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Abstract

The catalytic oxidation of dimethy ether (DME) to dimethoxymethane (DMM) was carried out over MnCl, modified H;SiW,040/Si0, catalysts
prepared by impregnation method in a continuous flow type fixed-bed reactor with ratio of npmg/no, =1 : 1 at 593 K and 0.1 MPa. The effect of
calcination temperatures, different impregnation sequences, reaction time and different feeding modes over MnCl, (5 wt%)—-H4SiW ,040/Si0; cata-
lyst were all investigated. The results show that the catalyst, which was prepared by first HySiW,040 then MnCl, impregnated in SiO, and calcined
at 673 K demonstrates the optimum activity with 8.6% of DME conversion and 39.1% of DMM selectivity. The pure DME reactants form higher
selectivity of DMM than pure CH;OH reactants. The BET surface area, total pore volume, X-ray diffraction (XRD), NH;-TPD, TEM, FT-IR, XPS
and ICP-AES were used to characterize the structure and performance of the catalysts deeply. XPS shows that Mn** species of the fresh catalyst play
important role and may be reduced to Mn?* or Mn** species in the synthesis of DMM from DME oxidation reaction. Besides, the amount of superfi-
cial Mn declines by 15.5% after the reaction. ICP-AES indicates that the total amount of Mn after the reaction decreases by only 4.9% than that of the
fresh sample. XRD patterns of the catalysts calcined at different temperatures show that the Keggin structure of the catalysts are destroyed when the
temperature exceeds 673 K, Besides, NH3-TPD profiles also indicate that the acidity of the catalyst becomes weaker with the calcination temperature
increased. Compared to the fresh catalyst, the acidity of the catalyst after the reaction is also weakened. Itis found that Mn modified HySiW,04¢/SiO,
improves the catalyst oxidative activity and moderates the acidity of the catalyst. The mechanism of this reaction may be that DMM can be synthesized
via methoxy groups formed by DME dissociation under the cooperation of the acid sites and redox sites of Mn modified HySiW,040/Si0O, catalysts.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction other synthesis routes, such as the direct synthesis from synthe-
sis gas [4] via CO hydrogenation and the selective oxidation of
methanol [5,6]. Liu and Iglesia have reported their research work

on the synthesis of DMM from DME and methanol in a microre-

Dimethoxymethane (DMM, CH3;0OCH,OCH3), as an impor-
tant chemical material, has been widely used. It can be used as a

solvent in the perfume industry, a key intermediate for preparing
high-concentration formaldehyde [1], and a reagent in organic
synthesis. More importantly, DMM, with high content of oxygen
and cetane number, which can improve diesel oil thermal effi-
ciency, is considered to be an extraordinarily promising additive
to diesel oil [2]. Besides, as a product for environmental protec-
tion, it can substitute Freon and reduce the emission of VOCs
especially.

At present, DMM can be produced by acetalization of
methanol with formaldehyde in a large scale [3]. There also exist
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actor using H34, V,Mo12_,PO4 as the catalyst [7], and gets the
1.8% of DME conversion and 56.8% of DMM selectivity on
HsPV,Mo190O49 catalyst.

DME is a potential chemical feedstock like methanol. When
it is produced at big scale, the production cost will be much
lower than methanol based on methyl or methoxy which are
the basic group for further organic synthesis. Using DME
as the starting material to synthesize a variety of organic
compounds with high value will be as important as using
methanol.

In our previous work, we have made some research on how
to synthesize DMM via the catalytic oxidation of DME over Mn
modified H4SiW 2049 catalysts [8].
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In this study, we report the catalytic activity and charac-
terization of MnCl, modified H4SiW12040/Si0, catalysts for
catalytic oxidation of DME to DMM, discuss the deactivation
of the catalyst and propose the reaction mechanism.

2. Experimental
2.1. Catalyst preparation

MnCl, modified H4SiW 2049 catalysts were prepared by an
incipient wetness impregnation method. An aqueous solution of
H4SiW 17,040 (Shanghai Chemical Co.) and an aqueous solution
of MnCl, (Tianjin Chemical Co.) were all together impreg-
nated in SiO; (Shanghai Chemical Co. 20—40 mesh) at 298 K
for 4 h, then was dried in air at 393 K for 12 h, and then cal-
cined for 4 h at 673 K. The catalyst prepared was designated as
(MnCly(5 wt%) + H4SiW 12040)/Si0;.

Two-step impregnation method: when the impregnation
sequence was that first H4SiW 2049 was impregnated in SiO»,
dried and calcined, then MnCl; was impregnated in the above
sample, MnCl, (5 wt%)—H4 SiW 12040/Si0, was prepared, while
the catalyst prepared by the opposite sequence was designated
as H4SiW12040-MnCl, (5 wt%)/Si0;.

2.2. Dimethy ether catalytic oxidation

The catalytic oxidation reactions were carried out in a contin-
uous flow type fixed-bed reactor containing catalyst (4.8-5.0 g,
20—40 mesh) diluted with ground quartz in order to prevent
over-heating of the catalyst due to the exothermic reaction. The
catalyst was treated in flow of O> (15 ml/min) for 1 h before
reaction. The reactant mixture consisted of DME and O, with
ratio of npmg/no, = 1: 1. The outlet stream line from the
reactor to the gas chromatograph was heated at 423 K. The
reaction products were analyzed by on-line gas chromatog-
raphy (GC-9A) equipped with Porapak T column and GC-
4000A with TDX-01 column with thermal conductivity detec-
tors. The products selectivity are calculated on carbon molar
base: S;=Y;n;/> Yin; x 100%, where i is the CH3OCH,OCH3,
CH;OH, HCHO, HCOOCHj3;, CH,CH,, CO, CO,, CHy, S; the
selectivity of product i, ¥; the number of carbon atom of product
i, and n; is the molar of product i.

The carbon balance of the reaction:

C(mol%) = Ciol,out/ Cmol,in = (2nu,pDME + 37CH;0CH,0CH;
+ nCH;0H + MHCHO + 2RHCOOCH; + 21CH,CH,

+nco + nco, + ncH,)/2ho DME
Table 1

Most of the carbon balances of the experiments are within the
range of 95-99%.

2.3. Catalyst characterization

Surface areas of the samples were measured by a BET nitro-
gen adsorption method at 77.35 K using a TriStar 3000 machine.
Total pore volume was measured by single point adsorption.

XRD patterns were measured on a Bruker Advanced X-Ray
Solutions/D8-Advance using Cu Ka radiation. The anode was
operated at 40 kV and 40 mA. The 26 angles were scanned from
5°to 70°.

FT-1R spectra were measured on a NICOLET 380 instrument
with a DTGS KBr detector.

XPS spectra were measured on a XPS-AXIS Ultra of Kratos
Co. by using Mg Ka radiation (hv = 1253.6eV) with X-ray
power of 225 W (15kV, 15 mA).

TEM images were taken on a H-600-2 Transmission electron
microscope.

ICP-AES—Atomscan 16 of American TJA Co. was used to
detect the total amount of Mn before and after reaction.

The NH3-TPD spectra were recorded in a fixed-bed reac-
tor system equipped with a gas chromatograph. The catalyst
(100 mg) was pretreated at 773 K under Ar flow (40 ml/min) for
2 hand then cooled to 373 K under Ar flow. Then NH3 was intro-
duced into the flow system. The TPD spectra were recorded at
a temperature rising rate of 10 K/min from 373 to 1273 K.

3. Results and discussion

3.1. Effects of calcination temperature on the catalytic
performance of MnCly(5 wt%)—H4SiW;12040/Si02

Table 1 shows the DME conversion, DMM and other
side-products selectivities obtained over MnCly(5 wt%)—
H4SiW12040/S10; catalyst calcined at different temperatures.
When MnCl,(5 wt%)-H4S1W12040/Si02 sample was calcined
at 623 K, DME conversion reaches 13% and 18.6% selectivity
of DMM is also observed, but selectivities of side-products CO
and CO; are given at 16.4% and 19.4%, respectively. When the
sample was treated at 673 K, the DMM selectivity is signifi-
cantly improved up to 39.1% with 8.6% conversion of DME.
Besides (CO+CO») selectivity obviously declines to 6.6%.
However, with calcination temperature increases, DMM selec-
tivity decreases in evidence, concurrently CO, and CH3OH
selectivities increase sharply. Especially, CH3OH is the main

Comparison of the catalytic activity of MnCl, (5 wt%)—H4SiW12040/SiO; catalyst calcined at different temperatures

Calcination temperature (K) DME conversion (%)

Selectivity (mol%)

DMM HCHO MF CH30H CoHy CcO COy
623 13 18.6 3.0 104 29.8 2.4 16.4 194
673 8.6 39.1 8.5 9.3 33 3.6 32 3.4
723 9.1 10.1 7.1 12.5 49.8 3.6 7.0 9.9
823 6.5 59 10.8 12.1 46.8 49 4.8 14.7

T=593K; P=0.1 MPa; t=30min; SV=360h"".
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Table 2
Structure properties of MnCl, (5 wt%)-HsSiW 12040/Si0O, catalysts calcined at
different temperatures

623K 673K 723K 823K

BET surface area, A (m? g~ 1) 178.1 192.9 191.8 172.1
Total pore volume, v (cm? g~ 1) 0.132 0.147 0.148 0.146
Average pore diameter, d (nm) 2.975 3.042 3.101 3.390

d=4v/A.

side-product when temperature exceeded 673 K. As can be
seen from the above table, the optimum calcined temperature
is 673 K with relatively high DMM selectivity and low CO,
selectivity.

Table 2 lists the surface area, average pore diameter and total
pore volume of MnCly (5 wt%)-HaSiW 12040/S10; catalysts cal-
cined at different temperatures. BET surface area of the sample
calcined at 673 K reaches the highest, and its total pore vol-
ume is also relatively larger. This could explain partly why the
sample calcined at 673 K exhibits the better catalytic activity
in accordance with the results shown in Table 1. Then with
the calcination temperatures increased, BET surface area and
total pore volume of the sample show the downtrend, which
can account for part of surface sintering of the catalyst. This
may be one of the reasons that lead to the drop of activity
and stability of the sample. Comparatively, high BET surface
area, as one of the factors, helps to increase the activity of the
sample and promotes the DMM synthesis from the oxidation
of DME.

3.2. Influence of the impregnation sequence of MnCl,
introduction into H4SiW15,040/Si0; on performance of
catalysts

Table 3 demonstrates the influence of the sequence of proce-
dure in preparing MnCl» (5 wt%)-H4Si1W1204¢/SiO> catalyst.
Obviously Mn modified H4SiW12040/Si0; catalysts obtain
much higher DMM selectivity than H4SiW12040(40%)/Si0;.
Some distinctive differences of the product selectivity are dis-
played in Table 3. H4SiW12040—MnCl(5 wt%)/SiO, catalyst
gives higher DME conversion, but DMM selectivity is rela-
tively lower. Besides, CO, selectivity reaches 29.2%, espe-
cially CO; selectivity achieves 21.4%, which is much higher
than that of the other two catalysts. Maybe the acidity of
H4SiW12040-MnCl; (5 wt%)/Si0; catalyst is stronger so that
DME was adsorbed on the catalyst and deeply oxidized to CO;.

Table 3
Effect of impregnation sequences on performance of catalysts
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Fig. 1. Effects of reaction time on DME conversion and DMM selectivity over
MnCly (5 wt%)-Ha SiW 12040/Si0; catalyst, T=593 K, P=0.1 MPa.

It is found that DMM selectivity is improved up to 39.1% and
to a concurrent decrease in CO, selectivity when the sequence
of the adding MnCl; and H4SiW 2049, respectively, was con-
verted first H4SiW 12040 then MnCl,. Obviously, high CH;0OH
selectivity is also obtained at the same time comparing to
the other catalysts though MnCl» (5 wt%) + H4SiW12040)/Si02
catalyst gives 33.1% DMM selectivity. From Table 3, it is found
that Mn modification greatly improves the catalytic activity of
H4SiW12040/SiO; and the catalyst prepared by the Mn-acid
sequence (MnCl, (5 wt%)-H4SiW12040/Si0,) shows best cat-
alytic performance.

3.3. Influence of reaction time on DME conversion and
DMM selectivity on MnCly(5 wt%)—H4SiW;20.49/SiO2
catalyst

Fig. 1 shows the effects of reaction time on the conversion
of DME and the selectivities of the main products over
MnCl, (5 wt%)-H4SiW 1204¢/Si0; catalyst. It can be seen that
the conversion of DME has no obvious change, but the selectiv-
ity of DMM decreases from 39.1% to 18.8% with the time on
stream. Before 3 h, CO, selectivity first increases then declines,
and there is a concurrent increase in CH30H selectivity. After
that, CH30H and DMM selectivities both decrease while CO,
selectivity rises in evidence. With the reaction time going on,
DME is mostly oxidized to CO,. It can be found that Mn

Sequences DME conversion (%) Selectivity (mol%)

DMM HCHO MF CH3;0H CyHy CcO CO, CHy
H4SiW12040(40%)/Si0, 21.5 55 8.5 6.1 41.8 2.0 28.9 6.3 0.9
H4SiW12040-MnCl, (5 wt%)/SiO, 10.1 16 8.3 4.1 39.2 3.1 7.8 21.4 0
MnCly (5 wt%)-Ha SiW12040/Si0; 8.6 39.1 8.5 9.3 33 3.6 32 34 0
(MnCly(5 wt%) + H4SiW12040)/Si0O2 9.3 33.1 6.4 9.5 42.4 34 34 1.8 0

T=593K; P=0.1 MPa; t=30min; SV=360h"".
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Table 4
Effect of feeding modes on performance of catalysts
Reactant DME (or CH30H) conversion (%) Selectivity (%)

DMM HCHO MF CH3;OH (DME) CyHy CO CO,
DME 6.3 37.5 3.6 32.7 34 6.5 6.9
CH30H 68.4 39 0.8 61.3 11.9 12.4 7.2
DME + H,O 38.9 0 0 82.1 0.3 0 16.1

T=593K; P=0.1MPa; t=1h.

modification greatly improves the DMM selectivity and the
initial activity of the H4SiW2040/SiO; catalyst.

3.4. Effect of feeding modes for the oxidation of DME to
DMM over MnCl(5 wt%)—-H4SiW12040/Si0O; catalyst

Table 4 displays the effect of different feeding modes over
MnCl, (5 wt%)-H4SiW 12040/Si0; catalyst on DME conversion
and DMM selectivity. When pure DME reacts with O, DMM
is the main product and its selectivity reaches 37.5% at lh.
However, when pure CH30H reacts with O;, only 3.9% of
DMM selectivity is obtained, but the selectivity of side-product
DME achieves 61.3%. Besides, CoHy and CO selectivities are
gained at 11.9%, 12.4%, respectively. At the same time, H»
is also detected in the gaseous products. Over this catalyst,
CH3OH mainly reacts by dehydration reaction. When H,O is
co-fed with DME and O; to the reactor, DMM in product is
not found while large amount of CH30H (82.1% of selectivity)
is yielded, so the hydrolysis reaction becomes the main reac-
tion and inhibits the reaction of DME selective oxidation to
DMM. In the synthesis of DMM from the oxidation of DME over
MnCl, (5 wt%)—H4SiW 1204/Si0, catalyst, except for the for-
mation of DMM from reaction of HCHO with CH3OH (formed
by DME hydrolysis), there maybe exist another route for DMM
synthesis from DME selective oxidation directly. DME can
absorb on the surface of optimum acid sites and decomposes
into methoxy [9], then methoxy can be oxidized on redox sites,
therefore, DMM can be synthesized via methoxy under the coop-
eration of the acid sites and redox sites. Optimum acid sites help
DME decompose to methoxy, if the acidity of the catalyst is
too strong, methoxy is not easily decomposed and DME may
absorb strongly and is over-oxidized to CO, on the surface of
catalyst. MnCl, addition to H4SiW1204¢/Si0O2 moderates the
acidity and increases the oxidative activity of the catalyst. DME
can be selectively oxidized to DMM over bifunctional catalysts
such as MnClr,—H4SiW2040/SiO,. The total reaction routes of
DME to DMM are proposed in Scheme 1.

H,O
CH;0OCH3 » CH,OH
O
O, e 0O,
CI;OCIHOCH; - HCHO
CHOH

Scheme 1. Total reaction routes of DME to DMM.

3.5. Catalyst characterization

Fig. 2 shows the XRD patterns of MnCly(5 wt%)—Ha
SiW12040/Si0; catalyst calcined at different temperatures. At
623 and 673 K, MnO, diffraction peaks are found. With the
calcined temperatures increases, the diffraction peaks of the cat-
alysts become more and more distinctive. When the temperature
exceeds 673 K, the diffraction peak at 260~ 9°, which is one
of the peaks [10] of the Keggin structure, disappears and the
diffraction peaks at 26 & 23°, 33° become broader and higher.
It can be found that the Keggin structure of the catalysts are
destroyed, and WO3 is released from the catalysts, concurrently
MnWOy is formed when the temperature exceeds 673 K. The
changes of the Keggin structure and Mn species of the catalyst
maybe result in the catalytic activity decline for the oxidation
of DME to DMM when the calcination temperature is above
673 K.

Fig. 3 depicts the XRD patterns of MnCl, modified
H4SiW12040/SiO; catalysts prepared by the different impreg-
nation sequences and the sample after DME oxidation at
593 K (MnCly(5 wt%) + H1SiW12040)/Si0; diffraction peaks
obviously shows broader than the other two at 20~9°.
Besides, the peaks at 260~ 20.1°, 28.0° referred to MnO»
and SiO; can be easily found. While diffraction peaks
of H4SiW12040-MnCl, (5 wt%)/SiO; show hardly distinctive

WO,
a-623K; b-673K; 0-723K; 0-823k

Intensity (a.u)

10 20 30 40 50 60 70
2 Theta/Degree

Fig. 2. XRD patterns of MnCl (5 wt%)—-H4SiW12040/SiO; catalyst calcined at
different temperatures.
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a-( MnCl_(5wt%)+H Siw 0, ) /SiQ,
b-H,Siw O, -MnCl(5Wt%)/SiO,;
¢-MnCl (5wt%)-H,Siw,,0,/SiO,,;

d- MnCl(5wt%)-H,SiW, 0, /SO,
after the reaction at 593K for 4h

a

Intensity (a.u)

10 20 30 40 50 60 70
2Theta/Degree

Fig. 3. XRD patterns of the catalysts prepared by different impregnation
sequences.

except at 260 ~ 9° contrasted to the other two samples. Maybe
some diffraction peaks of H4SiW1,040 cover the compound
including Mn species. In contrast to the fresh sample, the diffrac-
tion peak becomes much weaker at 26 & 9° for the sample after
the reaction, and the peak at 26 & 20.1° referred to MnO; is not
easily found.

Fig. 4 shows NH3-TPD spectra for the samples of
MnCly(5 wt%)-H4SiW 2049/Si0O, calcined at 623, 673,
723 and 823 K. When the sample is calcined at 623K, its
acidity shows the strongest. With the calcination temperature
increased, the acidity becomes weaker and acid site numbers
also decrease, concurrently the samples only shows one acid
site. It can be found that differences of calcination temperature
greatly affect the acidity of the catalysts. Higher calcination

a-623k; b-673; c-723k; d-823k

a
=
o b
=2
(72}
b5 c
=

1 . 1 . 1 L 1 L 1 L 1 L 1 )
400 500 600 700 800 900 1000

Temperature T/K

Fig. 4. NH;3-TPD spectra of MnCla (5 wt%)—-H4SiW12040/SiO; prepared at dif-
ferent calcination temperatures: (a) 623 K; (b) 673 K; (c) 723 K; (d) 823 K.

a-H SW 0, -MnCl_(5wt%)/SiQ,;
b-(MnCl (5wt%)+H, SiW,0,)/Si0, ;
¢-MnCl (5wt%)-H,Siw 0, /SiO,;

d- MnCl(5wt%)-H,SiW, 0, /SO, after the reaction at 533K for 4h

12740

Intensity (a.u)

400 600 800 1000
Temperature T/K

Fig.5. NH3-TPD spectra of MnCl, (5 wt%)—H4SiW 12040/SiO; prepared by dif-
ferent impregnation sequences and the sample after the reaction.

temperature results in weaker acidity because the Keggin
structure of catalysts have been destroyed as can be seen from
Fig. 2.

Fig. 5 shows the NH3-TPD spectra for the samples
of MnCly(5 wt%)-HaSiW12040/Si0, prepared by different
impregnation sequences. Obviously, the acid site number is
much larger for HySiW12049-MnCl, (5 wt%)/SiO, with acid
site at about 750 K. Then for (MnCl(5 wt%) + H4SiW 12049)/
Si0,, the acidity is stronger than MnCl, (5 wt%)—H4SiW 12049/
Si0,, but weaker than H4SiW 12O49—MnCly (5 wt%)/SiO5. It can
be found that different impregnation sequences for the catalysts
have different effects on their acidity. Therefore, the optimum
acidity of the catalyst is very important to the catalytic activity
for DME to DMM compared to the results in Table 3. Com-
paratively, the acidity of the sample after the reaction becomes

a-623K;b-673K;c-723K;d-823K

100

80 &

60

40

Transmittance (%)

20

0 1 1 1 1 1
400 500 600 700 800 900 1000
Wavenumbers (cm’)

1
1100 1200

Fig. 6. IR spectra of MnCla(5 wt%)-H4SiW1204/SiO; calcined at different
temperatures.
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weaker than that of the fresh MnCl, (5 wt%)—H4SiW 12040/Si0,
sample, indicating especially some acidic sites disappear.

Fig. 6 shows IR spectra of MnCl,(5 wt%)—H4SiW 12040/
Si0; catalyst calcined at different temperatures. When the cata-
lyst was calcined at 623 K, the peaks of Keggin structure (Si-Oa
1087.10cm™!, W-Od 975.31 cm~!, W-Ob-W 925.37 cm~!, W-
Oc-W 801.63cm™!) [11] are found. When the calcination tem-
perature is increased to 673 K, the peaks become weaker, and the
peak of W-Od is not distinctive. When the calcination temper-
ature reaches 723 and 823 K, the peaks of W-Od and W-Ob-W
which are the typied peaks of Keggin structure and are also the
crucial peaks for the activity of the catalysts nearly disappear. It
can be concluded that W-Od and W-Ob-W are easily destroyed
with the calcination temperature increased.

Fig. 7 indicates IR spectra of MnCl(5 wt%)-H4SiW 12040/
SiO; catalyst before and after 4 h reaction. After 4 h reaction,
the peaks (W-Oc-W, W-Ob-W and Si-Oa) become weaker and
the peak of W-Od is not found.

Fig. 8 shows the Mn 2p XPS spectra of the fresh
MnCl, (5 wt%)-H4SiW 12040/Si0;, and the sample after the cat-
alytic oxidation of DME at 593 K for 4 h. For the fresh sample,
the strongest peak at 642.24eV may be due to Mn 2p3/,; for
MnO; and MnSiOj3 [12], because the Mn 2p3/2 of MnO; and
MnSiO3 are referred to 642.4eV, 642.3 eV, respectively. Mn
2p3/2 of MnO4~ and MnCl; are referred to 646.8 and 644.2 eV.
After the reaction, the intense peak at 642.12 eV may be referred
to Mn 2p3/; for reduced Mn species. That is to say, some Mn**
species are used to oxidize DME and get electrons themselves in
the reaction, therefore they are reduced to Mn>* or Mn**species
during DME catalytic oxidation. This indicates that Mn** plays
extraordinarily important role in the oxidative reaction. Besides,
the change of Mn amount on the catalyst surface before and after
the reaction is also obtained from XPS results. The Mn amount
on the catalyst surface decreases by 15.5% after the catalytic
reaction. Simultaneously, the change of total Mn amount in the
samples before and after the reaction is also gained by ICP-ACS.
The total Mn amount is reduced by 4.9%. Therefore, some active

a-MnCl(5wt%)-H SIW 0, /SiO ;
100} b- MnCL(5W%)-H,SIW 0 /SO,

1240

after the reaction at 593K for4h

80
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40

Transmittance (%)

20

0
400 500 600 700 800 900 1000 1100 1200

Wavenumbers (cm”)

Fig.7. IR spectra of MnCl, (5 wt%)—H4SiW12040/Si0; catalyst before and after
the reaction for 4 h.
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b-after 4h reaction at 593K
Mn2p, ,
_ A Mn2p1 "
3
8
2 | —
1]
[ =
2
£ Mn2p,
Mn2p
a /gﬁ/&
1 1 1 1 1
640 645 650 655 660
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Fig. 8. Mn 2p XPS spectra of MnCly (5 wt%)-H4SiW12040/Si0;.

component is wiped off from the catalyst surface. The decrease
of Mn species also leads to the catalyst activity decline.

According to Figs. 2, 4, 6 and 8, the changes of Keggin struc-
ture, the changes of Mn species and the decrease of acidity as
main reasons result in the activity decline of the sample calcined
at 723 K compared to the sample calcined at 673 K, though their
BET surface area are similar.

As can be seen from Table 5, the BET surface area decreases
from 192.9 to 152.5 m2/g after 4 h reaction, concurrently total
pore volume also drops by 18.5%. But the average pore diameter
scarcely changes after the reaction. The structure destroy men-
tioned previously of the surface particles results in the decrease
of BET surface area, and also some Mn particles migration and
carbon deposition within the pores lead to the decline of total
pore volume, which induces the decrease of the catalytic activity
of the catalyst.

Fig. 9 demonstrates the TEM images of MnCl(5 wt%)—
H4SiW12040/SiO; before and after the catalytic oxidation of
DME at 593 K. And Fig. 9 also conveys that there exist distinc-
tive differences in the images between the fresh and the used
catalysts. The fresh sample looks relatively dispersible while
the sample after the reaction shows some agglomeration among
the granules in the catalyst surface.

According to the characterization of the catalysts before and
after the reaction, the loss of acidic sites, oxidation sites and
carbon deposition also lead to the deactivation of the catalyst.

Table 5
Structure properties of MnCly (5 wt%)—H4 SiW 12040/Si0; catalysts for the fresh
and the used

The fresh sample The used sample

BET surface area, A (m? g~ ') 192.9 152.5
Total pore volume, v (cm? g~ 1) 0.147 0.120
Average pore diameter, d (nm) 3.042 3.137
d=4v/A.
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Fig. 9. TEM images of the MnCl, (5 wt%)—-H4SiW12040/SiO; catalyst before (a) and after (b) the catalytic DME reaction.

4. Conclusions

In conclusion, the catalytic oxidation of DME to DMM
has been successfully conducted over MnCl, modified
H4SiW12040/SiO; catalysts. MnCl, modification greatly
improves the catalytic performance of H4SiW12040/Si07 and
obviously increases the DMM selectivity. The catalyst pre-
pared by the sequence of first H4SiW{20409 then MnCl,
(MnCl,(5 wt%)-H4SiW12040/Si0;) shows best catalytic activ-
ity. The loss of active component happens on the surface of
the catalyst. The loss of acidic sites, oxidation sites and carbon
deposition also lead to the deactivation of the catalyst.

DMM can be mainly synthesized by DME direct oxidation
via methoxy groups formed by DME dissociation under the
cooperation of the acid sites and redox sites of MnCl, modi-
fied H4SiW12040/Si0; catalysts at 593 K. There also exists the
formation of DMM by reaction of HCHO with CH3OH (formed
by DME hydrolysis).
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