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Introduction
    Dimethyl carbonate((CH3)2CO, DMC) is attracting world-wide attention as an environmentally benign chemicals recently.  It is evaluated to be non-toxic and can be used as carbonylating and methylating agent because of its one carbonyl and two methyl groups[1,2].  Especially, DMC can be used as an alternative to phosgen which has been essential to polycarbonates and isocyanates synthesis[3].  In addition, a lot of research for the use of DMC as a potential gasoline fuel additive is going on owing to its high oxygen content. DMC has about 3 times higher oxygen content than MTBE (methyl tert-butyl ether)[4,5]. Several reaction routes have been known for DMC synthesis so far. Conventionally DMC was synthesized by the reaction of phosgene and methanol.  However, This phosgen method is not useful any more in that phosgen is highly toxic and corrosive HCl is coproduced.   DMC can be also synthesized by ester exchange method, methylnitrite method which is commerciallized by Ube in Japan, and methanol oxidative-carbonylation method.  Among them, the methanol oxidative-carbonylation method was initially developed by Enichem in Italy in 1983 and currently in operation.  However, since this DMC synthesis process takes place in liquid phase, there exist some problems such as the separation of products from catalysts and so on.  In order to eliminate the shortcomings of lipuid phase oxidative carbonylation of methanol, the vapor phase process has been proposed by G.L. Curnutt et al in 1987[6] and a lot of work was focused on catalytic activities of  catalysts such as carbon-supported Cu-based catalysts so on[7].  Furthermore, various new Cu-based catalysts treated by alkali metal- or alkali earth metal-hydroxide solution were introduced and researched[8,9].  However, little has been published on physico-chemical change of these treated-Cu-based catalysts.  In this work, characteristics of copper chloride hydroxides found on treated-Cu-based catalyst, CuCl2/NaOH/AC, were investigated in order to gain more detail information about the catalysts.
Experimental

    CuCl2/NaOH/AC(Activated carbon) catalyst was prepared by first impregnation of CuCl2(Aldrich) and second one of NaOH(Aldrich) on activated carbon.  At first, copper chloride solution was prepared by dissolving 11.83g CuCl2 in 200ml ethanol. Activated carbon particles were impregnated with copper chloride solution, followed by the drying under a flow of N2 gas at 100℃ for 3 hour. Then, dried samples were cooled down to room temperature.  A second impregnation was conducted in sodium hydroxide solution. The AC particles were again subjected to a thermal treating under a flow of N2 gas at 100℃ for 3hours.  The DMC synthesis reaction by vapor phase oxidative-carbonylation of CH3OH with CO and O2 was investigated in a continuous flow system with a fixed-bed reactor (Inconel-600 tube, 0.5m×1/2in.).  5.0g of catalyst sample was filled in the reactor and placed between two layers of glass bead beds.  The temperature of catalysts bed in the reactor was measured by a thermocouple and controlled with a precision of ±1℃ by a temperature controller.  The reaction pressure was measured by digital pressure indicator (Omega DP-350) and maintained constant by back pressure regulator.  CH3OH was introduced using HPLC pump(Gilson Medical Electronics, Model 302) to the pre-heater, where it was vaporized and then entered the reactor together with CO and O2.  The flow rates of CO and O2 were controlled by mass flow controllers (Bronkhost, HI-TEC).  The effluent reaction mixture was analyzed by On-line GC (Gow-Mac, 550P) equipped with TCD detector, Porapak N column (1/8in×3m, 80/100) and Carbosphere column (1/8in×1.83m, 80/100), which used for the analysis of liquid products and uncondensable gas products, respectively.

    The surface areas of catalyst were measured using an area meter (Strohlein Instrument Model Ⅱ, Germany), which was a single point BET apparatus. The structural and morphological analyses of catalysts were conducted by X-ray diffractometer (XRD-6000, Shimadz) using Cu K( radiation(30kV, 40mA) with a Ni filter and scanning electron microscope(SEM, Hitachi S-4100).  The crystalline phases were identified by the comparison of measured XRD patterns of the catalysts with JCPDS powder diffraction file data.  The XPS experiments were conducted with a SSI Scientific 2803-S spectrometer, equipped with a hemispherical energy analyzer.  Before analysis, the samples were outgassed for several hours to minimize the surface contamination. The obtained spectra were fitted using a nonlinear least square method
Results and Discussion
    DMC can be catalytically synthesized by the reaction of vapor phase methanol, carbon monoxide and oxygen as shown in the equation(1).

2CH3OH  +  CO  +  1/2O2   →   DMC  +  H2O      (1)

    Catalytic vapor phase oxidative-carbonylation of MeOH over supported Cu-based catalyst produced DMC and H2O as the major product with small amounts of MF(methyl formate), DMM(dimethoxy methane).  Table 1. shows the catalytic activity of four CuCl2/NaOH/AC catalysts prepared in different molar ratios of OH/Cu.  Especially, in condition of molar ratio of OH/Cu=0.5, 1.0,  methanol conversions of two catalysts were found to be about 18.6% and 22.0% respectively, although BET surface area values of them showed to be similar each other.  Therefore, catalytic acivity of these two catalysts were considered to be indirectly affected molar ratio of OH/Cu, indicating that, in each molar ratio of OH/Cu,  catalytically charactiristic crystal structures are formed.
    When CuCl2/NaOH/AC catalysts were prepared, copper chloride hydroxides were crystallized in out-layer of the catalyst.  Copper chloride hydroxides generally have three type of crystal structures, atacamite, paratacamite and botallackite.  These structures having different forms appeared in each adequate environmental condition and especially, botallackite is naturally rarest crystal structure of Cu2(OH)3Cl.  The crystal structure of atacamite is orthorhombic, that of paratacamite is rhombohedral and that of botallackite is monoclinic[10,11].  In this work, being prepared CuCl2/NaOH/AC catalyst, two type of Cu2(OH)3Cl were mainly crystallized such as paratacamite and atacamite.

    Fig.1.(a) is SEM image of (-Cu2(OH)3Cl crystallized on CuCl2/NaOH/AC catalyst. The crystal habit of growed-crystal represented orthorhombic.  Fig.1.(b) is a magnified image of Fig.1.(a).  The structures of (-Cu2(OH)3Cl were so clearly identified.  Fig.1.(c) is a SEM image of (-Cu2(OH)3Cl crystallized on CuCl2/NaOH/AC catalyst.  The crystal habit of growed-crystal represented rhombohedral and dipyramidal structure.  Fig.1.(d) is magnified image of Fig.1.(c).  The structure of (-Cu2(OH)3Cl was also so clearly identified. The crystal structures of (-Cu2(OH)3Cl and (-Cu2(OH)3Cl are investigated by X-ray diffraction analysis(Fig.2).  Two XRD patterns showed peaks of carbon, NaOH, NaCl, and Cu2(OH)3Cl in common.  At 2(=16°, 39°, Cu2(OH)3Cl peaks having great intensity were detected and at 2(=27°, activated carbon peak was detected. NaOH peak was also detected in small size at 2(=31°.  Especially, NaCl salt peak detected at 2(=32°was outstandingly increased as molar ratio of OH/Cu increase from 0.5 to 1.0.  Although these peak patterns seem to be generally similar each other, we were able to find several characteristic peak group to identify two XRD pattern.  Fig. 2. (a) is XRD pattern of (-Cu2(OH)3Cl.  Unique three peak groups were found in range of 2(=17∼22°.  This pattern was not detected in that of (-Cu2(OH)3Cl (Fig.2.(b)).  Besides, characteristic peaks of (-Cu2(OH)3Cl was detected around 2(=18°, 44°, 47°.

    Cu 2p3/2 level spectra for (-Cu2(OH)3Cl and (-Cu2(OH)3Cl on catalyst samples are compared in Fig. 3.  The peak of the (-Cu2(OH)3Cl-bearing catalyst showed overlapped two peaks, whereas (-Cu2(OH)3Cl-baring one showed broad peak with a tailing on the high binding energy.  Fig. 3.(a) is XPS fitting plot of (-Cu2(OH)3Cl (atacamite).  In the result of curve fitting, two peaks were found in B.E. 932eV and 934eV, respectively.  Intensity of two peaks is esimated to be equivalent.  Fig. 3.(b) is XPS fitting plot of (-Cu2(OH)3Cl (paratacamite).  In the result of curve fitting, two peaks were found in B.E. 932eV and 934.5eV, respectively.  Intensity ratio of two peaks is esimated to be around 1/3.  Peak region [I] in Fig.3.(a),(b) was interpreted to be caused by B.E. of Cu in structure containing perpendicualar Cl-Cu-Cl bond.  Peak region [II] and [III]  were also understood to be caused by B.E. of Cu of Cl-Cu-OH and HO-Cu-OH bonds, respectively.  In relating with intensity of electronegativity, binding energy of Cu-bonds in (-Cu2(OH)3Cl is estimated to be lower than that in (-Cu2(OH)3Cl.  Cu atom in (-Cu2(OH)3Cl is perpendicularly neighbored with two Cl atoms mainly, whereas (-Cu2(OH)3Cl is perpendicurlarly neighbored with one O atom and another Cl, or two Cl atoms.  Therefore, in case of (-Cu2(OH)3Cl, polarity of Cu neighbor electrons is lower.  This seems to make Cu in (-Cu2(OH)3Cl relatively less positive and less fixing to neighbor.  So it is thought that activity of Cu is more favorably affectecd to participate in DMC synthesis.

    In summary, dimethyl carbonate synthesis by vapor-phase oxidative carbonylation of methanol was performed over CuCl2/NaOH/AC catalyst. (-Cu2(OH)3Cl and (-Cu2(OH)3Cl crystals appeared on CuCl2/NaOH/AC catalyst in molar ratio of OH/Cu=0.5 and 1.0, respectively.  (-Cu2(OH)3Cl crystals showed  higher catalytic activity than (-Cu2(OH)3Cl crystals.  Analysis using XRD and SEM identified (- and (-Cu2(OH)3Cl structures.  Characterization through XPS revealed that Cu2(OH)3Cl of rhombohedral structure is favourable to DMC synthesis.
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     Table 1. Catalytic activity of CuCl2/NaOH/AC* catalyst in different OH/Cu molar ratios (Cu contnent:
            4.6wt%, CO/MeOH/O2=16/4/1, 130℃, 150psig)

	OH/Cu molar ratio
	BET

Surface area

(m2/g)
	DMC

Selectivity

(%)
	Conversion(%)
	DMC yield

(%)

	
	
	
	MeOH 
	O2
	

	0.5
	341.41
	84.8
	18.6
	48.10
	15.77

	1.0
	323.39
	89.8
	22.0
	49.32
	19.76

	2.0
	304.32
	74.2
	12.5
	48.24
	 9.28

	4.0
	258.61
	-
	-
	-
	-


      *AC: Activated carbon (Surface area : 527.22m2/g)
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         (a) (-Cu2(OH)3Cl;       (b) magnified (a);         (c) (-Cu2(OH)3Cl;        (d) magnified (c)

     Fig. 1. SEM photographs of (-Cu2(OH)3Cl and (-Cu2(OH)3Cl crystallized on CuCl2/NaOH/AC catalysts.
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    Fig.2. Comparison of XRD pattern of Cu2OH3Cl

         crystallized on CuCl2/NaOH/AC catalysts.    

         (a) Atacamite and (b) paratacamite 
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Fig.3. XPS spectra of Cu 2p2/3 for the Cu2(OH)3Cl


     (a) atacamite and (b) paratacamite crystallized


      on CuCl2/NaOH/AC catalysts.


      ( Peak region [I]: Cl-Cu-Cl;  [II]: Cl-Cu-OH;


      [III]: HO-Cu-OH)
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