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Abstract

The catalytic properties of modified,@s catalysts for the dimethyl carbonate (DMC) synthesis fromy @ CHOH were investigated.
Experimental results showed that the modifie®Dy catalysts were effective for the direct and selective synthesis of DMC from carbon dioxide
and methanol. The characterization of modifie®Dy catalysts was performed by means of X-ray diffraction (XRD), thermogravimetric (TG)
and diffuse reflectance FTIR (DRIFT) spectra. XRD patterns showed that the crystal phase changed from orthorhombic to orthorhombic-
tetragonal double phase. TG results showed that the weaker acid sites increased,®@heva¥ treated with varying 0, contents.

DRIFT spectra of the COand CHOH absorbed on catalysts indicated that both @ CHOH were effectively activated on the catalysts.
Finally, the experiment results demonstrated that the crystal phase of the catalyst influenced greatly on the reaction yield and selectivit
of DMC.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of CH30H with CO and oxygen in the presence of copper
and/or palladium as cataly$b,7]. In recent years, direct
Dimethyl carbonate (DMC) is an environmentally benign synthesis of DMC from C@ and CHOH is the most
compound and unigue intermediate with versatile chemical attractive way due to the low-cost of G@nd methand8].
reactivity. The synthesis of DMC has attracted much atten- In this sense, the conversion of @@ industrially useful
tion in terms of a non-toxic substitute for dimethyl sulfate compounds has been a challenge for synthetic chemist
and phosgene, which are toxic and corrosive methylation and has recently attracted much interest in the view of the
and carbonylating agentfl—3]. In addition, DMC can so-called “Sustainable Society” and “Green chemistry”
be used as solvent, alkylation agents, fuel additive and in [9].
the synthesis of aromatic polycarbonate reqfi$]. The Many catalysts have been used for the synthesis of
traditional synthesis of DMC used to require phosgene as aDMC from CO, and methanol including organometallic
reagent. However, phosgene has serious disadvantages suatompounds and inorganometallic compounds, such as
as intense toxicity. It is expensive to prepare phosgene fromBuSn(OMe) [10,11] metal(IV)tetra-alkoxide[12], mag-
high energy reagents, like chlorine and carbon monoxide, nesium dialkoxidg13], potassium carbonafé4], zirconia
together with serious corrosion of used equipment. Another [15], CeQ—ZrO; [16] and Ni(CH;COO) [9]. However, the
route for the synthesis of DMC is the oxidative carbonylation yield of DMC was reported to be low because of the limita-
tion of the reaction thermo-dynamic, even in the presence of
dehydrates and additives such as G4C¥], 2.2-dimethoxy
E-mail addressesstdpmeng@zsu.edu.cn (Y.2, Meng) propane (DMP)[16] acetals_[9,18] and molecular sieves
chmlyx@nus.edu.sg (Y.X. Lu). R ’ [19]. More recently, the direct synthesis of DMC frqm
1 Tel.: +65 68741569; fax: +65 67791691, CO, and CHOH has been performed under supercritical
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condition[20,21] The rigorous method is difficult to control.
Therefore, the gaseous reaction between @ad CHOH

159

2.4.2. Thermal analysis
Thermogravimetric (TG) studies of samples were per-

has been investigated because gaseous reaction can partfiprmed on a Perkin ElImer Pyris Diamond Sll thermoanalyer

circumvent the self-limitation of this reactid22]. In this

in N> at a heating rate of 5 K mirt and usingx-Al,03 as a

paper, the direct synthesis of DMC from gaseous methanolreference. TG profiles of Nf{desorption and C&CH3OH

and CQ was studied using modifiedDs as catalyst. The
synthesis and characteristic of the modifiegO¢ catalyst
were.

2. Experimental
2.1. Materials

CH3OH (A.R. Xiehe Co., Tianjin, China), C£(99.9%
SGIG Co., Shanghai, China),»®s (A.R. Lijiadian Agent
Co., Beijing, China), aqueous3sR0, solution (85% A.R.
Guanghua Agent Co., Shantou, China),{NA.R. Xinguang
Agent Co., Beijing, China).

2.2. DMC synthesis from CGand CHOH

desorption on HPO4/V 205 were carried out in Ml flow at
673K for 0.5 h; NH or CG,/CH30OH was introduced under
atmospheric pressure at 673 K with lds a carrier gas and
kept 0.5 h at this temperature. Before the measurement, the
samples were evacuated for 0.5 h at room temperature.
Diffuse reflectance FTIR (DRIFT) spectra. DRIFT spectra
measurements were carried out on a Bruker EQUINOX 55
FTIR instrument equipped with a diffuse reflectance unit.
DRIFT analysis was performed in a pure fibw at 0.2 MPa
at a heating rate of 5 K mirt from 298 to 473K, followed
by holding at 473 K for 30 min. Finally, CsOH and/or CQ
were introduced instead ofMt this temperature for 30 min
at 0.2 MPa. The same process was employed fog hitat
was carried by N flow.

A continuous tubular fixed-bed micro-gaseous reactor 3. Results and discussion
(15mm 1.D.) operated at 0.6 MPa total pressure was used
for the assessment of synthesized catalysts. The typical3.1. Catalytic activity for the direct synthesis of DMC
procedure is as follows: 0.5 g of catalyst was flatwise placed from CQ, and CH;OH

on the glass fiber stuffed in the reactor, £&nd CHOH
were then purged into the reactor. gbH was introduced
into the reactor using C£flow. The ratio of CHOH to CO

Table llists the conversion of C§OH and the dependence
of DMC yield and selectivity on POy content. The yield

can be easily controlled via the vaporization temperature and selectivity of DMC, as well as the conversion of {THH,

of CH30OH and the flux of C@. A molar ratio of 2:1 of

increased with increasinggRO, content at low P/V ratios.

CH30H:CGO;, was selected for all reaction entries. The mass The DMC yield and selectivity reached a maximum value at

of CH3OH and CQ was controlled with gas-flow meter. The

P/V =0.20 and then decreased with further increasigig®

reaction was performed at varying temperatures. Resultingcontent.
products were absorbed in deionized water and analyzed by Fig. 1 shows the conversion of methanol and the selec-
gas chromatograph (Techcomp GC7890) equipped with ativity of DMC with respect to reaction temperature onQb

capillary column (length: 15m, I.D.: 0.25mm) and a flame
ionization detector (FID).

2.3. Catalyst preparation

V205 was prepared by calcining a commercially available
V205 at 732 K for 3 hin air. Phosphoric acid modified®5
catalyst were prepared by impregnating calcine@®ywith
an 85% aqueous POy solution. The resulting product
was dried at 393 K for 3 h, followed by calcination at 673 K

for another 3h in air. These catalysts are represented as

H3POy/V20s. The content of HPOy is denoted as the molar
ratio P/V in parentheses (e.g., P/V =0.20).

2.4. Catalyst characterization

2.4.1. X-ray diffractive (XRD)

X-ray analysis was carried out on a D/Max-IlIA power
diffractometer in a step mode between®l18nd 60 26
using Cu kxj radiation. The mean crystallite degree was
calculated from the half-width of the reflection.

and HsPOy/V205 (P/V =0.05, 0.2 and 0.5) catalyst&g. la
shows that the conversion of methanol ofOé was very low,
however, HPO; modified V,Os enhanced greatly the activ-
ity at all reaction temperatures. The conversion of methanol

Table 1
The dependence of DMC yield and selectivity and the conversion g0EH
on HzPOy contents

Molar ratio (P/V) ~ The amount of Conversion of  Selectivity of
DMC (mmol) CH3OH (%) DMC (%)
0.45 0.200 89.63
0.010 0.45 0.203 88.60
0.025 0.60 0.265 90.61
0.050 2.10 0.912 92.05
0.150 3.40 1.478 92.01
0.200 4.50 1.954 92.12
0.300 3.10 1.374 90.23
0.500 2.90 1.277 90.82

Reaction conditions: C§OH/CO, =500/250 mmol, catalyst weight: 0.5g,
reaction temperature: 413 K. GAH was introduced in gaseous phase, car-
ried by CQ flow, the ratio of CHOH to CG; was controlled by adjusting
the temperature of C4#OH.
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Fig. 1. (a) The conversion of methanol and (b) the selectivity of DMC on
the content of HPO, (P/V=0, @; 0.05,H; 0.20, ¢; 0.5, A) and reaction
temperature.

on HsPOy/V 205 (P/V =0.20) at 453 K was about 8-9 times
more than that on neat)Ds. Fig. 1b shows that the selec-
tivity of DMC decreased with increasing of temperature on
all catalysts. The selectivity of DMC was improved when
the catalysts was modified withsROy. When P/V =0.2 the

result are better than that of any others. It seems that the

DMC yield on POy modified V.05 at 413K reached an
equilibrium value.

3.2. Structure of BPO4 modified MOs5

XRD patterns of HPOy/V2Os catalysts with various
H3PQO, contents are shown iRigs. 2 and 3The peaks at
20=15.5, 20.4, 21.7, 26.3, 3F.orrespond the character-
istic orthorhombic phase of X0s, while peaks at2=12.5,
28.9, 31.? are the characteristic tetragonal phase gDy
For HsPOy/V 205 catalysts (P/V=0.01, 0.025, 0.05), only
orthorhombic phase were observed. When increasing P/V
ratio to 0.15, the orthorhombic phase gradually decreased
with further increasing POy content, while the tetrago-
nal phase increased with increasingR@, content. Both
orthorhombic and tetragonal phases were predominantly
formed for EPQ4/V 205 catalysts when P/V ratie-0.15.

In case of P/V ratio being 0.5, there was a new strong peak
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Fig. 2. XRD patterns of gPOy/V 205 catalysts with varying 5POs con-
tents in the range of2= 10-35: (1) P/V =0, (2) P/V=0.01, (3) P/V =0.025,
(4) PIV=0.05, (5) P/V=0.15, (6) P/V=0.2, (7) P/IV=0.3, (8) P/V=0.5.

located at 2=21.3. The related structure for this new peak
remains unclear. The characteristic peak of tetragonal phase
at 2=18.7°, as shown in trace 8 dfig. 2 became weak,
implying that its crystallinity decreased.

3.3. Adsorption behavior of PO, modified Os

Fig. 4 shows the TG profiles of %05 and HPO4/V 205
(P/V =0.20) with adsorbed N¢dDesorption of NH on V,0sg
occurred only at near room temperature, while desorption
of NH3 on HsPOy/V 205 (P/V =0.2) happened in a broader
temperature range from room temperature to 600 K. The des-
orption rate in range of 293—-355K was higher than that in
range of 355—-600 K. These indicated that there were several
different bondings between NHand HPOy/V20s, which
were stronger than that between NEind neat Y¥Os. It is

intensity (cps.)

40 60

2theta (deg.)

Fig. 3. XRD patterns of fresh #POs/V 205 catalysts with varying PG5
contents in the range of6240-60: (1) P/V=0, (2) P/V=0.01, (3)
P/V=0.025, (4) P/V=0.05, (5) P/V=0.15, (6) P/V=0.2, (7) P/V=0.3, (8)
P/V=0.5.
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Fig. 4. TG curves of (1) on ¥Os with absorbed N and (2) BPOy/V 205 wavenumber (cm")
(P/V =0.20) with absorbed NiH TG was run at heating rate of 5K mih )
and in Nb. Fig. 6. DRIFT spectra of (1) ¥Os and (2) HsPOy/V20s.

believed that the reinforcement of acid sites on the surface3295 and 3165cm in the range of 3000-3750 crh can
of H3PO; modified V,Os accounts for the stronger bond-  be observed in the DRIFT spectra ogPO4/V205 when
ings. More desorpted Ndon HsPOy/V205 (P/V=0.2) was ~ compared with neat ¥0s. These new bands are related
observed in lower temperature range when compared withwith the stretching modes of dissociated hydroxyl groups. In
neat \bOs. This demonstrated thatsROs modified V,Os the region of 2200-900 cn, the intensities of 2022, 1973,
resulted in an increase in the number of weak acid sites. 1395 and 1287 crmt bands decreased with increasingdy
These acid sites on 3P0y/V,05 can be attributed to the  content. Bands at 1214 and 1500chdisappeared in the
weak Brgnsted acid sites near P atoms. spectrum of HPOy/V,0s in trace 2 ofFig. 6. New bands at
Fig. 5shows the TG profiles of #POu/V,05 (P/V=0.20) 1604, 1349, 1134 and 1081 cthwere detectable as shown
with absorbed C@ and CHOH. Desorption of C@ and in trace 2 ofFig. 6. These bands correspond to the stretching
CHzOH on HsPOy/V 205 was observed in a wide temper-  modes of PO-V bonds. The band at 861 crh (trace 1 in
ature range from room temperature to 400 K. These meantFig. 6), which is associated with vibration of bond-@-V,
that there were also different kinds of bondings between shifted to 839 cm?. Band at 694 cm! of trace 1 inFig. 6
CH3OH/CO;, and HsPOy/V20s. The behavior was similar  shifted to 680 cm?! of trace 2 inFig. 6.

with that between Nkl and HsPOy/V20s. The active sites The DRIFT spectra of ¥Os (trace 1) and YOs—NH3
are believed to serve as the catalytic sites for the direct syn-(trace 2) and the DRIFT spectra 0&PO4/V 205 (trace 1)
thesis of DMC from CQ@ and CHOH. and HPOy/V,05 (P/V=0.20)-NH3 (trace 2) are shown

DRIFT spectra of ¥Os and HPQs/V 205 (P/V =0.20) in Fig. 7A and B, respectively. IrFig. 7A, the band at

are shownirig. 6. The structure of YOs changed whensub- 3008 cnt® can be seen in trace 2, which was assigned to
jected to HPO, treatment. Four new bands at 3611, 3525,
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Fig. 5. TG profiles of HPO4/V 205 with adsorbed C@and CHOH. TG Fig. 7. DRIFT spectra of (1) ¥Os and (2) \bOs—NH3 in (A) as well as (1)

was run at heating rate of 5 K mih and in Nb. H3PO4/V 205 and (2) BPO4/V205—NH3 in (B).
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N—H vibration of -NH*. From Fig. 7B bands at 3611
and 3295 cm? shifted to 3618 and 3322 cmh when NH
was absorbed on 4POy/V205 (P/V=0.2). The band at
3165cnt! disappeared, but two new bands at 2108 and
1873 cnt! appeared in trace 2 &ig. 7B, which correspond
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4. Conclusion

(1) When P/V> 0.15, the crystal phase of3R04/V20s5
changed from single orthorhombic phase to a combined
orthorhombic/tetragonal phase. The bicrystal phase in
H3POy modified V»Os is effective for the DMC synthe-
sis from CQ and CHOH.

The optimum composition of P0Oy/V205 with

P/V =0.15-0.50 showed effective activation of bothLCO
and CHOH.

The direct interaction between V and P is essential for
the formation of weak Brgnsted acid sites. Brgnsted acid
sites on HPOy/V 205 are more effective than Lewis acid
sites on \bOs for the CH3OH activation on the acid sites.
The reaction of the activated GBH with methyl car-
bonate species then gives DMC.

)

®3)
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orbit of V®*. The intensity of band at 1025 cth decreased
greatly, while a new band at 1020 chhwas observed when
NH3 was absorbed. These bands were thought to £ V
bond. The band at 839 ¢ (trace 1 inFig. 7B) shifted to
826 cnt! (trace 2 inFig. 7B) with an increased intensity.

Fig. 8 shows the DRIFT spectra of 3RO4/V20s,
H3POy/V205—CH3OH and HPOy/V205—CH30OH/CO;,
compounds. In the range of 3750-3000¢mdissociated
hydroxyl group vibration shifted from 3611 to 3614 cin
after CHOH was absorbed on the catalyst. The band at
3295 shifted to 3335 and 3312 cthwhen absorbing first
CH3OH and then CQ@on the catalyst. No peak in the region
of 3000-2500cm! was detectable for all spectra. New
bands at 1875 and 1517 cthin the spectra of BPO4/V 205
(P/V =0.2-CH30H/CO, were assigned to the methoxyl car-
bonate species. The bands at 1396, 1349 and 1288cm
are related with the vibration o that disappeared when
CH3OH and CQ was absorbed on the catalyst. This indicated
that P served for the activation of G@nd CH,OH. The inten-
sity decrease of ¥O bond at 1024 cm! also demonstrated
that V=0 patrticipated the activation of G@nd CHOH. The
band at 958 cm! in the spectra of EPOy/V205—CH3OH
(trace 3 inFig. 8) became stronger when G@as absorbed
onto the catalyst. The band at 839chshifted to 828 cmt
with the introduction of CHOH followed by shifting to
819 cn! with subsequent introduction of G@n the cat-
alyst. This band belongs to the vibration of@-P band,
showing that V-O—P can activate C®and CHOH.
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