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Abstract

The selective oxidation of dimethyl ether (§BICHj3) to formaldehyde (HCHO) was carried out on Mp@pecies with a wide range of
MoO;, surface density and structure supported on MgQ3l ZrO,, and Sn@. Raman and X-ray absorption spectroscopies were used
to probe the structure of these Mg@omains, as they evolved from monomeric species into two-dimensional polymolybdate domains and
MoOs clusters with increasing Mo@surface density. Primary HCHO synthesis rates (per Mo atom) initially increased with increasing
MoO, surface density (1.5—7 Man?) on all supports, indicating that MaOdomain surfaces become more active as two-dimensional
monolayers form via oligomerization of monomer species. The incipient formation ofsMb@ters at higher surface densities led to
inaccessible Mo@ species and to lower HCHO synthesis rates (per Mo). Areal rates reached constant values as polymolybdate monolayers
formed. These areal rates depend on the identity of the support; they were highest orid8mSt on AbO3, and undetectable on MgO,
indicating that the surface properties of polymolybdate structures are strongly influenced by their atomic attachment to a specific support
The catalytic behavior of Mo@domains reflects their ability to delocalize electron density during the formation of transition states required
for rate-determining C—H bond activation steps within redox cycles involved in HCHO synthesis from dimethyl ether. These conclusions are
consistent with the observed parallel increase in the rates of HCHO synthesis and of incipient stoichiometric reductiop dbivia@s
by H, as the domain size increases and as the supports become less insulating and more reducible, and as the energy required for ligar
to-metal electronic transitions in the UV-visible spectrum decreases. HCHO selectivities increased with increasingoma size;
they were highest on AD3 and lowest on Sn@supports. The Lewis acidity of the support cations appears to influence HCHO binding
energy. HCHO reactions leading to @@nd methyl formate via primary and secondary pathways are favored on weaker Lewis acids (with
stronger conjugate bases). The Mo—O-support linkages prevalent at low surface densities also favor primary and secondary pathways |
CO, and methyl formate. When reported on a §0H-free basis, because of the pathways available fog@HH oxidation to HCHO and
for CH3OCHz—CH3OH interconversion, primary HCHO selectivities reached values greater than 95%©g-#upported polymolybdate
monolayers.
0 2003 Published by Elsevier Science (USA).
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1. Introduction synthesis of dimethyl ether (DME; G&@CHs) from H,/CO
mixtures [8-10] and the anticipated similarities in the cat-
alytic chemistries of DME and methanol on oxide surfaces
[11,12] led us to consider DME as a cheaper and less toxic
intermediate for the synthesis of chemicals currently pro-
duced from methanol. Previous studies reported low rates
and selectivities for the catalytic conversion of DME to

The significant thermodynamic and kinetic hurdles for
the direct conversion of CHto alkenes and oxygenates
have led to alternate processes involving synthesis gas in-
termediates [1-5]. For example, oxidative dehydrogenation

of methanol is used to manufacture formaldehyde (HCHO)
HCHO [13-18]. Recently, we have shown that Mo@nd

[6,7], which is then used as an intermediate to produce larger :
molecules containing C—C bonds. Recent advances in theVQx domalns ;upp_orted_on #03, 210, and SnQ catalyze
this reaction with high primary HCHO selectivities (80-98%
HCHO, CH;OH-free basis) and high reaction rates at tem-
* Corresponding author. peratures much lower than in previous studies (500-550 K

E-mail address: iglesia@cchem.berkeley.edu (E. Iglesia). vs 773 K) [19].
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We have also previously reported the effects of the size as Mo/nn¥ per square nanometers based on the Mo content
and structure of Zr@ysupported Mo@ domains on primary  and the BET surface area for each sample.
and secondary DME reaction rates [20]. Here, we report
the significant effects of oxide supports on the structure, re- 2. 2. Qructural characterization
ducibility, and catalytic properties of active Mg@omains.
The acid—base properties [21,22], the surface charge [23,24], g\ ;rface areas were measured usingahits normal boil-
and the electronegativity of support cations [25,26] are of- ing point (Autosorb-1; Quantachrome) and BET analysis
ten implicated in many support effects, but clear evidence ahods. Powder X-ray diffraction patterns were measured

Ef their spe$|f|c mvoIvefmerln remains elusive. We present o ampjient conditions using a Siemens D-5000 diffractome-
ere a detailed study of selective DME oxidation reactions ter, Cu-K, radiation ¢ = 1.5418 A), and a scan rate of

on MoO, domains supported on MgO, AD3, ZrOy, and 007 s L.

SnQ with a wide range of Mo surface density. We also ex- Raman spectra were measured using a HoloLab 5000
amine the structure of these materials using complementaryRaman spectrometer (Kaiser Optical) and a frequency-
X-ray diffraction and Raman and X-ray abgorption SPECUO- y5upled Nd:YAG laser at a wavelength of 532 nm. Samples
scopic methods. These supports show a wide range of acid, o6 pressed into self-supporting thin wafers, placed on a
base and redox surface properties. MgO andAlare unre- rotary stage within a quartz cell, and spun-atlé Hz to

ducible oxides with basic and acid surfaces, respectively. avoid structural changes caused by laser local heating. The

Zr0; and SnQ are amphoteric oxides with surface S|tes_, spectra were collected by exposure of the samples to laser
that can undergo redox cycles and catalyze dehydrogenatlor}or 6 s at a laser power of 50 mW and averaging of 100

steps. These support materials are used here to probe SUps’pectra. Raman spectra were measured at 298 K for fresh

?ort efff;cts on tdhi/ISth dcture'and rigox an'?. Cataly;[llc PrOPEr 5 nd dehydrated samples. Dehydration was carried out in situ
ies of dispersed MoPdomains, with specific emphasis on -2 ¢01 1in flowing 20% @/He.

the rational design of selective catalysts for the conversion

of dimethyl ether to formaldehyde. Mo K-edge X-ray absorption spectra were measured us-

ing beamline 4-1 at the Stanford Synchrotron Radiation Lab-
oratory. Samples were diluted with A3 for MoO, /Al 203
samples or with Si@for all other samples to achieve a Mo
content of~ 5 wt% and then pelletized and sieved to re-
tain particles 0.18-0.25 mm in diameter. The particles were
placed within a thin quartz capillary tube (1.0-mm od, 0.1-
mm thickness) supported horizontally within a heated com-
partment held in the path of the rectangular X-ray beam
(0.2 x 6.0 mm) [29]. X-ray absorption spectra were mea-
sured in transmission mode with Ar gas in three ion cham-
ber detectors: one chamber was located before the sample
to measure the incident X-ray intensity, another chamber
was located after the sample and before a Mo reference foil,
and the third chamber was placed after the Mo foil. The in-
cident beam energy was selected using a Si (111) crystal
monochromator with 5-eV increments in the pre-edge re-
gion (19.875-19.975 keV), 0.25-eV increments in the edge
region (19.975-20.035 keV), and 0.04 Ain the fine struc-
ture region (20.035-21.024 keV). Energies were calibrated
by placing the first inflection point in the Mo foil spectrum
at its known absorption energy (19.999 keV). The spectra
were analyzed using WinXAS (Version 1.2) [30]. A lin-
ear fit to the pre-edge region was subtracted from the en-
tire spectrum, and then the spectrum was normalized with
a third order polynomial. After conversion toespace, the
k3-weighed fine structure spectrum was Fourier-transformed
between 2.0 and 16.0 A.

2. Experimental
2.1. Synthesis of catalytic materials

Supported MoQ catalysts were prepared by incipient
wetness impregnation of ZrO(OKH)SnQ, or MgO with
aqueous (Nk)2Mo20g (99%, Aldrich) solutions. ZrO(OH)
was prepared by hydrolysis of aqueous zirconyl chloride so-
lutions (> 98%, Aldrich) at a pH of~ 10 using NHOH
(14.8 N, Fisher Scientific), followed by filtration of the pre-
cipitated powders and drying at 393 K overnight [27]. $SnO
was prepared by hydrolysis of tin(IV) chloride pentahydrate
(98%, Alfa Aesar) at a pH of 7 using NHOH (14.8 N,
Fisher Scientific). The precipitates were washed with deion-
ized water until a Ag nitrate test failed to detected Cl ions
in the effluent. The resulting solids were treated in flowing
dry air (Airgas, zero grade) at 773 K for 3 h. MgO sup-
ports were prepared by treating Mg® 8%, Aldrich) with
deionized water at 355-365 K for 4 h, and then treating sam-
ples in flowing dry air (Airgas, zero grade) at 773 K for
8 h. Al,O3-supported Mo@ catalysts were also prepared by
incipient wetness impregnation, usingAl,03 (Degussa,
AG) and an aqueous (NffsM07024 (99%, Aldrich) solu-
tion at pH 5 [28]. The Mo content was varied by changing
the Mo concentration in the impregnating solutions. All sam-
ples were dried at 393 K in ambient air after impregnation
and then treated in flowing dry air (Airgas, zero grade) at 2.3. Reducibility of supported MoO, samplesin Ha
773 K for 3 h. Bulk MoQ was prepared by decomposition
of (NH4)2M020g (99%, Aldrich) in dry air at 773 K for 3 h. Reduction rates for MoQYZrO, samples with Mo sur-
The Mo surface density for all supported samples is reportedface densities of 0.5-6.4 Man¥ and for MoQ, /Al ,03 (7.0
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Mo/nn?) and MoQ,/MgO (5.8 Mo/nn?) in H, were mea-  and for CHhOH conversion to HCHO, rates and selectivities

sured using a surface area analyzer (Quantachrome) modiare reported here, unless noted otherwise, on a methanol-free

fied with electronic mass flow controllers. The sample tem- basis.

perature was increased from 298 to 1253 K at 0.167 K s

in flowing 20% H/Ar (1.33 cn?'s~1; Matheson UHP, certi-

fied mixture). An amount of sample containing 10 mg Mo 3. Resultsand discussion

was placed within a quartz cell. ThesHoncentration in

the effluent stream was measured using a thermal conduc3.1. Sructural characterization of supported MoO,

tivity detector after the water formed during reduction was catalysts

removed using a 13X molecular sieve held at ambient tem-

perature. The thermal conductivity response was calibrated Fig. 1a shows Raman spectra for fresh M@gGnG

from the reduction of pure CuO powder (99.995%, Aldrich). samples with a wide range of Mo surface densities (2.1—

Initial oxygen removal rates were calculated from these data11.3 Mo/nm?). Raman bands were detected at 636 (S),

using kinetic analysis methods previously reported [28,31]. 777 (w), 864—870 (s), and 953-967 (s) chon all samples.
MoO, reduction rates in b were also measured for The bands at 636 and 777 cthare assigned to SnO

MoO, /SnG (6.3 Mo/nmA), MoO, /ZrO, (6.4 Mo/nmP), crystallites [24,32,33], while those at 864-870 and 953—

and MoQ,/Al;,03 (7.0 Mo/nn?) using in situ X-ray ab- 967 cnt! correspond to bridging Mo—O—Mo and terminal

sorption spectroscopy (XANES) (M& -edge). Near-edge  Mo=O0 stretching modes in oligomeric MqOspecies,

absorption spectra were measured using a Si (111) crystarespectively, [24]. At 6.3 Mpnn?, an additional shoulder

monochromator with 5-eV increments in the pre-edge re- appeared at 825 cm, which evolved into a sharp band

gion (19.905-19.990 keV), 0.50-eV increments in the edge along with two new bands at 672 and 1001 ¢nas the

region (19.990-20.033 keV), and 0.04 Rin the fine struc- Mo surface density reached 11.3 Muor?; these new bands

ture region (20.033-20.700 keV). In this approach, the ex- correspond to the incipient formation of crystalline MpO

tent of reduction of M8" to Mo** was subtracted from the  [24] as the surface density increases above that expected for

XANES spectra analyzed between 19.990 and 20.120 keVa polymolybdate monolayer{(5 Mo/nn?) [34].

using linear superimposition methods [28] and the spectra The band at~ 965 cnt! for terminal Mo=0O stretches

of bulk MoO, and of M&™ in the fresh catalyst samples. shifted to higher frequencies and split into a doublet (986
and 1003 cm?) (Fig. 1b) after samples were treated in 20%
2.4. Catalytic dimethyl ether reactions O2/He at 773 K; all other bands remained unchanged. The

intensity of these two bands (relative to the Sniiands)

Dimethyl ether reactions were carried out at 453-553 K increased with increasing Mo surface density, in parallel
in a fixed-bed quartz microreactor using supported MoO with the observed increase in the intensity of the Mo—
samples (0.15-0.30 g) diluted with acid-washed quartz O—Mo band at~ 865 cntl. Thus, we conclude that these
powder ¢~ 1 g) to prevent temperature gradients. Samples bands correspond to MeO bonds in distorted oligomers
were treated in flowing 20% £JHe (0.67 cmis™ 1) for 1.5 (986 cntl) and monomers (1003 cmh). Exposure to
h at 773 K before catalytic measurements. The reactantmoisture from ambient air at room temperature led to the
mixture consisted of 80 kPa DME (99.5%, Praxair), 18 kPa coalescence of these two bands into the original feature at

O2, and 2 kPa N (2 kPa) (Praxair, certified £)N2 mixture). ~ 965 cntl. This reversible process was first reported by
Homogeneous dimethyl ether reactions were detected usingDumesic and co-workers [32], who used it as evidence for
empty reactors only above 593 K. the complete dispersion of MgGstructures on Sn9[32].

The reactor effluent was analyzed by on-line gas chro- The observed shift to higher frequencies on water desorption
matography (Hewlett—Packard 6890 GC) using a methyl sil- is associated with a change in Mo coordination and in bond
icone capillary column (HP-1; 30 m, 0.25 mm, 0.25 um film) order in terminal Me=O structures [24].
and a Porapak Q packed column (80-100 mesh, 1.82 m, These results suggest that isolated monomolybdates con-
3.18 mm) connected to flame ionization and thermal con- dense to form oligomeric two-dimensional structures as Mo
ductivity detectors, respectively. Methanol, formaldehyde densities reach- 6 Mo/nm? on SnQ surfaces and then
(HCHO), methyl formate (MF), CO, CQH,0, and traces  form crystalline MoQ@ at higher coverages. X-ray diffrac-
of dimethoxymethane (DMM) were the only products de- tion measurements showed lines corresponding to MoO
tected. only for surface densities above 6.3 Muor?. This struc-

Reaction rates and product selectivities were measured agural evolution of MoQ domains on Sn@supports resem-

a function of dimethyl ether conversion, which was varied by bles that reported previously on Zs@nd ALOs supports
changing the reactant space velocity. Reactant conversion$28,35,36].

were kept below 10%. DME reaction rates and product se-  On MoO, domains supported on Sa(¥rO,, and AbOs3,
lectivities were extrapolated to zero residence time to obtain maximum DME conversion rates (per Mo atom) were ob-
the corresponding primary rates and selectivities. In view tained at Mo surface densities of 6-7 ko, which resem-

of the available pathways for DME—-GBH interconversion  ble those expected for oligomeric two-dimensional struc-



H. Liu et al. / Journal of Catalysis 217 (2003) 222—232

825 (a)
Mo surface density
(Mo/nm?)
5
s
2 [ 113
(2] >
=
3
E -
| 6.3 ) /
4.0 /
e
500 600 700 800 900 1000 1100
Raman Shift (cm™)
i \ 825 (b)
| Mo surface density
(Mo/nm?)
S| 13 636
8
Z 777 ,./ 986
c
8|
=) 63 \//
- 4.0
~——~ |
872 ‘
500 600 700 800 900 1000 1100
Raman Shift (cm”)

Fig. 1. Raman spectra for MQ@SnO, catalysts with surface densities of
2.1-11.3 Mo(nm2 at ambient conditions (a) and after treatment in flowing
dry air at 773 K for 1 h (b).
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Fig. 2. Raman spectra for supported Mo®atalysts on MgO, AlOs,
ZrOp, and Sn@ with surface densities of 5.8-7 Mon12 at ambient
conditions (a) and after treatment in flowing dry air at 773 K for 1 h (b).

broad bands at- 947 and~ 850 cnt! and a shoulder at

showed no detectable catalytic activity (as discussed be-~ 920 cnt? (Fig. 2a). The removal of water at 773 K shifted

low).

the band at~ 947 to 1003 cm?, without any detectable

These support effects on the catalytic properties of MoO changes in the other two bands (Fig. 2b). The bands at
oligomers were probed first by examining any structural dif- ~ 850 and 1003 cm! arise from Mo—O—Mo and MeO vi-
ferences detectable in the Raman spectra of samples withbrational stretches in two-dimensional polymolybdates [24].
different supports but similar surface densities. Figs. 2a The band at~ 920 cn! is assigned to symmetric vibra-
and 2b show the Raman spectra for these samples beforg¢ions of O=Mo=0 structures in distorted MaQetrahedral

and after treatment at 773 K in 20%p e, respectively.
Before treatment, MoQ/'ZrO, (6.4 Mo/nn?) showed two

monomers [36] or to Mo—O—Mo stretches in distorted MoO
octahedra within two-dimensional oligomers. Raman bands
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for MoO3 were not detected, indicating the absence of three- 03 Mo-O Mo-Mo
dimensional crystallites. ¥

The two broad bands at 874 and 920 cm! in the fresh ]
MoO, /MgO sample (5.8 Mgnm?) (Fig. 2a) are similar MoO.
to those reported for aquo Ma® ions, indicating the ?
presence of Mo@tetrahedra exposed at MgO surfaces [37]. g2
Water desorption during treatment at 773 K led to Raman g MoO/ALO
bands at 811, 862, 911, and 952 th(Fig. 2b), andto a 2 (70M‘°/n2m§)
spectrum similar to that previously reported for Me®™gO 5 W\/\/\/\—/\/\-’—v\
(57 Mo/nnP) [37]. The first two bands were assigned g
to Mo—O—Mo or Mo—O-Mg stretches and the latter two & MoO./Zr0
bands to Me=O symmetric and antisymmetric stretches 0.1 6.4 M:,nmzz)
in polymolybdates [37]. These bands are not associated \/\/\ TN~
with crystalline magnesium molybdates, which exhibit sharp
bands at~ 970, ~ 950, and 910 cm! [24,32,37,38]. ] MoO,/SnO,
The structural changes observed on hydration—dehydration (6.3 Mo/nm?)
are reversible, which precludes the presence of crystalline 0 . . . \/"\/‘“\/—'\/—~
MgMoQq structures reported by others [24,38] and suggests 0 5 8

. ) . 4 6
instead a reversible tetrahedral-to-octahedral transformation Radial distance (Angstrom)

of surface-exposed MoGspecies on water desorption [37].
Fresh MoQ/Al,03 (7.0 Mo/nn?) samples showed a
broad band at- 962 cnTl, assigned to two-dimensional
oligomers [24,28], and three sharper bands at 673, 825 a
1001 cntl, characteristic of crystalline Mof(Fig. 2a).
Treatment at 773 K influenced only the band-e@62 cnt?,
which shifted to 1001 cm* on water desorption. The strong

Fig. 3. X-ray absorption radial structure functions for crystalline Madd
for MoO, domains supported on #D3, ZrO,, and SnQ after treatment

nd'n flowing dry air at 773 K for 1 h.

not give measurable DME conversions at these reaction con-
ditions. On AbOg3, ZrO,, and SnQ supports, rates increased

MoOs bands in this sample suggest the presence of crys-With increasing Mo surface density and reached maximum
talline MoQ; structures, but Raman scattering cross sections values at intermediate surface densities of 67 io?. For

are 10-18times greater for Mo@than for dispersed MoQ

species [39,40]. Thus, we conclude from the similar inten-

sities for the 962 and the 1001 cfhbands (Fig. 2a) that
the sample contains predominately two-dimensional MoO

surface densities below those required for maximum rates
(per Mo), most Mo atoms in Mo©domains are accessible

to reactants, as discussed in the previous section. Therefore,
the reported rates per Mo represent turnover rates and reflect

oligomers; this conclusion was confirmed by the absence ofthe intrinsic surface reactivity of available Me@omains.

strong diffraction lines for Mo@and by the lack of features
in the X-ray absorption fine structure spectra.

The structure of Mo® domains on these supports (at
6—7 Mo/n?) was also probed using radial structure func-

The observed increase in reaction rates with increasing
Mo surface density arises from a higher reactivity of ex-
posed surfaces as the size and dimensionality of MoO
domains increase. The size of the dispersed Mald-

tions obtained from the X-ray absorption fine structure at mains increased monotonically with increasing Mo sur-

the Mo K edge (Fig. 3). The main featureat1.3 A corre-

face density, as recently shown by changes in the elec-

sponds to first-shell Mo—O distances, while the much weaker tronic properties of supported Mg@etected by UV-visible

features at- 3.2 A correspond to Mo—Mo, Mo-Al, Mo-Sn,

spectroscopy with increasing MgQldomain size [28,42].

or Mo-Zr distances. These radial structure functions dif- Monomeric species appear to be much less reactive than

fer markedly from those measured for crystalline MoO

two-dimensional oligomers and the reactivity of the latter

(Fig. 3), which show the largest feature at Mo—Mo distances appears to increase with increasing domain size. Larger and

of ~ 3.2 A and two prominent Mo—O bands at 1.3 and
1.6 A [41]. Thus, supported MoOdomains in all samples
differ structurally from MoQ crystallites, as also concluded
from Raman and X-ray diffraction measurements.

3.2. Dimethyl ether reaction rates and HCHO selectivities
on supported MoO, catalysts

Fig. 4a shows primary DME reaction rates per Mo atom

more connected MoQspecies are able to delocalize the ad-
ditional electron density imposed by the reduction part of
any catalytic redox cycles, such as those likely to be involved
in dimethyl ether oxidation to formaldehyde. As Mo surface
densities increased further, (6.5 Mo/nn?), DME reaction
rates (per Mo) decreased, because of the formation ofMoO
clusters with inaccessible MgGstructures.

These effects of surface density and domain size are sim-
ilar to those observed for oxidative dehydrogenation reac-

at 513 K as a function of Mo surface density on various sup- tions of alkanes on MoQand VO, catalysts [28,42]. As

ports. Rates were always higher on MgSnQ, than on
MoO, /ZrO, and MoQ./Al»03. MoO, /MgO catalysts did

in the case of dehydrogenation reactions, propane oxidation
rates increase as electronic transitions between lattice oxy-



H. Liu et al. / Journal of Catalysis 217 (2003) 222—232 227

(a) dent of V or Mo content [43,44], even though redox cycles
30 are involved and the oxide domain size strongly influences
© the reducibility of the active catalytic domains [7,28].
© Areal DME reaction rates were estimated for each sup-
6= ported MoQ sample based on their total BET surface ar-
g 2 Mo0,/SnO, eas. Areal rates increased with increasing Mo surface den-
2 e 20 sity (Fig. 4b) and reached nearly constant values for surface
8 .g densities above 6-7 Man¥ on all supports. These trends
‘é‘ g suggest that support surfaces become entirely covered with
oo MoO, structures and that any MgGspecies in excess of
> E MoO,/ZrO, . ;
&~ 10 - the amount required to form an active polymolybdate mono-
;?_ layer lead to MoQ crystallites, which do not contribute ap-
] MoO,/Al,03 preciably to the exposed active surface area or to the mea-
| ‘/‘/‘/L\A sured reaction rates. These asymptotic areal rates, however,
_ Mo0,/Mgo depend on the identity of the support, as expected from the
0 co e et existing atomic connectivity between M@@ayers and oxy-
0 S Mo 513 Hface ;jnsit (230 Inm2)25 30 gen atoms on support surfaces (Table 1). Constant areal rates
y of about 6, 9, and 5& 10~° mol/(m?h) were obtained
60 on MoO; /Al203, MoO, /ZrOz, and MoQ /SnQ,, respec-
Mo0,/SnO, (b) tively, as each sample approached p(_)lymolybdate mono-
50 4 layer coverages. At low surface densities, the exposed in-

active regions on support surfaces lead to low calculated
areal rates, which increase as these regions become covered
with monomeric molybdates of low intrinsic activity and ul-
timately with more active MoQoligomers.

Oxidative DME reactions on Mo@based catalysts pro-
ceed via primary and secondary pathways depicted in
Scheme 1 [20]. These pathways include the direct conver-
sion of DME to CHOH (ko), HCHO (k1), methyl formate
M00,/Zr0, (MF) (k2), and CQ (CO+ COy) (k3) in one surface so-

10 4 ° journ. They also include secondary reactions of HCHO to
° i . form MF (k4) and CQ (ks) and of MF to form CQ (kg). In
| ﬂ;oa each casek; represents the rate constant for reactioAt
0 — T T T T the low conversions of this study, all primary reactions can
0 5 10 15 20 25 30 be assumed to be pseudo-zero order in DME apdl@-
Mo surface density (Mo/nm’) cause their respective concentrations remain nearly constant
. . . . . with changes in reactant residence time or conversion [20].
Fig. 4. Prlmary'd|methyl ether conversion rates normalized per _Mo atom Secondary reactions are assumed to be pseudo-first order
(a) and normalized per catalyst BET surface area (b) as a function of Mo * ) . -
surface density on Mo©domains supported on AD3, ZrOy, SnGy, and in the concentration of the primary product involved, but
MgO (513 K; 80 kPa DME, 18 kPa£and 2 kPa M). any kinetic dependencies on DME and &e neglected for
the same reasons proposed for primary reactions. Traces of
dimethoxymethane (DMM) were also detected, but are not
gen and active metal cations (responsible for the UV-visible included in the reaction scheme because of the low selectivi-
absorption edge) decrease in energy [42]. These findings dif-ties (< 1%). CH3OH selectivities were largely unaffected by
fer markedly from those reported for methanol oxidation re- residence time, suggesting that §lbH is formed directly as
actions on supported VOand MoQ:. catalysts, for which a co-product of HCHO formation. Its alternate formation via
reaction rates (per active metal atom) appear to be indepenDME hydration would require HD co-reactants, which are

Primary DME conversion rate
(10°® mol/im*-h)
w
o

Table 1

Some results on MoPsupported on AlO3, ZrO,, and SnQ with surface densities of 11.3-12.6 Mm12 as well as on MgO (5.8 M,mmz)

Support Areal rate Primary HCHO k1/ (ko + k3) k1/((kg +ks5)Cpq)
(105 mol/(m? h)) selectivity (%)

Al>03 5.7 98.0 470 0.35

ZrOy 75 81.8 45 0.08

SnG 480 88.4 76 0.10

MgO 00 - - -
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CH,0H
K, : 1007 ca—a——a Mo0,/SnO, (a)
1 MOOXIA|203 ------------------ )
k = R
CH,0CH, - » HCHO 2 80 - .
2 : Mo0,/2r0,
& k, s
o
2 60 A
HCOOCH, ]
ks, . g
6 i
4o
2
g
Cco, £ 20
Scheme 1. Primary and secondary reaction pathways for dimethyl ether L
conversion on Mo®@-based catalysts 0
) ) ) 0 5 10 15 20 25 30
not available at low conversions. The weak effects of resi- Mo surface density (Mo/nm?)
dence time on CEDH indicate also that COH oxidation 60
is slower than DME oxidation under these reaction condi-
tions Q ()
. X
The rate constantk;, k2, andks were calculated from 3 50 1
the corresponding pseudo-zero-order primary reaction rates,ﬁg
and(k4+ks)Ca, (Ca, = inlet DME concentration) fromthe & 40 -
observed changes in HCHO selectivif§g] with v as given 3
b [] MoO,/ZrO,
y -
£ 30
Se = Sg[1— 5(ka +ks)Cao - v]. 2
0 . .. . . = 20 -4 Mo0,/Sn0;
whereSg is the primary HCHO selectivityCa, is the inlet 2 Y
DME concentration, and = g-atom Mg/inlet molar DME > - .
rate (g-atom Mo-gmol DME). S3 is given byk1/ (k1 + k2 + £ 10- T
k3) (on a CHOH-free basis) [20]. a MoOJALO; T
Primary HCHO selectivities on MoQZrO, and MoQ,/ 0
SnG catalysts increased monotonically with increasing Mo e
0 5 10 15 20 25 30

surface density and reached constant values 80% for
surface densities higher than 6—7 Jor? (Fig. 5a). Con-
currently, primary MF and CQ(CO+ CO,) selectivities de-
creased to constant values-ef7 and 3% (Figs. 5b and 5c). 80 ©
This indicates that exposed Sp@nd ZrQ surfaces or Mo— '
O-Sn(Zr) structures show higher MF and Ce&electivities
than Mo—O-Mo structures, as also reported forsOH 0x-
idation reactions [43,45,46]. Yet, none of these supports led:
to significant DME conversion rates in the absence of MoO
active species. On MoJAI,03, MF (2-4%) and CQ
(0-1.2%) selectivities were very low and nearly indepen-
dent of Mo surface density (Figs. 5b and 5c), while HCHO
selectivities increased only slightly from 95.2 to 98.1% as
the Mo surface density increased from 1.6 to 11.3/ko?
(Fig. 5a). Thus, it appears that Mo—O-Al structures are es-
sentially unreactive in DME conversion reactions to MF and
CO,. These results show that the coverage of the support 00,
surfaces with active Mo©domains favor high HCHO se- 0 T
lectivities, especially in the case of more reducible Zed 0
SnG supports.

.The. redox proper'Fies of MOpdomainS_inﬂue.nce DME Fig. 5. Primary selectivities to HCHO (a), methyl formate (b), and,G€)
oxidation rates (aS discussed beIOW), while acid-base Prop-as a function of Mo surface density on supported Ma@talysts on AlO3,
erties may influence reactions of DME-derived adsorbed in- ZrO,, and SnQ (513 K; 80 kPa DME, 18 kPa £ and 2 kPa ).

Mo surface density (Mo/nmz)

: MoO,/SnO,

B D
o o
1 1

Primary COx selectivity (%)
N
o

MoO,/ZrO,

10 15 20 25 30
Mo suface density (Molnmz)
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termediates, as well as the readsorption and secondary re-100 ]

actions of HCHO. DME oxidation proceeds via methoxy ] O o
groups formed by DME dissociation on Mo-O sites, fol- ] D/-/
lowed by a reduction step involving C—H bond activation in

methoxy groups (CkO’~) using lattice oxygen [47]. High Mo0,/Sn0,
primary HCHO selectivities require that adsorbed HCHO 10 1 I A

species desorb before subsequent reactions. More acidic and
less reducible surfaces favor HCHO desorption, while in- ¥
N
K4

MoO,/Al,0; (@)

MoO,/ZrO,

hibiting the formation of strongly adsorbed dioxymethylene

and formate species, which require nucleophilic attack by <

basic lattice oxygens to form ultimately MF and CQ ap- 1 - ;

pears that exposed Zg@nd SnQ surfaces or heteroatomic ] i)

Mo-O-support linkages prevalent at surface densities be- :

low 6—7 Mo/nn¥ provide strong binding sites for G@’~ 1

and HCHO. Similar effects have been proposed for methanol { &

oxidation reactions [45,46]. Infrared and desorption studies

of adsorbed methanol detected the presence of strongly ad- 0.1

sorbed dioxymethylene and formate species on Saf

ZrO, surfaces, which led only to CQwhile more weakly

adsorbed CHO’~ species on MoQspecies formed HCHO 15

[45,46]. ] MoO,/AL,0; (b)
Figs. 6a and 6b show / (k2 + k3) andk1/((ka + ks)Ca,)

values, respectively, as a function of Mo surface density

for all samples. Values oky/(k2 + k3) reflect primary

DME conversion rates to HCHOk{) relative to those

for MF (k2) and CQ (k3) formation; thus, they provide

an alternate measure of primary HCHO selectivities. In

contrastki/((ks + ks)Ca,) ratios (at a constant inlet DME

concentrationCa,) reflect primary HCHO formation rates

(k1) relative to the rates for secondary HCHO reactions to g1 4

form MF (k4) and CQ (ks); this kinetic parameter reflects i

the tendency of a given catalyst to form and convert HCHO.

High values ofk1/(k2 + k3) and k1/((ks + ks5)Cp,) lead

to higher HCHO selectivities for a given DME conversion;

the second parameter becomes increasingly important in g g4 I——

determining HCHO yields as DME conversion increases. 0 5 10 15 20 5 30
Bothki1/ (k2 +k3) andky/((ka+ks)Ca,) ratios increased Mo surface density (Mo/nm?)

with increasing Mo surface density and reached constant

values above 6-7 Mmn? on MoQ; /Al 203, MoO, /ZrO,, Fig. 6. Rate constant ratidg / (k2 + k3) (&) andky/((kq + k5)Cag) (Cag;

and Mo Sn Fig. 6). Thus, the increasing coverage inlet DME concentration) (b) (presented in a logarithmic scale) as a function
Q/SnG ( 9 ) 9 9 of Mo surface density on MoPdomains supported on 4Dz, ZrO,, and

of the support with Mo@ species and the larger MQO SnO, (513 K: 80 kPa DME, 18 kPa©and 2 kPa M),
domains formed as surface density increases led to more

selective catalytic surfaces and to higher HCHO yields. The

higherk1/ (k2 + k3) andk1/((ka + ks)Ca,) values on MoQ strongly with more acidic active metal cations, leading to
domains supported on D3 relative to those on SnO longer surface residence times during their initial formation
and ZrQ at the constan€a, suggest that more reducible from alkanes and to a greater tendency for them to readsorb
supports with weak Lewis acidity favor the conversion of and undergo secondary combustion reactions.

adsorbed HCHO species to MF and GQas discussed Next, we turn our attention to the underlying basis for
above. Apparently, such supports allow Mo cations in the observed support effects on DME reaction rates and
MoO, domains to become more electron-rich, thus lowering HCHO selectivity. DME reaction rates are significantly
their affinity for binding electron-donating DME-derived higher for MoQ. domains supported on Sa@han for those
intermediates and HCHO. Similar effects of the Lewis on ZrO; or Al,Oz, even when polymolybdate monolayers
acidity of active oxide cations and of the supports have beenare prevalent on all supports; in contrast, Mo€pecies
reported for secondary reactions of alkenes during oxidative on MgO are inactive (Fig. 4, Table 1). Unreducible@®g
dehydrogenation of alkanes on YOMoO,, and WQ supports give higher HCHO selectivities than Zr@r
catalysts [48]. In this case, electron-rich alkenes interact SnG (Fig. 5). Theks/(k2 + k3) and k1/((ka + k5)Ca,)

T T T T T T T T T

10 20 30
Mo surface density (Mo/nm?)

Mo0O,/Sn0O,

(@)
MoO,/ZrO,
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values decreased from 47 and 0.35 on@y to 8-9

and 0.08-0.10 on ZrPand SnQ at the constanCa,, 12 - o

respectively (Fig. 6). Clearly, the chemical properties of MoO./Zr0

a polymolybdate monolayer depend on the identity of the g = e

underlying support to which it is atomically connected. In 2 g

the next section, we examine the effects of supporton MoO £ & 08 |

reduction properties for catalysts containing predominatelyé 2

polymolybdate monolayers (6—7 Mon?). ) MoO,/Al,0;
T T

3.3. Genesis of support effectsin dimethyl ether oxidation S 2 04 /

on MoO, domains S

For Mo surface densities of 6-7 Monm?, all MoO; 1 Mo0,/Mg0O
species on AlOs, ZrO,, SnQ, and MgO supports are ac- ]
cessible to reactants; therefore, differences in accessibility 0 0 ' 2 ' A" ' é ' 8

cannot account for the observed effects of supports on DME
reaction rates. Kinetic and isotopic studies have shown that Mo surface density (Mo/nm?)

HC-HO formation from DME inv-c’lve-s redox cycles and ki- Fig. 7. Incipient reduction rates in H(at 623 K) for MoQ, domains
n_e_ucally reIevant.C—H bond activation steps.[47.]. The tran— supported on Zrg (@), Al,05 (4), and MgO M) at similar Mo surface
sition states required for such C—H bond activation steps in- gensities (5.8-7 Mmm?), on MoO, /Al,03 (3.4 Mo/nn?) (4), and on
volve the incipient local reduction of MoQlomains to form MoO, /ZrO, with 0.5, 3.5, and 5.6 Mmn? (@).

an OH group and adsorbed HCHO species bound to a metal
cation. Reactions limited by C—H bond activation on metal
oxides, such as oxidative alkane dehydrogenation on MoO
and VQ,, show excellent correlations between catalytic re-
action rates and the electronic and redox properties of oxide o
domains [42]. Thus, we suggest that the strong support ef- £
fects observed for DME oxidation reactions also reflect dif- .
ferences in the reducibility of MoOdomains on the various
supports.

The rates of reduction of supported MpQ@omains
were measured usingjHas the stoichiometric reductant
while the sample temperature was increased from 298 to
1253 K. Specifically, the rates of the incipient reduction of
Mo®+ to Mo* were measured. In-situ X-ray absorption &
spectra showed that few reduced Mo centers are present
during steady-state DME reactions at 513 K [47]. Thus,
the initial stages of M&" reduction are the chemical 0 - . , . . .
processes most relevant to the redox cycles required for 0 05 1 15
catalytic turnovers, as discussed in detail elsewhere for Initial H, reduction rate (mol H,/g-atom Mo-h)

related oxidation reactions [28,42]. Fia. 8. Relationshio betu ) DME reaction rates (513 K) and inital
. L . . ig. 8. Relationship between primary reaction rates and initial
Flg' 7 shows Incipient reduction rates 2 Hit 623 K) as H> reduction rates (623 K) for Mo domains supported on Zp(®),

a function of Mo surface density for MoGdomains sup- Al503 (A), and MgO @) at similar Mo surface densities (5.8-7 WMuom?),

ported on ZrQ, Al>03, and MgO at surface densities of  on MoO,/Al,03 (3.4 Mo/nn?) (A), and on MoQ /ZrO, with 0.5, 3.5,

6—7 Mo/nn?, as well as for three other ZgGsupported sam-  and 5.6 Mgnn? (@).

ples with Mo surface densities of 0.5, 3.5, and 5.6/Kio?

and for a MoQ/Al,03 sample with 3.4 Mgnm?. These

incipient H reduction rates increased with increasing Mo stoichiometric reduction in {1 (623 K) for the samples

surface density for each support. They were higher on shown in Fig. 7. On these samples, Mo@pecies are

MoO, /ZrO, than on MoQ/Al>,03 and MoQ,/MgO cata- predominately exposed at surfaces and accessible to both

lysts for a given surface density. For Me@Bn(Q,, however, DME and H reactants. Thus, the measured reaction rates

the extensive concurrent reduction of Mp@omains and of  (per Mo) reflect the reactivity of exposed surfaces for the two

the SnQ support precludes the use of this method to mea- respective reactions. Clearly, the tendency of these domains

sure MoQ reduction rates. to undergo reduction with the generation of a small number
Fig. 8 shows a parallel increase in the rate of primary of oxygen vacancies increases in parallel with their ability to

DME conversion (513 K) and in the rate of incipient catalyze DME reaction turnovers, which appear to involve

rat

ion

(mol DME/g-atom Mo-h)

imary DME convers

ri

2
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4

Other spectra for
Mo00,/Sn0O,
(6.3 Mo/nm?)
0 T T T T
19.92 19.97 20.02 20.07 20.12

Photon energy (keV)

Fig. 9. X-ray absorption spectra near the Moedge for MoQ /SnG, (6.3
Mo/nm2) after treatment in B (20% Hy/Ar) at 298, 623, 723, and 823 K
and for crystalline Mo@ at ambient temperature.

the Mars—van Krevelen pathways [49] involving reducible
centers and lattice oxygen atoms.

The difficulties caused by the concurrent reduction of
MoO, and SnQ led us to examine the dynamics of re-
duction in H at 298-823 K using in situ X-ray absorp-
tion features near the M& edge for MoQ domains
on SnQ, ZrO,, and AbO3 with similar surface densities
(6—7 Mo/nmA). The concentrations of Mo and Md" were

231

100 -
z MoO,/SnO.
% 80 - 2
9 60 -
s
[re
(]
S 40
B
©
II A
20 A MoO,/Al, O3
| |
0 T T T
373 473 573 673 773 873

H, treatment temperature (K)

Fig. 10. MoQ fraction measured from linear superimposition of MoO
and initial spectra as a function of treatment temperature in 2QYAH
for MoO, domains supported on /D3, ZrO,, and Sn@ at similar Mo
surface density (6.3—-7 Mom?).

Fig. 10 shows the fraction of the Mo cations present
as Md't as a function of temperature for the three sup-
ported samples with surface densities of 6-7/Kio?. The
Mo** fraction is significantly greater for MoQ'SnG, than
for MoO, /ZrO; and MoQ,/Al,O3 at all temperatures, in-
dicating that MoQ species dispersed on Sp@re easier
to reduce than on the other two supports. A similar trend

estimated by linear superimposition methods using the start-Was observed for the reactivity of MaGspecies in these

ing spectrum and the spectrum of Mp@s principal com-
ponents. The MK absorption edge arises from the ejec-
tion of a 1s photoelectron, while the pre-edge feature at
~ 19.99 keV corresponds to asdo-4d transition that is

samples for DME reactions (Fig. 4). MQQlomains sup-
ported on Sn@ appear to delocalize the electron density
that they acquire during stoichiometric reduction processes
and also during reduction steps involved in C—H bond acti-

dipole-forbidden in centrosymmetric structures [29,41]. The Vation steps within each catalytic redox cycle. Clearly, the

Mo®* cations in MoQ@ adopt off-center positions within dis-
torted MoQ octahedra, which lead to—d orbital hybridiza-
tion and to a detectable pre-edge feature in the Yis@ec-
trum. In contrast, Mo@has only a very weak pre-edge fea-

reducibility of the support itself must play a role in these ef-
fects, because a shift from refractory MgO and®4 sup-
ports to more reducible Zr£and SnQ@ leads to concomitant
changes in the reduction properties of the supported MoO

ture. Recently, Ressler et al. [41] and Chen et al. [28] re- domains.

ported reduction rates for crystalline Me@@nd supported
MoOs/Al>03, respectively, from linear superimposition of
Mo K edge spectra.

Fig. 9 shows the M& near-edge spectra for Mg@SNnG
(6.3 Mo/nm?) during contact with 20% by/Ar at 298, 623,
723, and 823 K, and for crystalline Me@t ambient condi-

The observed parallel increases in the reducibility and
catalytic reactivity of the active oxides is similar to those ob-
served for other reactions catalyzed by supported Maul
VO,, such as the oxidative dehydrogenation of alkanes [28,
31,50] and alcohols [43,44]. These findings are consistent
with the involvement of lattice oxygen atoms and of transi-

tions. The pre-edge feature weakened with increasing tem-tion states with significant reduction of metal centers in the
perature and the spectral features approached those typicatatalytic cycles required for DME conversionto HCHO [47].
of MoO,. Above 723 K, all spectra are accurately described These relationships and mechanistic inferences provide the

using only the Mo@ standard spectrum, without any spec-
tral contributions from either the starting sample or crys-
talline MoGQs. Below 723 K, the spectra are accurately de-
scribed by linear combinations of the spectra for the initial
sample and for crystalline MoQ

basis for the catalytic improvements that we have achieved
by surface modifications of AD3 supports, in an effort to
increase the reactivity of supported Mp@omains, without
loss of the selective properties of A3-supported Mo@
domains for DME conversion to HCHO [51].
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