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Abstract:

Relatively high vyields of dimethylcarbonate (DMCj)eaobtained by reaction of
carbon dioxide and methanol using ceria or zerctmaded mesoporous TUD-1
catalysts. Series of mesoporus TUD-1 catalystseldasith different ratios of ceria,
zirconia and mixture of these oxides were prepdiezttly by hydothermal methods.
Catalyst samples were characterized by x-ray difita (XRD), UV-Vis
spectroscopy and scanning electron microscopy (SEMjalytic testing showed a
better performace of TUD-1 loaded with mixed cedad zirconia. However,
relatively high DMC yields were obtained via inttadion of dehydrating agents in
the reaction mixture in addition to the catalyst.

I ntroduction:

Recently, dimethylcarbonate (DMC) has drawn muctendibn in phasing out
environmentally unfriendly compounds in fuels. Thss concluded by the large
number of patents and research papers on the groduend application of this
material in the last two decades.[1] Coventionadinthesis of DMC

Nevertheless, oxidative carbonylation of metharad been recently pursued over a
variety of catalysts as an “environmentally friéyid nonphosgene production
pathway to DMC:

2CH;OH + CO + 0.5@ > (CH),CO + HO

Previous investigations described new reactioneuwiariety of catalysts as well as
studies on the mechanism of the reaction pathwaglied in the vapor-phase
carbonylation of methanol to DMC over copper zeoldatalysts.[2,3] However,
preparation of DMC by direct reaction of methanaldacarbon dioxide still
problematic due to the need of efficient catalyts, methylating effect of DMC itself
and the sensitivity of reaction to the formation roinute amounts of water.[4-7]
therefore, an efficient, selective catalyst is makedor better production of this
material, in this context, functionalized-TUD-18mesoporus catalyst can be a good
candidate for this process.

This paper includes preparation, characterizatiooh t@sting of metal oxide-loaded
mesoporous catalysts for preparation of dimethploaate (DMC) through the
reaction between methanol and carbondioxide emmdpg 3-D mesoporus TUD-1
catalysts loaded with ceria, zirconia and or a mixtof ceria and zirconia.



Experimental
Preparation of metal-loaded TUD-1 Catalysts

Ce-TUD-1 was prepared following modified procedure for the all-silica material
TUD-1.[8] R-Ce(acag)was used as the cerium precursor and was prepececdang

to Behrsing et al.[9] Four samples of Ce-TUD-1 hé&een prepared in which the
Si/Ce is varied as 10, 25, 50 and 100.

Synthesis of Zr-TUD-1

Zr-TUD-1 was synthesized with triethanolamine (TE&S) chelating agent in a one-
pot procedure based on the sol-gel technique. $a0jples with a Si to Zr ratio of
100, 50, 25 and 10 (denoted as Zr-TUD-1 (100), @B¥1(50), Zr-TUD-1(25) and
Zr-TUD-1(10), respectively) were prepared.

Characterization of the prepared catalysts

XRD. Powder X-ray diffraction patterns were measured aoPhilips PW 1840
diffractometer The samples were scanned over aerah@.1-80°26 with steps of
0.02°.

N, adsorption. Nitrogen adsorption/desorption isotherms were medr on a
QuantaChrome NOVA 2200e at 77 K. The pore sizeibigton was calculated from
the adsorption branch using the Barret-Joyner-HiefBJH) model [11]. Samples
were previously evacuated at 623 K for 16 h. Thd Biethod was used to calculate
the surface area £Sr) of the samples, while the mesopore volume,£Ly was
determined with the t-plot method according to lepp and de Boer[12].

SEM. Scanning Electron Microscopy images were recoatelDkV on a Philips XL
20 microscope. Samples coated with gold to avomtgihg effects and to enhance
contrast

UV-Vis. The materials prepared were investigated by dffusflectance UV-Vis
spectroscopy. Spectra were collected at ambienpdesture on a CaryWin 300
spectrometer using Ba%@s reference.

Catalytic Tests:

The reaction was carried out in a stainless ste&céave reactor with an inner
volume of 2 L. The standard procedure is as follobl® g CHOH (Across) and 5 g
catalyst were put into an autoclave, and then ¢laetor was purged with GOAfter
that, the autoclave was pressurized with CO (AHBG)e reactor was heated and
magnetically stirred constantly during the reaction

Reactant chemicals and @®ere used without further purification. The tqia¢ssure
at 383 K was about 6 MPa (200 mmol gCQAfter the reaction, the gas was collected
in a gas bag. Products in both the gas and lighak@s were analyzed with a gas
chromatograph (GC) equipped with FID and TCD. Tégasation column packing is
TC-WAX for FID-GC and Porapak N for TCD-GC.



Results and Discussions
Synthesis of mesoporous Ce-TUD-1 catalysts:

Synthesis of Ce-TUD-1 was carried out in presericacetylacetonate complex of
Ce(IV) which known to have good solubility in etlonthus making it miscible with
TEOS and triethanol amine, and because its decatigpoafter the addition of water
is slow. Figure 1 depicts the X- ray diffractiontgeans of the obtained Ce-TUD-1
samples.
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Figure 1. X-ray diffraction patterns of Ce-TUD-1 samples

All samples show a single intense peak at 1-26%hich corresponds to a short-
range correlation of nuclear density at a distasfo#5-47 A. The peak is instrument-
limited on the small-angle side, but with incregsimetal content it weakens,
broadens, and shifts to larger angles. This imptlest the short-range order is
increasingly disrupted, and that the remaining cstmes are smaller and more
heterogeneous. This indicates that Ce-TUD-1 is maamgstalline, meso-structured
material. The intensity of the peak decreases intthreasing metal loading as a result
of the influence of metal oxide particles on thegrity of the mesoporous structure.
Moreover, XRD patterns showed that the preparedpksmmare pure, there is no
detectable metal oxide phase or other bulky dehasgs in the samples.

XRD analysis revealed no peaks at higher anglechvig in accordance with the
amorphous nature of the cerium silicate framewar#d the absence of large CeO
crystallites, which would be detected by XRD. Thealp associated with pores with a
diameter of around 200 A lies outside the deteatiorge of the instrument§2> 1°)
and could therefore not be detected.

Figure 2 illustrates the Nadsorption/desorption isotherms of metal-loadedTU
samples.

Generally, according to IUPAC classification, thesteresis loops are characteristic
features of type IV isotherms, representative fesaporous materials [13].



One can distinguish two characteristic types oftdéngsis loops. In the first case,
(Figure 3) at lower metal loading the loop is nefely narrow, the adsorption and
desorption branches being almost vertical and yneeantallel H1), which means that

the isotherm is governed by delayed condensatiorgspfilling and emptying appear
to occur in a narrow range on uniform near-cyliodripores. At higher metal loading
the hysteresis loop becomes broad, desorption braathg much steeper than the
adsorption one, pores filling and emptying in a avidhnge on non-uniform pores
(H4). This behaviour can be explained by the formatdémano-particles of metal

oxides inside the pores at higher metal loading.
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Figure2. N, adsorptionisothermsat 77  Figure 3. Pore size distribution of
K recorded for cerium-loaded cerium-loaded TUD-1 samples
TUD-1 samples obtained fromthe N,
adsorption data at 77K.

The pore size distributions of different Ce-TUDédlrgples are shown in Figure 5. Itis
clear that all the samples show a very narrow gare distribution in the range from
3-10 nm. The relatively narrower pore size distitiu in higher metal loadings is
understandable when the formation of cerium oxiieoparticles is considered.

The N, adsorption and elemental analysis of Ce-TUD-1 daswith different Si:Ce
ratios, Ce-TUD-1(10), Ce-TUD-1(50), and Ce-TUD-1{}Care presented in Table 2.

Table 1. Porosity and compositional Properties of Ce-TUD-1

Sample BET Total Pore  Average Pore  Si:Ce
Surface area Volume Diameter
(m/g) (mL/g) A)
Ce-TUD-1(10) 660 1.8 122 11.2
Ce-TUD-1(25) 550 1.72 144 24.8
Ce-TUD-1(50) 430 1.8 205 48.2

Ce-TUD-1(100) 412 1.82 225 95.5




The BET surface areas are around 500gmthe pore size distribution exhibits a
maximum at around 200 A, and the total pore voluaresaround 1.80 ciy, which
is in the same range as TUD-1 samples reportedoudy.[14]

The UV-Vis spectra of calcined Ce-TUD-1 samplesvimasly preheated at 18C
for 24 h are presented in Figure 6. Two main peaksind 265 and 350 nm were
found in all spectra. This is due to the fact tbatium dioxide strongly absorbs UV
light atA < 400 nm with an absorption edgeiat 400 nm which is reported to blue-
shift for CeQ crystallite sizes of 1-5 nm. In addition to bluefs the UV-Vis spectra
can detect < 100 ppm of cerium in a powder matena shows narrow band in the
range of 250-350 nm for Ce@rystallites of < 2 nm. The narrow bands are [aited
to localized O-Ce charge transfer transitions imvg) a number of surface Eeions
with different coordination numbers [15,16].
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Figure 4. The UV-Vis spectra of Cerium-loaded TUD-1 samples previously heated at
180 °C for 24 h.

Scanning electron micrograph of Ce-TUD-1 mateniidsnot revealed any structural
indication of the material. The SEM images of cerilmaded TUD-1 are presented in
Figure 5. The image shows that the particles do Ima¥e any well-defined
morphology. In general, the samples consist of ad@450 um irregularly-shaped
particles. The SEM image is in line with the imagaefs Au/Ti-TUD-1 sample
presented by Haruta et al [17]. However, at highami®ading samples, the metal
TUD-1 structure is changed to less uniform strietuithan the low metal loading
samples. This indicates the influence of a highamebncentration on the TUD-1

structure.



and (b) Ce-TUD-1 (100).

Synthesis of mesoporous Zr-TUD-1 catalysts.

Samples of zirconium-loaded three-dimensional mesnys TUD-1 catalysts have
been prepared by hydrothermal technique. Diffegfatr ratios have been used in the
synthesis mixture to afford catalysts with differeactivities in the production of

dimethyl carbonate via the direct reaction of methand carbon dioxide.

XRD analysis of the obtained catalysts are showkigare 6.

A broad intense peak at low angle (0.462was observed in the X-ray powder
diffraction pattern for all calcined Zr-TUD-1 sarepl (Figure 7) demonstrating the
mesostructured character of these materials. Ndeace for crystalline Zrpwas

observed in the X-ray diffractograms, indicatin@ttizirconium is incorporated into
the framework. In line with the effects of metahtting in Co-TUD-1[18] and Al-

TUD-1,[19] the peak intensity decreases slightlyhwan increase in the Zr loading,
indicative of the influence of Zr loading on théagrity of the mesoporous structure.
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Figure 6. X-ray diffraction patterns of Zr-TUD-1 samples



The absence of zirconia crystals in the XRD-spectoi the same sample indicates
that the concentration of these nanoparticles rbestow. The elemental analysis
(ICP-AES) and porosity measurements obtained frgnad$orption studies at 77 K
are listed in Table 2. Elemental analysis indicdtet the Si/Zr ratios in the calcined
samples were the same as those in the initial egiglgel.

Table 2. Porosity and compositional Properties of Zr-TUD-1

Sample BET Total Pore  Average Pore Si:Zr
Surface area Volume Diameter
(m/g) (mL/g) A)
Ce-TUD-1(10) 660 0.6 20 11.0
Ce-TUD-1(25) 750 1.2 88 21.2
Ce-TUD-1(50) 770 1.3 100 47.2
Ce-TUD-1(100) 750 1.02 90 99.5
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Figure7. N, adsorptionisothermsat 77  Figure 8. Pore size distribution of

K recorded for zirconium- zirconium-loaded TUD-1
loaded TUD-1 samples obtained from the N,
adsorption data at 77K.

This excellent correlation of the Si/Zr ratio inetlsynthesis gel with that in the
product demonstrates the high predictability of sigathesis method. This was also
observed earlier for other M-TUD-1 materials.[19-Zhree samples of (Zr-TUD-
1(100), Zr-TUD-1(50), and Zr-TUD-1(25)) show a typ€ isotherm (Figure 9),
indicated by the large uptake of nitrogen at redéafpressures between 0.5 and 0.9
p/p0 (due to capillary condensation in the mesaporéhese samples also show a
plateau at relative pressures above 0.9, pfglicate the absence of large mesopores,
macropores or surface roughness in the measurabte (20 nm to approximately
500 nm). Additionally, these samples have a lapgee size when compared to the all
silica TUD-1 (ca. 4 nm). Presumably, this is duethe presence of the large



zirconium atoms in the framework. The presenceoafes percolation or networking
effects can also be deduced from a non-parall@raten and desorption isotherm.

Zr-TUD-1(10), on the other hand, showed an uptdkatoogen at a relative pressure
of up to approximately 0.5 gf@nd no adsorption is observed above this poinis Th
implies the absence of large mesopores or macrsparesurface roughness in the
measurable range. Since pore filling occurs betwcritical pressure of 0.43 §/mo
hysteresis was observed. This sample displayed irgly mesoporosity and a
maximum pore-size distribution below 2 nm. As autesf this, the pore volume is
much lower than in the other three Zr-TUD-1 samplesvever, the surface area of
Zr-TUD-1 (10) is comparable with the other three-TZiD-1 samples. The
presumption that the large Zr-atom would cause ramease in pore size is not
observed at this high concentration of zirconiumstéad, a differently structured
material was formed with relatively small pores.isTdifference might be due to
intensified interaction of the individual Zr atonmis the structure or due to the
nanoparticles of zirconium oxide.
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Figure 9. The UV-Vis spectra of zirconium-loaded TUD-1 samples previously
heated at 180 °C for 24 h.

Figure 10. SEM micrograph of Zr-TUD-1 material, (a) Zr-TUD-1 (10)
and (b) Zr-TUD-1 (100).



Scanning electron micrograph of Zr-TUD-1 materidid not reveal any structural
indication of the material. The SEM images of Zmon-loaded TUD-1 are
presented in Figure 10. The image shows that timecles do not have any well-
defined morphology. In general, the samples cordfisibout 5-15um irregularly-
shaped particles. The SEM image is in line withithages of Au/Ti-TUD-1 sample
presented by Haruta et al [17]. However, at highami®ading samples, the metal
TUD-1 structure is changed to less uniform strietuithan the low metal loading
samples. This indicates the influence of a highamebncentration on the TUD-1
structure.

Catalytic activity of Metal-loaded TUD-1 catalysts:

Figuresll and 12 compare the catalytic activities of cand zirconia-loaded TUD-
1, respectively. The figures clearly show that DM€Ilds significantly improved by
loading of these metal oxides onto the structurélid-1 framework when compared
to the 2-D MCM-41.
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Figure 11. Catalytic activity of Ce-TUD-  Figure 12. Catalytic activity of Zr-TUD-
1 catalystsin comparison to 1 catalystsin comparison to
Ce-MCM-41 catalyst Ce-MCM-41 catalyst.

Apparently, loading with 10% metal oxide seems ¢oideal for this reaction. Most
probably larger clusters of metal oxides would berfed at higher loadings of the
metal oxide.

However, much better performance of catalysts ¢oimig mixtures of both ceria and
zirconia could be observed as depicted in Figurari® 14. These results indicate a
synergestic effect of both ceria and zirconia an¢htalytic activity for both catalyst
as it will be further explained in the near future.
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