are not caused only b
inhibition by the H2 formed (in CH4–CO2 reforming reac-
tions) near the bed inlet.

The data inFig. 2 show that at CO2 conversions be
low 100%, hydrocarbon yields decrease by two order
magnitude compared with those with CO2-free feeds. CO2
scavenges C∗ before C–C bond formation can occur, th
preventing pyrolysis reactions at any reactor position
contains unreacted CO2. Thus, the fraction of the cataly
bed that remains available for CH4 pyrolysis reactions de
creases with increasing CO2 concentration. CO2 reforming
rates on Ni and noble metal catalysts have been show
be independent of CO2 and proportional to CH4 concentra-
tions [43,44]; therefore, the fraction of the catalyst expos
to CO2 should be proportional to the inlet CO2 concentra-
tion at these low CO2/CH4 ratios. Forward pyrolysis rate
(Fig. 4a) thus reflect only that part of the bed remaining
ter CO2 depletion. We account for this smaller amount
active catalyst by using the CO2 concentration where no hy
drocarbons are detected as the threshold CO2 concentration
Cmax, and assuming that for feeds with CO2 inlet concentra-
tion, Ci , the CO2 is completely consumed at a bed leng
Li , equal to

(6)Li = (LCi)/Cmax,

whereL is the length of the fixed-bed reactor. Forward ra
corrected for effective bed length are then equal to

(7)rforward,eff = rforward
.

1− Li/L
The rforward,eff vs average H2 partial pressure is plotted i
Fig. 4b. Benzene forward rates for H2/CH4 and CO2/CH4

feeds collapse onto a single line, confirming our new mo
for the complete suppression of pyrolysis reactions by C2.
Naphthalene synthesis rates for CO2/CH4 and H2/CH4 feeds
also lie along the same line.

The effective forward rates inFig. 4suggest that the lowe
pyrolysis yields with CO2/CH4 mixtures occur as a resu
of a shorter active catalyst bed available for pyrolysis a
result of CO2 scavenging of active C∗ near the bed inlet
Yet we observe, as have others[24], that pyrolysis rates ar
much more stable with time on stream when CO2 is present
in CH4 feeds, even though pyrolysis occurs only in tho
regions of the bed where CO2 is no longer present. Suc
regions of the bed can detect the presence of CO2 in the
inlet stream only through the presence of the H2 and CO
products formed in CH4–CO2 reactions. First-order deact
vation constants for hydrocarbon synthesis were 0.011
0.0008 ks−1, with CH4 (5 kPa average H2 pressure〈H2〉)
and 0.06 CO2/CH4 (12.5 kPa〈H2〉) feeds, respectively, a
shown inTable 2. For a H2/CH4 feed with an average H2
pressure (12 kPa〈H2〉) similar to that prevalent after CO2 de-
pletion with 0.06 CO2/CH4 reactants, the deactivation co
stant was 0.001 ks−1, a value very similar to that obtaine
with CO2 coreactants (0.0008 ks−1). The similar deactiva
tion constants for feeds with similar average H2 pressures
(12–12.5 kPa) but different inlet compositions confirm t
the sole effect of CO2 coreactants on deactivation is to for
H2, which acts as the deactivation inhibitor in downstre
pyrolysis reactions of the catalyst bed, within which C2
could not have any more direct effects because it is no lo
available. This exclusive role of H2 in inhibiting deactiva-
tion processes contrasts with previous claims attributin
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Table 2
First order deactivation constants and benzene forward rates over Mo-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 0.19 cm3 s−1 CH4, 91 kPa CH4) with different
average H2 partial pressures

Average H2 pressure of
feed mixture (kPa)

kd (10−2 ks−1) Benzene rate (10−3 mol/(g-atom Mo-s))

CH4 H2/CH4 CO2/CH4 CH4 H2/CH4 CO2/CH4
a

5 1.10 – – 2.35 – –
12 – 0.10 – – 1.50 –
12.5 – – 0.08 – – 1.45

a Benzene forward rate corrected for effective bed used for pyrolysis (Eqs.(6) and (7)).
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directly to CO2 scavenging of C∗ via reverse Boudouard re
actions[24].

Forward rates measured as a function of inlet compos
indicate that the catalyst bed can be described as two
crete sections, catalyzing reforming and pyrolysis reacti
at low CO2/CH4 ratios. Pyrolysis does not occur while CO2
is available because it effectively scavenges C∗ intermedi-
ates required for chain growth. The downstream pyroly
section acts as a catalyst bed with an inlet stream con
ing CH4 and equimolar amounts of H2 and CO. The shorte
effective bed for pyrolysis and the thermodynamic effe
of H2 formed in the reforming section lead to lower hydr
carbon yields than with pure CH4 inlet streams, but also t
lower deactivation rates as a result of the role of H2 in pre-
venting the formation of unreactive residues, probably la
polynuclear aromatics requiring sequential dehydrogena
steps reversed by H2.

The active Mo phase within pyrolysis sections of the b
consists of small carbide clusters similar to Mo2C [16,45],
but the structure and oxidation state of the section of
bed exposed to CO2 remain unclear. In the sections that fo
low, we explore the structural and catalytic consequence
CO2/CH4 mixtures by mass spectrometric analysis of
bed effluent during compositional transients and in situ
ray absorption spectroscopy to provide evidence that ox
tion of Mo carbides at high CO2 concentrations forms a M
phase that is inactive for C–H bond breaking and there
for catalytic pyrolysis of CH4.

3.2. Transient evolution of products during contact with
CO2/CH4 reactant mixtures

The removal of C∗ by CO2 to form CO and the poten
tial replacement of the C∗ species in MoCx by oxygen to
form MoOx species inactive in pyrolysis and even refor
ing reactions may account for the deactivation of Mo-ZSM
observed at high CO2 concentrations (Fig. 2). The resulting
depletion of reactive C∗ (or CHx

∗) monomers would preven
C–C bond formation within regions in the reactor conta
ing CO2. We examined these effects by measuring chan
in effluent composition, as inlet CO2 concentrations wer
abruptly changed in an effort to measure the number o
atoms added to or removed from working catalysts in e
ronments containing different CO2 concentrations.

Fig. 5a shows the CO, H2O, H2, C2H4, and C6H6 for-
mation rates and CH4 conversion during initial contact o
Mo2O5
2+-ZSM-5 with CH4 at 950 K. H2, H2O, and CO

were initially detected as a result of the reduction and
burization of trace amounts of unexchanged MoO3 [29];
these products inhibit the reduction and carburization of
reducible exchanged Mo-oxo dimers. As these dimers
timately converted to MoCx clusters, H2O concentrations
decreased and H2 and CO formation rates increased shar
until all of the O atoms in Mo2O5

2+ were removed and cata
lysts reached maximum CH4 pyrolysis rates. Initial exposur
of Mo2O5

2+-ZSM-5 to CH4 (CO2/CH4 = 0; Fig. 5a) re-
moved 2.5± 0.05 O atoms per Mo atom (Fig. 6, left panel),
measured from the concentration of oxygen-contain
products (CO, CO2 (x2), H2O), indicating that all nonze
olitic O atoms in exchanged Mo2O5

2+ were removed, a
shown previously[18]. Benzene, a representative pyroly
product, was first detected at∼ 500 s (Fig. 5a) and reached
maximum synthesis rates (5×10−4 mol/(g-atom Mo-s)) be-
fore decreasing gradually as deactivation occurred.

Next we consider the transient behavior of Mo2O5
2+-

ZSM-5 samples first carburized in pure CH4 (for 1 h) and
then exposed to reactants with a CO2/CH4 molar ratio of
0.022 (Fig. 5b). During initial carburization and catalyti
CH4 pyrolysis, CH4 conversion decreased to∼ 1% after 1 h
before CO2 was introduced into the pure CH4 stream. CO2
was completely converted and CH4 conversion increased im
mediately to∼ 3% upon the introduction of CO2. The CH4
conversion oscillations inFig. 5b reflect pumping fluctua
tions in the mass spectrometer; they occurred in this exp
ment also before CO2 addition and do not reflect oscillation
in catalytic rates. Measured net benzene synthesis rate
creased from 2× 10−4 to 5× 10−5 mol/(g-atom Mo-s) dur-
ing CO2 addition.

We measured the amount of oxygen introduced into
sample during contact with this CO2-containing reactan
mixture by subtracting the CO formed from the amount
CO required for CO2 reforming of CH4. H2O, which forms
in concurrent water–gas-shift reactions, was below the
tection limit, as expected from water–gas shift equilibriu
calculations under these reaction conditions (∼ 10−9 kPa).
CO2/CH4 inlet ratios of 0.022 and 0.055 led to the intr
duction of 0.28 ± 0.01 and 1.8 ± 0.03 O atoms per Mo
atom (Fig. 6, middle panel), respectively, into MoCx clusters
formed during initial contact with pure CH4 reactants. This
suggests that some C∗ in MoCx is replaced with O∗ at the be-
ginning of the bed where CO2 was present, but the cataly
bed remains active for CO2 reforming and CH4 pyrolysis
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Fig. 5. Transient product formation rates and CH4 conversion during reactions of CO2/CH4 mixtures on Mo/H-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 1 cm3 s−1,
54 kPa CH4) (a) CO2/CH4 = 0, (b) 0.022 CO2/CH4, and (c) CO2/CH4 = 0 after (b).
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at these CO2 concentrations.Fig. 5c shows product evolu
tion profiles after a 0.022 CO2/CH4 stream was replace
with pure CH4 reactants. CH4 conversion increased sharp
to 7%, and then benzene synthesis rates gradually retu
to the values measured during initial contact with pure C4
reactants (∼ 2 × 10−4 mol/(g-atom Mo-s)) in ∼ 1 ks. The
number of O atoms removed during exposure to pure C4
reactants was measured from the number of CO molec
formed during contact with pure CH4 reactants (only trace
of H2O and CO2 formed) (Fig. 6, right panel). This proce
dure yielded 0.31± 0.01 and 1.7 ± 0.03 O atoms remove
per Mo atom for CO2/CH4 ratios of 0.022 and 0.055, re
spectively (Table 3). These values are consistent with t
amounts of oxygen deposited on active oxygen-free Mx
structures during contact with each of these CO2-containing
streams (0.28 and 1.8 O/Mo, respectively).
d

After CO2 was removed from the inlet stream, benze
synthesis rates returned to values measured before CO2 in-
troduction, but not to those measured after initial activa
of fresh exchanged samples in pure CH4 streams. The for
mation of carbon deposits on acid sites and external surf
has been examined by X-ray photoelectron spectroscopy
reactivity studies[27,46]; unreactive carbon residues restr
channel entrances, and their formation is essentially
versible, except by treatment in O2 at high temperatures[17].
Oxidation of MoCx-ZSM-5 in O2 at 973 K restores mor
than 90% of initial pyrolysis rates[17] by converting de-
activated MoCx clusters to MoO3 and redispersing it a
Mo2O5

2+ dimers above 623 K. In contrast, MoCx oxidation
in CO2/CH4 reactant mixtures does not remove unreac
carbon deposits formed during pyrolysis at other locatio
even though these mixtures led to significant conversio
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Table 3
O-atom addition/removal from Mo2O5

2+-ZSM-5 (1 g, Mo/Al f = 0.41, 950 K, 1 cm3 s−1; 54 kPa CH4, 6 kPa Ar, balance He with 101.3 kPa total)

CO2/CH4 (O-atoms) removed/Mo

During initial contact
Mo2O5

2+ with CH4

After carburization and
introduction of CO2/CH4

After reintroduction
of CH4

0.022 +2.6 −0.28 +0.31
0.055 +2.5 −1.8 +1.7
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Fig. 6. (O/Mo) in catalyst as a function of time on Mo/H-ZSM-5 (1
Mo/Al f = 0.41, 950 K, 1 cm3 s−1, 54 kPa CH4). Numbers in parenthe
sis denote CO2/CH4 ratio in feed.

MoCx species to the corresponding suboxides. The for
tion of these unreactive deposits appears to be inhibite
CO2-containing feeds, as shown by the low deactivat
rates observed for reactant mixtures with CO2/CH4 ratios
below 0.1, which reflect the presence of H2 formed via CO2
reforming near the bed inlet. CO2 addition did lead to the ul
timate replacement of chemisorbed carbon with oxyge
illustrated inFig. 7. Fig. 7 depicts a Mo2C particle formed
during activation processes in CH4 described above and su
denly exposed to a CO2/CH4 reactant mixture. CO2 can re-
act directly with a vacancy to form CO and O∗, or it can react
with a surface C∗ to form two CO molecules and a vacan
(as in Eq.(1)). Similar oxidative deactivation pathways o
bulk and supported Mo2C and WC during CO2 reforming of
CH4 were proposed by Green et al.[28]. O atoms, generate
by dissociation of CO2, react with carbon in carbide stru
tures to form a carbon vacancy that can then be filled w
additional O atoms from CO2, leading to the ultimate oxida
tion of MoCx structures. Such vacancies can react also w
C∗ formed via CH4 dissociation to reform a stoichiometr
carbide; these processes are in a state of dynamic ba
during steady catalysis, as depicted inFig. 7.

These conclusions about reduction–carburization–ox
tion cycles are based on rigorous chemical balancing of
and outlet streams; they do not, however, provide direct
idence for structural changes in Mo centers during con
with reactant streams with different CO2/CH4 ratios. In the
following section, we describe catalyst structure and e
tronic properties with the use of near-edge (XANES) and
tended fine structure (EXAFS) analysis of X-ray absorpt
spectra during catalytic reactions of CH4–CO2 mixtures.

3.3. In situ near-edge and fine structure X-ray absorptio
spectra at the MoK-edge

Near-edge X-ray absorption spectra are shown inFig. 8
for exchanged Mo2O5

2+-ZSM-5 prepared from MoO3/H-
ZSM-5 physical mixtures and for reference Mo compou
with known structure. The spectra for the initial physic
mixtures resembled that for crystalline MoO3, within which
Mo atoms reside in distorted octahedral coordination. T
mal treatment to 950 K in 20% O2/He led to gradual change
in the near-edge spectra of these mixtures. The spectr
Fig. 7. Schematic representation of MoCx -ZSM-5 surface in CO2/CH4 (� 1) reactant mixtures. The left cluster depicts initial exposure of Mo2C to CO2/CH4,
and the right cluster depicts reactions involving surface species and gaseous CH4 and CO2.
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Fig. 8. Mo K-edge near-edge spectra forβ-Mo2C exposed to air
MoO2, MgMo2O7, MoO3 and physical mixtures of MoO3/H-ZSM-5
(Mo/Al f = 0.41) during treatment in 20% O2/He at 298 and 950 K, CH4
at 950 K and CO2/CH4 = 0.025 at 950 K.

Table 4
Edge energy position of Mo (relative to Mo foil edge at 20,000 eV) in
erence compounds and Mo/H-ZSM-5

Compound �E0 (eV)

MoO3 4.8
β-Mo2C 0.2
(NH4)2Mo2O7 4.4
MoO3/H-ZSM-5 4.3
Mo2O5

2+-ZSM-5 4.9
Mo2O5

2+-ZSM-5 after treatment in CH4 at 950 K for 1 h 0.2
Mo2O5

2+-ZSM-5 after treatment in CH4 at 950 K for 1 h 1.9
then in CO2/CH4 = 0.025 at 950 K for 1 h

timately resemble that for MgMo2O7, which contains di-
tetrahedral Mo centers, indicating the presence of Mo2O5

2+-
ZSM-5 structures anchored at vicinal exchange sites[19].
Mo2O5

2+-ZSM-5 exhibits a pre-edge feature, which aris
from 1s → 4d electronic transitions; these transitions
dipole-forbidden for centrosymmetric Mo centers. As el
trons are placed in 4d orbitals during reduction of Mo6+
cations, these transitions become less probable and pre
features become weaker and ultimately undetectable in0
e

[19,47,48]. MoO2 contains partially filled 4d shells and
does not show a pre-edge feature. Mo2O5

2+-ZSM-5 has a
more intense pre-edge feature (Fig. 8) than MoO3, indicat-
ing a change in Mo coordination from distorted octahed
to tetrahedral during thermal treatments leading to excha
[49,50]. Pre-edge features in Mo2O5

2+-ZSM-5 disappeare
upon contact with CH4 at 950 K for 1 h, indicating tha
Mo-oxo species reduced and carburized during catal
Subsequent exposure of MoCx structures to reactants wi
CO2/CH4 ratios of 0.025 for 1 h led to the reappearance
pre-edge features, albeit with much lower intensity than
fresh exchanged Mo2O5

2+-ZSM-5.
Changes in the absorption edge energy were also det

during catalytic reactions with other CO2/CH4 reactant mix-
tures (Table 4). The edge energy was taken as the first infl
tion point in the absorption edge (or the first inflection a
the pre-edge feature, if present). Fresh exchanged Mo2O5

2+-
ZSM-5 showed an edge energy (relative to Mo0) at 4.90 eV,
similar to that of MoO3 (4.8 eV) and corresponding to th
of Mo6+. After exposure to CH4, the edge shifts to 0.2 e
and then back to 1.9 eV after contact with a 0.025 CO2/CH4

mixture at 950 K for 1 h. These data show that reduc
and carburization occur during activation in pure CH4 and
that these processes are reversed, to some extent, as C2 is
introduced along with CH4 reactants. As CO2 is depleted
along the plug-flow reactor cell, the composition of the
phase changes, leading to a mixture of Mo structures an
idation states, all of which are sampled by the X-ray be
during these absorption measurements.

Factor analysis was used to identify principal com
nents from near-edge spectra. This method has been
previously to identify pure components contributing
X-ray absorption spectra[40,49,51,52]. First, factor analysis
was used to determine that two principal components
tributed to the 11 near-edge spectra acquired during tran
CO2/CH4 = 0.025 addition. The identities of pure com
ponents in CO2/CH4 feed transients were established w
the use of a target transformation algorithm in WinXAS
(see details in the Experimental section). Mo2O5

2+-ZSM-5
treated in CH4 for 1–6 h in CH4 at 950 K was shown to exis
as 0.5–0.6 nm Mo2C clusters from multiple-scattering sim
ulations of the absorption fine structure[19,45]. MoCx was
identified as a principal component with a residual of 0.2
in carburized Mo-ZSM-5 in this study; residuals lower th
1% indicate an unequivocal identification of a principal co
ponent[40]. The fresh exchanged Mo2O5

2+-ZSM-5 sample
gave a residual of 5%, a relatively poor fit compared w
the carburized Mo-ZSM-5 structural standard. Bulk Mo3
gave a residual of 2.6%, considerably better than Mo2O5

2+-
ZSM-5, but still high. Oxycarbides, as depicted inFig. 7,
are most likely the dominant species at 0.025 CO2/CH4,
and therefore neither one of the reference compounds a
rately describes the experimental transient spectra. In lie
suitable standards, the oxidation of active Mo carbides
CO2/CH4 mixtures can be described by two principal co
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Fig. 9. Radial structure function (RSF) forβ-Mo2C exposed to air and
for MoO3/H-ZSM-5 (Mo/Al f = 0.41) during treatment in 20% O2/He at
298 and 950 K, CH4 at 950 K and CO2/CH4 = 0.025 at 950 K. RSF for
each sample was generated by Fourier-transform magnitude ofk2-weighted
EXAFS.

ponents, one of which is Mo2C, but the identification of the
other principal components remains ambiguous at this ti

A Fourier transform of the fine structure region gives
radial structure function around Mo absorbers (e.g.,Fig. 9
for Mo2O5

2+-ZSM-5). The intensity of the features is r
lated to the number of scatterers at a given distance f
Mo atoms, which is corrected in structural fits by th
mal and static disorder and by the scattering cross se
of the neighboring atoms.Fig. 10 shows experimental an
fitted k2-weighted EXAFS and radial scattering functio
for Mo2O5

2+-ZSM-5; the parameters arising from stru
tural refinement procedures are shown inTable 5. These fine
structure spectra for exchanged Mo2O5

2+-ZSM-5 in 20%
O2/He were described via multiple scattering simulatio
with MgMo2O7 standards as the starting point. The result
simulated structures confirmed that each Mo atom has
oxygen neighbors in a tetrahedral arrangement at a dist
of 0.16–0.18 nm. Scattering from next-nearest neighbo
Mo or Al was not detected in the experiments or in simula
radial structure functions because of aπ phase shift in mul-
tiple scattering paths, which leads to destructive interfere
of scattered electrons[19].

Several features emerged in the radial structure func
of Mo2O5

2+-ZSM-5 upon exposure to CH4 at 950 K for 1 h
(Fig. 10). These features can be described with the use
cluster with three Mo–C shells and a total coordination
3.4 together with a weak contribution from a Mo–Mo sh
at 0.29 nm with a coordination number of 0.3. A new feat
near 0.12 nm appeared in the radial structure function a
exposure to CO2/CH4 mixtures at 950 K for 1 h (Fig. 10),
but the sample otherwise retained the features present i
sample during contact with pure CH4 reactants. The fea
Fig. 10. Multiple scattering fit (circles) to Fourier-transformedk2-weighted
EXAFS for exchanged Mo/H-ZSM-5 (Mo/Al f = 0.41, 950 K): (a) in 20%
O2/He, (b) carburized 1 h in CH4, and (c) treated in a mixture with 0.02
CO2/CH4 for 1 h after (b). Insets showk2-weighted EXAFS region. Solid
lines in insets represent experimental data and circles represent fit.

ture at 0.12 nm and the rest of the radial structure func
resemble those in bulk Mo2C containing some oxygen co
ordination as a result of exposure to ambient air (Fig. 9).
The new feature at 0.12 nm was fitted with a Mo–O sh
at 0.17 nm with a coordination number of 0.2. Only tw
Mo–C shells were needed to describe the structure; this
an overall Mo–C coordination of 3.4. The Mo-ZSM-5 ca
lysts in CH4 and CO2–CH4 lack scattering centers at long
distances, which is typical of the bulk carbide (Fig. 9), sug-
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Table 5
Refined structural parameters for Mo/H-ZSM-5 with different treatments

Mo/H-ZSM-5
treatment

Shell Coordination
numbera,
this study

Interatomic
distance (nm),
this study

Coordination
numberb,
Ref. [19]

Interatomic
distance (nm),
Ref. [19]

20% O2/He Mo–O 1.0 0.17 1.0 0.169
Mo–O 1.0 0.17 1.0 0.169
Mo–O 1.0 0.18 1.0 0.178
Mo–O 1.0 0.18 1.0 0.184

CH4 Mo–C 1.7 0.20 – –
Mo–C 1.5 0.23 – –
Mo–C 0.2 0.24 – –
Mo–Mo 0.3 0.29 – –

CO2/CH4 = 0.025 Mo–O 0.2 0.17 – –
Mo–C 1.9 0.21 – –
Mo–C 1.5 0.23 – –
Mo–Mo 0.2 0.28 – –

a S2
0 = 0.77, Debye–Waller factor fixed at zero, fit usingk2-weighted EXAFS.

b S2
0 = 0.63, Debye–Waller factor fixed at zero, fit usingk1-weighted EXAFS.
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gesting the presence of small clusters of a size similar to
found with those samples exposed to pure CH4 reactants.

In Fig. 11, the time evolution of Mo structures obtain
from principal component analyses of near-edge spect
shown together with the amount of extraframework oxy
as measured by mass spectrometry as the composition
reactant stream was varied with time. In the left panel, fr
Mo2O5

2+-ZSM-5 was exposed to a 50% CH4/He stream
(1 bar, 950 K; 5.8 cm3 s−1 g−1

cat) within the X-ray absorp
tion reactor cell and within a laboratory reactor in sepa
experiments. The data shown represent the fraction o
Mo atoms present as Mo2O7

2− and MoCx , calculated with
the use of MgMo2O7 and bulk Mo2C near-edge spectra
standards for the near-edge spectral analysis. Changes
number of O atoms removed coincided with changes in
local coordination and the oxidation state of Mo atoms m
sured from near-edge spectra.

After catalysts were fully carburized, the reactant stre
was changed to a CO2/CH4 mixture with a ratio of 0.025
(shown in the right panel). Here again, changes in the n
edge spectra occurred within the same time scale as
addition of O atoms measured by mass spectrometry (the
tial lag in the change in MoOx phase measured from X-ra
absorption reflects differences in the time required for
new stream to reach the sample). After approximately 2.5
the oxidation of MoCx clusters stops and CO2–CH4 reform-
ing near the bed inlet and CH4 pyrolysis near the bed outle
reach steady-state rates. These data do not allow unequ
structural identification because the predominant Mo ph
changes with CO2 concentration along the reactor. The o
dized Mo phase may form precursor-like Mo2O5

2+ species
at sufficiently high CO2 concentrations or MoO2 clusters,
as also occurs during deactivation of bulk Mo2C at stoi-
chiometric CO2-reforming feeds[28]. The appearance o
a pre-edge feature in the near-edge spectra for Mo-ZS
samples exposed to 0.025 CO2/CH4 reactants (Fig. 8) sug-
gests that Mo2C oxidizes to volatile MoO3 within regions of
e

e

l

Fig. 11. Mo phase fraction as a function of time on Mo2O5
2+-ZSM-5

(Mo/Al f = 0.41). The Mo phase fraction (denoted with symbols conne
with broken lines) was determined using a least square’s fit of MgMo2O7
and Mo2C near-edge reference spectra to Mo-ZSM-5 catalysts in diffe
oxidizing environments: 50 kPa CH4 with 0 kPa (left) and 1.3 kPa (right
CO2 at 950 K, 5.8 cm3 s−1 g−1

cat. Solid lines indicate O/Mo ratios in the
catalyst measured using on-line mass spectrometry (1 g, Mo/Al f = 0.41,
950 K, 5.8 cm3 s−1 g−1

cat, 54 kPa CH4) with 0 kPa (left) and 1.2 kPa
(right) CO2.

the sample containing high enough CO2 concentrations be
cause MoO2 has no pre-edge feature. These MoO3 species
would then redisperse to form the Mo-oxo dimers presen
the starting material while the rest of the catalyst contin
to function as fully carburized clusters active in CH4 pyrol-
ysis reactions.

4. Conclusions

The improvement in the stability of MoCx-ZSM-5 cata-
lysts resulting from the addition of an oxidant such as CO2 at
low concentrations to CH4 feeds is a result of the H2 formed
by CO2–CH4 reactions. CH4 reacts with CO2 exclusively at
the beginning of the bed; this reaction occurs via scaven
of surface C∗ and inhibits C–C bond formation. After CO2
is completely consumed, pyrolysis products are forme
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lower yields as a result of H2 formed in the CO2–CH4 sec-
tion of the bed; H2 decreased equilibrium yields to produc
and increased hydrogenation rates of surface species
venting formation of carbonaceous deposits that have b
linked to catalyst deactivation.

X-ray absorption and transient addition/removal of
atoms during CO2 addition/removal to CH4 streams pro-
vided strong evidence that Mo was oxidized to MoOxCy .
Oxidized molybdenum carbide clusters formed remained
tive for CO2 reforming below CO2/CH4 molar ratios of
0.1. The structure of the catalyst in CO2/CH4 feeds, de-
termined from multiple scattering simulations of the rad
scattering function, resembles that of 0.6 nm MoCx clusters
with a Mo–O coordinative shell at 0.17 nm. At CO2 concen-
trations above 0.1 CO2/CH4, the catalyst became inactiv
apparently the result of molybdenum oxide formation,
catalytic activity was restored in pure CH4 after the remova
of oxygen added during CO2/CH4 feeds.
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