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The one-step selective synthesis of dimethoxymethane (DMMQOTHH,OCHs) was achieved by oxidation

of dimethyl ether (DME) or methanol (GE&H) with O, at low temperatures (45%13 K) on unsupported

and SiQ-supported heteropolyacids with Keggin structures.jRV.M012-104 (N = 0—4)]. These materials
provide redox and Bisted acid sites required for bifunctional DMM synthesis pathways. Supported structures
at submonolayer coverages (8028 Keggin units per nf are much more accessible than bulk structures
and remove diffusional constraints. Their higher dispersions lead to marked improvements in DMM synthesis
rates and selectivities and to lower Celds using either CEDH or DME reactants. The presence ofH

during DME oxidation increases DMM synthesis rates because of a consequent increase in the rate of DME
hydrolysis reactions, which form G&®H molecules required as intermediates in the DMM synthesis reaction
sequence. Pure GBH reactants form DMM at much higher rates than DME reactants. The replacement of
some Mo atoms in BPM0;204 Structures with V increases DMM synthesis rates and selectivities while
inhibiting the formation of CQ In fact, CQ was not detected on34PV,M01,-1O4 (N = 2, 4; ~0.1 KU/

nn¥) even at high CEOH conversions{50%). CHOH converts to DMM via primary CkDH reactions to

form formaldehyde (HCHO) and subsequent secondary reactions of HCHO wiBKCkh steps requiring

both redox and acid sites; GBH also reacts to form DME on acid sites. These pathways are consistent with
the effects of changes in residence time and of the partial removal of acidic OH groups from Keggin structures
on reaction selectivities. High GBH pressures and conversions favor HCHCH;OH acetalization reactions

and DMM synthesis rates and selectivities. Thermal treatments that cause dehydroxylation and lasstediBro
acid sites without destroying the primary Keggin structures decrease DME formation rates without significant
changes in DMM synthesis rates. These findings suggest that acid sites are not involved in the rate-limiting
step for DMM synthesis and that much higher DMM selectivities can be achieved by further increases in the
ratio of the rates of redox and acid catalysis. This study represents the first report of high DMM selectivity
and yields on stable molecular oxide clusters and provides an effective approach to the rational design of
oxide materials for the one-step synthesis of dimethoxymethane from either dimethyl ether or methanol.

1. Introduction content (10 wt %) selectively oxidize methanol to DMM with

Dimethoxymethane (DMM: CEOCH,OCHg) is an important much highe_r rate_:s and selectivities thaaOJTiOz, molyb-
chemical intermediate. It is used as a gasoline additive, as adoPhosphoric acid, or MOZMCM-41°77 typically used for
building block in organic syntheses, and as a precursor in the CHsOH oxidation to HCHO. The high cost of Rg@nd its
synthesis of concentrated formaldehyde (HCHO) streams andVolatility at the required reaction temperaturesi{3-593 K)
of polyoxymethylene dimethyl ethers useful as diesel fuel present significant hurdles to the application of this first and
additives. DMM can be formed from HCHO produced viagZH  only example of a single-stage selective synthesis of dimethoxy-
OH oxidation reactions. In contrast with the many previous methane.
studies of CHOH oxidation to formaldehyde, the one-stage

Two types of active sites appear to be required for DMM
syntheses of DMM from CEOH

synthesis. Redox sites with active lattice oxygen atoms are
N involved in the initial formation of HCHO from C§DH or

3CH;OH + 7,0, —~ CH;0CH,OCH; + 2H,0 DME, whereas acid sites can catalyze desired acetalization
reactions of HCHO and C#DH, and also CEOH—CH3;OCHs

or dimethyl ether (DME) have received limited attention and interconversion side reactions. Heteropolyacids are negatively

achieved limited success. Current state-of-the-art DMM syn- charged oxide clusters with Keggin structures, W, Mo, or V
thesis processes involve methanol oxidation to formaldehyde gqdenda atoms, and P, Si, or B as central aforfisThe

on silver or iron mollybdate catalysts, followed by su.bsequent negative charge is balanced by cations, which renders the

condensation reactions of methanfdrmaldehyde m|xturfs materials acidic when protons become the charge-balancing

ﬁ:\?g rzlélétrj]rt'lc acid or dsokl]ld aRC'd catzlyéfé.llwasawe;] eht_ as;" R cations. These solids contain both acid and redox functionalities,
y reported that Rebased catalysts with high Re but typically form secondary crystalline structures with low

* To whom all correspondence should be addressed. E-mail: iglesia@ surfac_e area {10 n¥/g); they WOL_Jld_ rep_resent attractive
cchem.berkeley.edu. Tel: (510) 642-9673. Fax: (510) 642-4778. potential catalysts for DMM synthesis if their surface area and
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TABLE 1: DME Oxidation at 513 K on Unsupported and SiO,-Supported Heteropolyacid Catalysts (80 kPa DME, 18 kPa @

2 kPa N, balance He)

rate

rate

DME conversion  (DME molecules/  (mol DME/ selectivity (%}
catalyst (%)? KU-h)2 g-metal-h} CH;OH HCHO MF DMM CO

H3PMo012040 2.0 10.1 8.4 9.9 2.8 16.7 46.0 24.5

(1.8) 9.2) (7.6) (31 (185 (L1  (27.2)
HsPV2M01¢040 1.8 4.4 4.2 13.1 14.8 0.3 56.8 14.9

(16) 3.8) 3.6) (17.0) 03) (65.4) (17.1)
H3PW;12,040 0.9 1.3 0.6 86.8 3.7 0 6.9 2.5
H3PMo0;2040/SIO; 2.3 125.3 103.5 6.3 22.0 15.0 44.6 9.4
(9.3 Wt %) 2.2) (117.4) (96.9) 235)  (160) (476)  (10.0)
HsPVoM01¢040/SiO; 1.8 47.7 455 7.4 33.2 2. 55.0 1.8
(9.2 Wt %) (1.7) (44.2) (42.1) (35.9) 28  (594)  (19)

aData in parentheses are calculated on a@tifree basis.

redox properties could be improved significantly without
excessive loss of required Brsted acid sites.

and 86 kPa balance He (Airgas, 99.999%) for;OH oxidation
reactions. CHOH was introduced by bubbling He gas through

Heteropolyacids containing W as an addenda atom converta glass saturator filled with liquid G®H. For kinetic measure-

CH3OH to DME via dehydration reactions catalyzed by Bro
sted acid sites, without significant contributions from redox
pathways leading to HCHO or DMNA Mo-containing het-
eropolyacids with central Si or P atoms catalyze methanol
conversion to formaldehyde with minor amounts of DMM side
products®1! Here, we report the discovery of very activg-H
PMo012040 and H+nPM012-nVnO4o Structures supported on SiO
which catalyze CHOH reactions at low temperatures with very
high selectivities to DMM (86-96%, DME-free basis) and high
CH30H conversions (2640%, DME-free basis). These materi-
als also catalyze DMM synthesis from DME (3gBCH; +

0O, — 2CH;OCH,OCH; + H>0) or DME—CH3OH reactants.
DME and DME-CH3OH reactants can be produced less
expensively from synthesis gas (CQJHhan chemical grade
CH30H,'>"1 which is currently used in the synthesis of
intermediate chemicals.

2. Experimental Section

ments, CHOH and Q partial pressures were varied in the range
2—30 kPa, and 530 kPa, respectively. Homogeneous DME
or CH;OH reactions were not detected for the conditions used
in this study. All transfer lines between the reactor and gas
chromatograph were kept above 393 K in order to avoid
condensation of reaction products. Reactants and products were
analyzed by on-line gas chromatography (Hewlett-Packard
6890GC) using a methyl-silicone capillary (HP-1 with 30xm
0.25x 0.25um film thickness) column and a Porapak Q packed
column (86-100 mesh, 1.82 nx 3.18 mm) connected to flame
ionization and thermal conductivity detectors, respectively.
Selectivities are reported on a carbon basis as the percentage
of the converted reactant appearing as a given product.

3. Results and Discussion

3.1 Catalytic Oxidation of Dimethyl Ether on Heteropoly-
acids with Keggin Structures. Table 1 shows dimethyl ether
(DME) reaction rates and selectivities at 513 K, 80 kPa DME,

Supported heteropolyacid catalysts were prepared by incipientand 20 kPa @on unsupported and Sigupported BPMo;,040

wetness impregnation of SjQ(Cab-O-Sil, 288 rg) with
methanolic (Merck, 99.98%) solutions of each heteropolyacid
{H31xPVxM012-xO040r30H,0 (X =0, 1, 2, 4), Japan New Metals
Co.; HsPWi2040-6H,0, Allen Chem} at 298 K for 5 h.

and HPVoMo010040 catalysts (treated at 553 K). On both
unsupported samples, dimethoxymethane (DMM) was the most
abundant reaction product. Reaction rates were normalized per
Keggin unit (DME molecules/KU-h) or per gram of V and Mo

Impregnated samples were then dried in ambient air at 393 K (mmol/g-metal-h). Reaction rates and selectivities were calcu-

overnight.

lated by considering C#DH as a product and as a result, they

Raman spectra were measured using a HoloLab 5000 Ramarare reported on a GJ®H-free basis. At similar DME conver-

spectrometer (Kaiser Optical) and a frequency-doubled Nd:YAG

sions (~2%), reaction rates were about two times greater on

laser at a wavelength of 532 nm. The Raman spectrometer wasHzPMo12040 than on HPV>M01¢040, but HsPV2M010040 was

equipped with a CCD camera that was electrically cooled to

more selective to desired partial oxidation products HCHO

233 K in order to reduce thermal noise. Samples were pressed(14.8% vs 2.8%) and DMM (56.8% vs.46.0%), and formed less

into self-supporting thin wafers, placed on a rotary stage within
a quartz cell, and spun at16 Hz to avoid structural changes

CO, (CO+ COy; >90% of CQ molecules are CO at all reaction
conditions) (14.9% vs 24.5%). Methylformate (MF) selectivities

caused by local laser heating. Raman spectra were measuretvere much higher on #PMo;:040 (16.7%) than on EPV,-

for fresh samples and for samples treated in flowing 20% O
He (O, Praxair, 99.999%; He, Airgas, 99.999%; 0.673(sh
at several temperatures for 1 h.

Mo01¢O40 (0.3%). For comparison, the results obtained ap H
PW;1,040 are also included in Table 1.3AW;,04 catalysts
formed mostly CHOH from DME with only traces of HCHO

Dimethyl ether and methanol reactions were carried out at and DMM, consistent with their strong acidity and unreducible

453-533 K in a fixed-bed quartz microreactor containing
catalyst powders (0:10.3 g) diluted with ground quartz in order

nature?10
Supporting HPMo012040 (PM012) and HPV>M01¢040 (PV2-

to prevent temperature nonuniformities. Samples were treatedMoig) on SiG led to significantly higher DME oxidation

in flowing 20% QJ/He (O, Praxair, 99.999%; He, Airgas,
99.999%; 0.67 crts) for 1.0 h before catalytic reaction

reaction rates, as expected from their greater accessibility
compared with their respective crystalline bulk structures (Table

measurements. The reactant mixture consisted of 80 kPa DMEL1). At similar surface densities and DME conversions; H

(Praxair, 99.5%), 18 kPaQand 2 kPa M (Praxair, Certified
O,/N2 mixture) for DME reactions, and 4 kPa GBIH (Merck,
99.98%), 9 kPa @ 1 kPa N (Praxair, Certified @N, mixture),

PMo01204¢/SiO, showed higher DME reaction rates thagP -
Mo010040/SIO,, but as in the case of the unsupported samples,
HsPVoMo1004 Clusters were more selective for DMM synthesis
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100 100 increased by factors of two and three, respectively, and the
DMM selectivity increased from 55.0 to 68.3% (59.4 to 84.6%,
CH30OH-free basis) as 3.1 kP8 was added to the DMEAO
reactant stream. The selectivity to gBH increased concur-
rently from 7.4 to 19.3% as a result of the higher rate of DME
hydration with increasing ¥ concentration (Figure 1b). Higher
H>O concentrations led to additional small increases in DME
rates, mostly as a result of slightly higher DME hydration rates
and the consequently higher @BH concentrations. The
selectivity to DMM increased from 59.4 to 84.6% (gBH-
free basis) as the 4@ partial pressure increased to 3.1 kPa, but
then remained essentially unchanged (848%.3%) for higher
H,0 partial pressures (3-123.9 kPa; Figure 1a). SimilarJ@
effects were observed on3PIM0;,040/SiO,. These general
requirements for CBOH as a co-reactant in DMM synthesis
0 ' 50 together with previous literature attempts at direct DMM
0 5 10 15 20 25 30 synthesis from CKOH led us to examine this reaction on
supported heteropolyacids with Keggin structures.

3.2 Catalytic Oxidation of CH3OH on Heteropolyacids

with Keggin Structures. Effects of Hz1nPV,M012-1040 Com-

70 A Dimethoxymethane (b) position on Oxidative CH3;OH Reactions.The main products
/ A A —— formed from CHOH reactions on Bl-\PV,M012-nOs0 (N =

90

80

r 70

Dimethoxymethane
synthesis rate

Rate (mmol/g-metal-h, CH;:OH-free)
Selectivity to dimethoxymethane
(% CH3:OH-free)

Water pressure (kPa)

60 1 A 0,1,2,4) were HCHO, dimethoxymethane, methylformate, and
DME (Table 2). At these conditions, GQCO is >90% of the
50 - COy formed) selectivities were very low<6%) even at Cht
OH conversions of nearly 70%. Table 2 shows ;OH
40 conversion rates (DME-free) and selectivities obtained at 493
K on unsupported and Sp3upported By PViM012-1040 (N
[ ] = 0,1,2,4) catalysts. These materials were treated in dry air at
553 K; the effects of thermal pretreatment temperature are
described below. Reaction rates are reported normalized per
Keggin unit (molecules/KU-h) and per gram of the active
element (mmol/g-metal-h). Selectivities are reported both by
considering DME as a products and also on a DME-free basis,
o A t t— te— in view of available pathways for DME conversion to similar
0 5 10 15 20 25 30 products and to CkDH on these catalysts. At similar GBIH
Water pressure (kPa) conversions, reaction rates on the three unsupported heteropoly-
Figure 1. Effects of HO partial pressure on oxidative DME reaction ~ acids were only weakly influenced by the V/Mo content. DMM
rates (CHOH-free) (a) and selectivities (b) as well as on {Oi-free was the predominant product of oxidative (&M reactions on
dimethoxymethane selectivities (a) at 513 K 0gPM2M01004¢/SIiO, all three catalysts and DMM selectivities reached values ef 75
(9.2 wt %) treated at 553 K (80 kPa DME, 18 kPa @kPa N, balance 81% (DME-free basis at 2225% CHOH conversion).

He). The replacement of some Mo atoms by V to form-H

than HiPMoy204 Structures. These supported catalysts showed PYM0110s0 and FPV2M01¢O40led to higher DMM selectivities
much lower selectivities to CQthan the corresponding bulk ~ @nd to lower MF selectivities, as shown in Table 2. The
samples. On both supported catalysts, HCHO selectivities (22 ¢0mbined selectivity to desired DMM and HCHO products
or 33.2%) were higher and DMM selectivities (44.6 or 55.0%) 'eached values as high as 95% at;OH conversions of 22%
were slightly lower than those in the respective bulk compounds. (Poth DME-free basis). High DME selectivities-60%) were
This may reflect the loss of some Brsted acid sites during ~ also observed on all crystalline bulk heteropolyacid samples.
anchoring of Keggin clusters on supports or during subsequentUnsupported and supportecsPiV1,040 were also tested for
thermal treatments, as also evidenced by the lowesGEH CH3OH—0; reactions and they led to the exclusive formation
selectivities observed on supported samples. On all samples®f DME from CHOH, consistent with their predominant
the relatively high HCHO selectivities appear to reflect the function as acid catalysts (Table 2).

30

Selectivity (%)

20 A

10 A

IVlAethyIfonPate co,

stoichiometric requirement for GH, which is present in low These materials were also tested as supported samples in order
concentrations, for the final acetalization reaction of HCHO with to increase their accessibility to reactants anc@Hi reaction
CHzOH required in order to form DMM. rates. The results are shown in Table 2.;0H conversion rates

Figure 1 shows the effect of adding® to DME reactants increased by a factor of40 (both per Keggin unit and per
during reactions on HPV>M010040/SiO; (9.2 wt %; treated at mass of active component).4PIVMo011040 clusters supported
553 K). These experiments were performed to increasg CH on SiG were slightly more active than supporteghi10;2040,

OH concentrations via acid-catalyzed DME hydration reactions HsPV2M010040, and HPViMogOag clusters. The selectivity to
and to allow the completion of the DMM synthesis sequence, DME was lower on supported catalysts than on unsupported
which requires an acetalization step and a final step in which catalysts, possibly as a result of the loss of some acid sites during
CH3OH reacts with OH groups in adsorbed adducts formed from anchoring of the Keggin clusters via reaction of their OH groups
CH3;OH—HCHO reactants as discussed in detail in the next with Si—OH groups on Si@ surfaces. DMM selectivities of
section. DME conversion rates and DMM synthesis rates ~84% were reached on bothsPNVoM01004¢/SiO, and Hy-
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TABLE 2: CH 30H Oxidation on Unsupported and SiO,-Supported Heteropoly Acid Catalysts at 493 Kand on Other
Literature Catalysts for Comparison

conversion selectivity (%%

rate (DME-free)

rate

catalyst (%)° (molecules/KU-h) (mmol/g-metal-h) DME  HCHO MF DMM CQ refs

H3PM012040 52.6 6.2 5.4 52.2 4.2 4.2 34.6 5.0 this work
(24.6) (8.8) 9.3) (72.3)  (10.9)

H4PVMo0,,04 44.2 5.3 4.8 52.1 6.5 0.7 38.8 1.7 this work
(21.2) (13.6) (1.4) (81.1) (3.5)

HsPV2M010040 41.6 55 5.2 48.1 8.7 0.4 40.2 2.6 this work
(22.4) (16.8) (0.8) (77.5) (5.0

H3PW;2040 43.2 - —c 100 0 0 trace trace  this work
(trace)

H3PM0:1,040/SiO;, 68.5 248.7 205% 33.3 7.6 11.9 41.0 55 this work

(9.3 wt %) (45.7) (11.4) (17.9) (61.5) (8.3)

H4sPVM0,,04¢/SiO, 68.2 254.2 23290 31.1 3.2 5.6 58.1 1.0 this work

(9.2 wt %) (47.0) (4.6) (8.1) (84.3) (1.5)

HsPV2M010040/SIO; 63.3 217.4 2068 35.4 4.5 4.0 54.0 0.3 this work

(9.2 wt %) (40.9) (6.9) (6.2) (83.6) (0.4)

HePViM0504d/SiO; 60.3 143.9 154.2 30.7 10.7 24 55.1 0 this work

(10.2%) (41.8) (15.4) (3.5) (79.5)

H3PW;2,040/SiO, 92.8 - —¢ 99.8 0 0 ~0.1 ~0.1 this work

(9.7%) ~0.2) (61.5) (38.5)

SbReOg! 6.5 - ~1.1 6.5 0 1.2 92.5 0

ReQ/Fe0s® 48.4 - 319.2 1.0 2.4 4.6 91.0 1.0 4

(10 wt Re%)

PMo/Siof - - - ~7 ~16 ~20 ~55 ~2 6

(5.75 wt Mo%)

aReactant mixture: 4 kPa GBH, 9 kPa Q, 1 kPa N, balance He® Data in parentheses are calculated on a DME-free baBiata are
calculated on a DME-free basi$Reaction mixture: ChDH/O,/He = 4.0/9.7/86.3 (mol %); reaction temperature: 573°IReaction mixture:
CH3OH/O/He = 4.0/9.7/86.3 (mol %); reaction temperature: 513f Reaction mixture: CkDH/O)/He = 4.5/10.3/85.2 (mol %); reaction

temperature: 513 K; catalysts treated at 593 K.

PVM01104¢/SiO, samples at CkDH conversions of 40:9
47.0%, with extremely low CQselectivities (0.41.5%).

Comparison with State-of-the-Art Catalysts for One-Step Effects of HsPV,;M010040 Surface Density and Thermal
DMM Synthesis from CH3OH. The best reported catalysts for Treatment on CH3;OH Reaction Rate and Selectivity.The
direct CHOH oxidation to DMM are based on supported Re catalytic properties of supported heteropolyacids depend on their
oxides? CH3OH reaction rates (per gram active component, dispersion on Si@ Table 3 shows the effects 0EPV,M010040
DME-free basis) measured onfPVMo01104¢/SiO, and HP V- loading and surface density on the rate and selectivity of-CH
Mo01004¢/SIO; catalysts are similar to the highest values reported OH oxidation reactions. Surface densities are reported as the
on supported Re(ratalysts (Table 2). DMM selectivities were  number of Keggin units or the number of V and Mo active metal
also similar when compared on a DME-free basis, but the large atoms per BET surface area (KU/Arand metal/nf). For
number of acid sites and strong acidity of heteropolyacid loadings less than 9.2 wt %, reaction rates remained nearly
materials led to higher DME selectivities during €bH constant with loading, indicating that most, and possibly all,
reactions. Our evaluation of some of the Rdfased composi-  Keggin clusters are accessible to reactants in this surface
tions reported in CEDH reactions led to significantly higher  coverage range. Higher surface densities led to a decrease in
DME selectivities than previously reportédt also led to the CH3OH reaction rates (per KU), apparently because of incipient
extensive sublimation of Re@pecies, consistent with the high agglomeration of dispersed Keggin units into clusters with
volatility of the prevalent Re@species at the required reaction secondary crystalline structures. The surface densities required
conditions. Several other studies have detected DMM productsfor incipient agglomeration (0.100.28 KU/nn?¥) are smaller
either with very low selectivity or very low formation rate’-1* than those estimated from geometric arguments for a theoretical
For example, BPMo0,,04¢ clusters supported on Si@5.75 wt monolayer of Keggin clusters (0.7 KU/rfineach one of which
% Mo) gave DMM selectivities as high as 55% at 513 K after occupies~1.44 nn?. The samples with the lowest surface
the sample was treated at 593 K (Table 2), but;OH density (0.024 KU/nr#) gave very low DME selectivity (20.4%)
conversion rates were not reported, thus preventing directand high HCHO selectivity. Increasing the surface density to
comparisons with our results reported heétdo/MCM-41 (2 0.10 KU/nn? led to higher DME and DMM selectivities and
mol % Mo) showed a high DMM selectivity (72.6%) and very lower HCHO selectivities. At surface densities of 0.65 KUfnm
low CH30OH conversion (0.7%) at 543 K, but Mo migration DMM selectivities decreased and HCHO selectivities increased.
out of MCM channels led to rapid deactivatién. It appears that protons are consumed in condensation reactions

The partial conversion of C}¥0H to DME during DMM leading to the anchoring of Keggin clusters at lowP-
synthesis does not present significant hurdles, because pathway 010040 surface densities and that the Keggin clusters may
are available for the re-formation of GBH as it is depleted ~ behave similarly to bulk BV>M01¢04 crystallites as surface
and for DME conversion to HCHO and DMM products on densities increase beyond monolayer coverages.
heteropolyacids (Tables 1, Figure 1) and to HCHO on supported  Keggin clusters dehydroxylate via condensation reactions that
MoOy and VQ, catalystst>18 Finally, the selectivity to DME convert OH groups into 0 and form Me-O—Mo linkages
can be further decreased by the selective titration of some of between Keggin units and ultimately destroy the primary Keggin
the Brinsted acid sites in heteropolyacids or by their partial structure to form crystalline Mo These reactions occur

dehydroxylation during controlled thermal treatments, as de-
scribed in the next section.
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TABLE 3: Effects of HsPV,M010040°30H,0O Content of HsPV,M01004¢/SiO, on CH;OH Oxidation (493 K, 4 kPa DME, 9 kPa
O,, 1 kPa N,, Balance He)

content  SA SD SD conversion rate (DME-free)  rate (DME-free) selectivity (%5
Wt%) (m%g) KUMnm? Mo+V/nnm? (%)2 (molecules/KU-h) (mmol/g-metal-n) DME HCHO MF DMM CQ
2.5 271.1 0.024 0.3 27.2 210.8 201.8 20.4 21.4 4.6 52.7 0
(21.6) (26.9) (5.8) (66.3)
51 263.3 0.051 0.6 33.7 210.8 201.0 34.7 14.9 4.2 45.8 0
(22.0) (22.8) (6.4) (70.1)
9.2 236.2 0.10 1.2 445 230.7 219.2 35.0 3.1 53.0 0.1
(28.9) (11.1) (4.8) (81.6) (0.2
20.1 190.5 0.28 3.3 41.3 190.9 181.9 36.5 8.1 2.7 51.2 0
(26.2) (12.8) (4.3) (80.6)
35.0 143.1 0.65 7.8 36.9 150.0 142.7 35.2 16.8 2.9 43.4 1.1
(23.9) (25.9) (4.5) (67.0) (1.6)
aData in parentheses are calculated on a DME-free basis.
’—bRate I 200 I Treatment temperature 200
801 oig 298 K @)
. Dimethoxymethane u
o, HCHO 0
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Figure 3. Raman spectra for $#V>M010040/SiO; (20.1 wt %) at 298
K (a) and after thermal treatment in 20%/Be at 523 K (b), 553 K
(c), 593 K (d), 673 K (e), and 873 K (f).

Figure 2. Effects of treatment temperature on £&MH conversion rates
(DME-free) and selectivities at 493 K onsPV>,M01004¢/SIO; (20.1
wt %; 4 kPa CHOH, 9 kPa Q, 1 kPa N, balance He).

between 550 and 670 K for bulksAMo0:2040. The effects of
thermal pretreatment on GBH reaction rate and selectivity
on supported bV,Mo010040 were explored and the results are
shown in Figure 2. Thermal treatments ofRf¥>M01¢040/SiO
(20.1 wt %) in air at 523 K led to high DME selectivities
(46.2%) and to relatively low DMM selectivities of 37.1%
(69.0%, DME-free). As the thermal treatment temperature
increased to 553 K, the DME selectivity declined to 36.5%, appeared at 1039 crh(Figure 3, curve b). The observed shift
while the DMM selectivity increased to 51.2% (80.6%, DME- to higher frequencies upon water desorption reflects a change
free). This trend continued until the treatment temperatures in Mo coordination and in the bond order for terminal #40
reached~673 K. After treatment at 673 K, the DME selectivity bonds associated with desorption of water molecules loosely
was 13.4%, and the DMM selectivity was 70.5% (81.4%, DME- coordinated to Keggin structut& as also found for dispersed
free). Further increases in the thermal treatment temperature (873V1oOy catalystsi®29 The new band detected at 1039 Thhas
K) led to a sharp decrease in DMM selectivity and to a been tentatively assigned to vanadyl species, which appear to
concurrent increase in HCHO selectivity. The reaction rates form via expulsion of some V-atoms from the Keggin structure
(DME-free) decreased from 185.4 mmol/g-metal-h to 143.0 after treatment at523 K1° Increasing the treatment temperature
mmol/g-metal-h by only~20% as the treatment temperature from 523 to 553 K led to stronger features at 1001 &nelative
increased from 553 to 673 K, but then decreased sharply toto those at 1015 cmt, and this trend continued up to 673 K.
92.4 mmol/g-metal-h after treatment at 873 K (Figure 2). This phenomenon appears to reflect the loss of protons via
These changes in the catalytic behavior gPM;M01004¢/ dehydroxylation and the consequent formation of condensed
SiO; (9.2 wt %) upon thermal treatment are consistent with the Keggin structures after thermal treatment at 5833 K.
observed structural evolution ofsFV,M0;0040 Keggin units Treatment at 673 K led to two additional bands at 972 (w) and
on SiQ surfaces. Figure 3 shows Raman spectra fgiP\H- ~870 cn! (b). After exposure to ambient moisture, the original
Mo010040/SIO; (9.2 wt %) after exposure to ambient air at 298 spectrum in the starting material was restored (Figure 3, curve
K and after treatment in dry air at various temperatures. The a), indicating that dehydroxylation processes are reversible at
samples initially showed Raman bands at 1002 (s), 984 (sh),these temperatures and that destruction of the Keggin structure
and~900 (w) cnTtin the 606-1100 cnT?! spectral region. The  and formation of crystalline Mo® does not occur upon
bands at 1002 and 984 chare assigned to terminal MeO dehydroxylation at 673 K or lower temperatures in these

stretching vibrations, and the band around 900 timassigned

to bridging Mo—O—Mo (or P) stretching modes in the intact
Keggin structuré? The terminal Me=O stretching bands at
1002 and 984 cmt shifted to higher frequencies (1015 and 1001
cm 1, respectively) after treatment in 20%/Ele at 523 K; the
band at~900 cnT! remained unchanged, and a new weak band
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60 300 SCHEME 1: Proposed CHOH Reaction Pathways.
Dimethoxymethane "
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< 401 Dimethylether | 200 ¢ E HCHO L>“CH}OCHZOH” LCH}OCHZOCH}
s — o N ? £ CH;OH CH;OH (DMM)
— o = O*
'§ 30 E g ©)
3 et E HCOOCH; (MF)
20 HCHO - 100 % >
° E consistent with the reaction pathways shown in Scheme 1. These
£ pathways include primary CJ®H reactions to form DME and
101 Methylformats ° HCHO, and secondary reactions of HCHO to form DMM and
erwiormars MF via methoxymethanol or hemiacetal (gBICH,OH) inter-
0 P e €O 0 mediates, which form via acetalization reactions of HCHO with
0 1 2 3 4 methoxide or methandk?2 CH;OCH,OH intermediates were
Residence time (g-atom metal-s/mol CH;OH) not detected during C#DH reactions because of their thermo-
Figure 4. CH;OH reaction rates (DME-free) and selectivities as a dynamic instability and their expected rapid reactions withyCH
function of reactant residence time at 493 K 0gPM2M010040/SiO; OH to form DMM. These rapid reactions of HCHO and

|(.|9.2 wt %) treated at 553 K (4 kPa GBIH, 9 kPa @, 1 kPa N, balance CH;OCH;OH intermediates with C¥DH make DMM appear

€) to behave as a primary product, giving a nonzero extrapolated
selectivity at zero residence time (Figure 4). The low measured
COy selectivities £0.5%) allow us to exclude these steps from
our kinetic analysis of these reaction pathways. DME oxidation
kinetic measurements (Table 1 and Figure 1) suggest that
secondary reactions of DME formed in @BH reactions can
also form HCHO, which subsequently converts to DMM and
MF (Scheme 1). These reaction pathways (Scheme 1) require
compromise between the redox sites required to form HCHO the invqlvement of bifunqtional .pathwgys requiring both redox
intermediates and the acid sites involved in acetalization and aC|d.s.|t_es. Redqx sites with actl\_/e Iattlce_ oxygen atoms
HCHO—CH,OH reactions to form DMM and in COH catalyze initial oxidative dehydrogenation reactions of;OH
dehydration to form DME. The ultimate decomposition af H ohr D?"E to form ';'CHO’ wh|IeHac_|d snesd(_H are |n\éol_vedr:n_
PVoMoQy into crystalline MoQ and V,Os removes all Bro- the ormatlon of CHOCH.O _|nterme lates and in their
sted acidity as all OH groups are removed a©Hbut the conversion to DMM, as_ well as in CgJEDH dehydr{;\tlon to form
materials retain some of the redox properties typical of Mo and DME. The_se con_clusmns are consistent with the use of
V oxides and form HCHO with high selectivity, as in the case monofunctional acid catalysts for reactions of HCHO ancCH
of MoO,- and VQ-based CHOH oxidation catalysts. OH to form DMM22 and with parallel studies of the effects of

Dimethoxymethane Synthesis Pathways and Effects of titration of Brinsted acid sites with organic bases durings€H
Reactant Residence Time on Reaction Rates and Selectivi- OH oxidation reaction on these materigisMethylformate is
ties. Figure 4 shows CKOH conversion rates and selectivities lIK€ly to form via oxidative or non-oxidative dehydrogenation
as a function of reactant residence time, which was changed by®f CHsOCH,OH intermediates on redox sites. These findings
varying the reactant space velocity at 493 K on ePW- and conclusions indicate that high HCHO concentrations,
Mo1d040/SIO (9.2 wt %) sample treated at 553 K. The observed favored at high CHOH conversions or high CiOH inlet
trends are similar on all supported and unsupported Sammes{)ressures, lead to higher DMM synthesis rates and selectivities,
examined in this study. as a result of faster secondary acetalization reactions involving

CHsOH conversion rates decreased slightly with increasing HCHO and CHOH, as shown in the next section.
residence time. This decrease reflects weak kinetic inhibition ~Reactant Concentration and Temperature Effects on
by water formed during oxidation reactions, as reported previ- CHsOH Conversion to Dimethoxymethane.Table 4 shows

samples. Thermal treatments at 873 K led to the destruction of
the Keggin structure in §PV>M0Oy4 and to the irreversible
formation of MoQ crystallites (Figure 3, curve f), as shown
by the characteristic Raman bands at 674, 825, and 1003%¢€m
which remain after exposure to ambient moisture.

The dehydroxylated Keggin structures ofsAY>Mo00O40
formed after treatment at673 K appear to provide an effective

ously for DME oxidation to HCHO on MoQ and VQ the effects of reaction temperature on 4CHH conversion rates
catalystst’ The selectivity to the predominant DMM product and selectivities on PV2Mo010040/SiO; (9.2 wt %) samples
increased with increasing residence time ancds@H conver- treated at 553 K. Rates and selectivities are compared at similar

sion, while HCHO selectivity concurrently decreased. Selectivity CH3:OH conversion levels 427%, DME-free), which were

to MF also increased with increasing residence time. The achieved by varying reactant space velocities over a broad range.
selectivity to CQ was always very low £0.3%) and often CH3OH reaction rates increased from 68 mmol/g-metal-h to 340
undetectable. DME selectivities were essentially independent mmol/g-metal-h as reaction temperatures increased from 453
of residence time. The concurrent increase in DMM and MF to 513 K. DMM selectivities decreased from 91.8% (DME-
selectivities and decrease in HCHO selectivity as residence timefree) to 51.1% in this temperature range, mostly as a result of
increases indicates that DMM and MF form via secondary a concurrent increase in HCHO selectivity with increasing
HCHO reactions. The weak residence time effects on DME reaction temperature. These effects suggest that redox reactions
selectivity reflect its lower reactivity in oxidation reactions leading to HCHO increase more strongly with temperature than
compared with CHOH, which is also present at much higher acetalization reactions leading to DMM, suggesting a higher
concentrations than DME at these conditions (cf. Tables 1 and activation energy for the former reactions. DME and MF
2). The observed effects of residence time on selectivity are selectivities were only weakly affected by reaction temperature.
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TABLE 4: Effects of Reaction Temperature on CHOH Oxidation on HsPV,M0,004¢/SiO; (9.2 wt %, 4 kPa DME, 9 kPa O;
Catalyst Sample Treated in Dry Air at 553 K)

temperature conversion rate (DME-free) selectivity (%}
(K) (%)? (mmol/g-metal-h) DME HCHO MF DMM CQ
453 39.9 68.0 32.7 2.1 3.2 61.8 0
(26.9) (3.1) (4.8) (91.8)
473 39.3 132.0 33.6 4.2 3.3 57.9 0
(26.1) (6.3) (5.0 (87.2)
493 45.2 219.2 35.0 7.2 3.1 53.0 0.1
(28.9) (11.1) (4.8) (81.6) (0.2)
513 42.4 340.4 36.0 24.6 3.8 32.7 0.5
(27.3) (38.4) (6.0) (51.1) (1.9)
aData in parentheses are calculated on a DME-free basis.
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Figure 6. Effect of oxygen pressure on GBH conversion rates and
selectivities on a DME-free basis at 473 K ogRY¥>M01¢04¢/SiO,
treated at 553 K (9.2 wt %; 4 kPa GBIH, balance He).

Figure 5. Effects of CHOH partial pressure on GBH conversion
rates and selectivities on a DME-free basis at 473 K eP\FAM 010040/
SiO; treated at 553 K (9.2 wt %; 9 kPa,OL kPa N, balance He).

Figure 5 shows the effects of GBH partial pressure on GH 8 _A——A
OH conversion rates and selectivities at 473 K ogPWb- g % CH;OH A/H
Mo010040/SIO; (9.2 Wt %, treated at 553 K). At similar GOH 2 =
conversions{11% DME-free basis), reaction rates increased E 3
as CHOH patrtial pressures increased from 2 to 30 kPa. Higher g E 40 CH;0HIO, CH;0HIO,
CH3OH partial pressures led to much lower HCHO selectivities £ 2
and to a concurrent increase in DMM selectivities from 61.3% E E
to 95.8% (DME-free). These trends appear to reflect the 5__’§ T 20
secondary nature of the pathways required for DMM synthesis, ’g A
which require sequential bimolecular coupling reactions between &
HCHO and CHOH-derived intermediates and between the

0 ‘ ‘ : . .
products formed in this reaction and gBH (Scheme 1). The 0 50 100 150 200 250 300

enhancement of these secondary reactions with increasigg CH
OH partial pressure leads to higher HCHO conversion rates Figure 7. Dimethoxymethane synthesis rates in the presence and in

relative to its fqrmation rate e}nd to the obseryed decrease iNyha apsence of gas-phasedd453 K on a steady-statePN;Mo1c040/
HCHO selectivity as CkDH inlet pressures increase. The Sio, catalyst (9.2 wt %) treated at 553 K (4 kPa €M, 9 kPa Q or
concurrent observed increase in DME selectivity from 32.1% no O, balance He).

to 51.2% is consistent with the expected bimolecular nature of . ) .
OH conversion to DMM was confirmed by transient §€»H

CH30OH dehydration reactions. A ’
° y ) o ) reaction methods on4RV,oMo010040/SiO; (9.2 wt %, treated at
CH3OH reaction rates and selectivities were essentially ggg K).

unchanged as £partial pressures increased from 5 to 30 kPa  These transient experiments were conducted by carrying out
as shown in Figure 6. Such insensitivity to gas-phase O steady-state C¥DH oxidation reactions ondPV>Mo1004d/SiO;
concentrations is typical of catalytic oxidation reactions pro- catalysts and then removing the gas-phaseF@ure 7 shows
ceeding via Mars van Krevelen pathwayssing lattice oxygen  that the removal of @led to initial rates very similar to those
atoms. Such pathways have been established feOEFf and obtained in the presence of Go-reactants, indicating that lattice
DME!"*oxidation to HCHO and for oxidative dehydrogenation oxygen is available for C¥DH conversion reactions. These rates
of alkaneg’-26The involvement of lattice oxygen atoms in gH decreased with time as lattice oxygen was depleted by these

Reaction time-on-stream (min)
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