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Direct synthesis of diethyl carbonate from ethanol and CO, is attractive since starting materials are
cheap and easily obtainable, and the initial operational procedures are quite simple. We present results
showing that Ce,Zr;_xO, solid solution catalysts are effective and selective for producing diethyl
carbonate and could be recyclable without loss of any activity. High calcination temperature is favorable
based on results of catalytic test. X-ray diffraction and temperature-programmed desorption of NH3 and
CO, provide evidence indicating that catalytic properties of Ce,Zr;_,O, are closely dependent on the
crystal structures and the acid-base sites on the surface with varied Ce/Zr ratios. Strong acid-base sites
on the surfaces of catalysts are unfavorable for diethyl carbonate formation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Diethyl carbonate (DEC), one of the most important carbonates,
has been widely used as environmentally benign intermediate and
raw material in chemical industry [1]. In addition, DEC has been
considered as a better candidate than dimethyl carbonate (DMC)
and ethanol for replacing methyl ter-butyl ether (MTBE) as the
additive to gasoline [2]. Therefore, synthesis of DEC attracts much
attention. Traditionally, DEC is synthesized via phosgene as a raw
material [3]; however, phosgene is a toxic species, which causes an
undesired environmental impact due to the high energy demand
for the synthesis of chlorine as well as the disposal of large amount
of chlorinated solvents and inorganic chloride.

In order to achieve the principles of “Green Chemistry” that aim
at the lowest impacts on human health and environment, many
other alternatives have been proposed and investigated. One of
these methods is a process based on oxidative carbonylation of
ethanol with carbon monoxide and oxygen catalyzed by cuprous
chloride (Egs. (1) and (2)) [4,5].

2CH3CH,0H + 1/20, + CuCl — Cu(OCH,CH;3)Cl + H,0 1)

Cu(OCH,CHs),Cl + CO — (CH3;CH,0),CO + 2CuCl (2)

The UBE Industry developed another phosgene-free process for
DEC synthesis using a palladium catalyst and an ethyl nitrite
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promoter [6]. The reaction is represented as follows.
2CH3CH,0H + 2NO + (1/2)0; — 2CH3CH,0NO + H,0 (3)
2CH3CH,0NO + CO — (CH3CH,0),CO + 2NO (4)

More importantly, chemical fixation and application of carbon
dioxide (CO,) has recently received much attention primarily due
to its potential use as an abundant carbon source and its indirect
role as an environmental pollutant [7,8]. This approach can
contribute to the development of new clean synthetic methodol-
ogies, avoiding using of toxic substances and producing of waste as
well as implementing the principle of atom-economy and energy
saving. Accordingly, a direct procedure of synthesis of diethyl
carbonate from CO, and ethanol (Eq. (5)) has been developed.

2CH3CH,0H + CO, — (CH3CH,0),CO + H,0 (5)

For a similar reaction, ceria-zirconia (Ce,Zr;_»0;) solid solution
as a catalyst has been studied for selective synthesis of dimethyl
carbonate (DMC) from methanol and CO, [9,10]. It has been shown
that Ce,Zr; _,O, has both acid and base sites [11,12], which play an
important role in catalytic performance [13,14]. Moreover,
depending on the Ce/Zr ratios and calcination temperatures,
different crystal structures of Ce,Zr;_,O, were observed [15-21].
Tomishige et al. showed a dependence of DEC yield from C,H50H
and CO, over Ce,Zrg g0, and CeO, on reaction time and catalyst
weight [10,22]. When 0.1 g, 0.5 g, 1.4 g Cep>Zrp 30, or 0.1 g CeO,
catalyst was used, DEC yield was almost same (0.4 mmol) after an
appropriate reaction time, and the amount of by-products was
below the detection limit of FID-GC. These results indicate that the
equilibrium level of DEC formation from C,HsOH and CO, is
achieved in this reaction system. However, few studies have been
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reported regarding the crystal structures and acid-base properties
of Ce,Zr;_4O, for the direct synthesis of DEC from ethanol and
carbon dioxide. Therefore, a systematic approach to better
understanding this issue would be greatly useful.

In this paper, we present results from an investigation of crystal
structures, physicochemical properties, and reactivities of
Ce,Zr,_x0, catalysts prepared by a co-precipitation method with
tunable Ce/Zr ratios under various calcination temperatures. A
relation between activities and catalyst properties was examined
employing BET, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and temperature-programmed desorption of
ammonia and carbon dioxide (NH5-TPD and CO,-TPD).

2. Experimental
2.1. Catalyst preparation

Ce,Zr,_x0, catalysts were prepared at room temperature by a
co-precipitation method with aqueous solutions of ZrOCl,-8H,0
and Ce(NOs3)3-6H,0 in desired quantities using aqueous ammo-
nium hydroxide as a precipitator. pH value during this procedure
was controlled to be about 10. The resultant precipitate was
collected and washed with deionized water until Cl species was
undetectable by an AgNO5 solution. The as-prepared sample was
dried overnight at 393 K and calcined at different temperature
(673-1273K) for 5 h in air.

2.2. DEC synthesis from ethanol and CO,

Regarding catalytic test, 257 mmol CH5CH,OH and 0.5¢g
catalyst were added into a 100 mL stainless steel autoclave reactor
followed by purging the reactor with CO, to a pressure up to 5 MPa
(238 mmol CO,). The reactor was heated and stirred constantly at
desired temperature (i.e., 413 K) during the reaction. The total
pressure at 413 K was about 8 MPa. After the reaction, the reactor
was cooled to room temperature and depressurized. In order to
quantitatively analyze composition of the mixture, 1-propanol was
added as a standard substance. The products were analyzed by a
gas chromatograph (FID-GC, Agilent 4890D) with a capillary
column (Agilent HP-5). Under reaction conditions, DEC was the
main product with a trace amount of aldehydes and acetal as by-
products.

2.3. Catalyst characterization

Surface areas were determined on a constant volume adsorp-
tion apparatus (Micromeritics Gemini) by the N, BET method at
liquid nitrogen temperature. Prior to the measurements, all
samples were degassed at 363 K for 3 h.

XRD spectra of catalysts were acquired by an X-ray diffract-
ometer (D/Max-2500) using Cu Ko (40 kV, 100 mA) radiation with
a 20 ranging from 10° to 80° at a scanning speed of 8°/min.

X-ray photoelectron spectroscopy (XPS) spectra were obtained
using a spectrometer (Perkin-Elmer PHI 1600), equipped with a
microspot monochromatised Al Ka source and a gun of low energy
electrons for compensation of electrostatic charging of samples.
The Al Ko line (1486.6 eV) was used throughout this work and the
base pressure of the chamber was below 1.6 x 102 Pa. The values
of binding energies BE (eV) were taken relatively to the binding
energy of Cls electrons of hydrocarbons on the sample surface
(produced by adventitious carbon), which is accepted to be equal
to 284.6 eV.

Temperature-programmed desorption (TPD) of ammonia and
carbon dioxide was used to determine the acid-base properties of
catalysts. TPD experiments were carried out on a flow apparatus
(Micromeritics 2910) with a procedure as follows. The catalyst

Table 1
Dependence of Ce content in Ce,Zr;_,O, catalysts on yield and selectivity of DEC
and BET surface area.

Entry Ce content x DEC yield DEC selectivity BET surface
(mmol) (%) area (m?/g)

1 0 0.20 80 51

2 0.07 0.28 90 98

3 0.15 0.21 80 39

4 0.25 0.14 57 39

5 0.5 0.14 57 38

6 0.8 0.17 67 49

7 1 0.40 94 17

Reaction conditions: reaction temperature, 413 K; CH3CH,OH:CO, =257:238 mmol;
reaction time, 2 h; catalyst weight, 0.5g; calcination temperature, 1073 K.

sample (100 mg) was pretreated at 473 K in an argon flow at a rate
of 30 mL/min for 40 min and saturated with a pure NHs or CO, flow
after cooling to 323 K. These pretreated samples were purged with
argon gas at 323 K for 30 min at a flow rate of 30 mL/min to remove
physisorbed NHs or CO, and then heated to 1223 K at a rate of 10 K/
min in a helium flow.

3. Results and discussion
3.1. DEC synthesis from ethanol and CO,

Table 1 shows the relationship between Ce content in
CeyZr,_x0, catalysts (calcined at 1073 K) and DEC selectivity
and yield and BET surface area. Under operational conditions, CeO-
(x=1) exhibited the highest activity regarding DEC yield and
selectivity followed by Ceg ¢7Z10.930; (x = 0.07, entry 2). A possible
reason for better performance of CeO, and Cegg7Zrg9302,
compared ZrO, and other Ce/Zr ratios is the differences in the
crystal structures and in the acid-base sites as will be discussed
later. Notably, BET surface area of CeO, is the smallest compared to
other catalysts shown in Table 1, primarily due to agglomeration of
materials in the catalyst, which can be caused by inhomogeneities
in the sintered microstructure at high calcination temperature
[23,24]. Additionally, insertion of zirconium atoms into the CeO,
lattices increases thermal stability of the catalysts that further
leads to the formation of high surface area upon annealing at high
temperature [25,26]. Notably, the relation between Ce content and
DEC yield and BET surface area cannot be unambiguously
determined based on the data shown in Table 1.

On the basis of the results of Table 1, we used Ceg7Zr( 930, as
the catalyst in the experiments below, which exhibited better
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Fig. 1. Dependences of the amount of DEC formation (M) and BET surface area ()
on the calcination temperature over Ceg7Zr930- catalysts. Reaction conditions:
reaction temperature, 413 K; CH3CH,OH:CO, = 257:238 mmol; reaction time, 2 h;
catalyst weight, 0.5 g.
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Table 2
Effects of reaction temperature and time on DEC formation over Ceg7Zrg 9302
catalyst.

Entry Temperature Time DEC amount DEC selectivity
(K) (h) (mmol) (%)

1 373 2 0.14 90

2 393 2 0.20 91

3 413 2 0.28 90

4 433 2 0.08 56

5 413 1 0.22 93

6 413 4 0.27 88

Reaction conditions: CH3CH,OH:CO,=257:238 mmol; catalyst weight, 0.5g;
calcination temperature, 1073 K.

catalytic performance compared to other Ce/Zr ratios. Fig. 1 shows
the dependence of calcination temperature on DEC formed and BET
surface area over Ceg7Zro.9302. Indeed, DEC yield increases with
increasing calcination temperature and reaches a maximum at
1073 K followed by decreasing to nearly zero at higher calcination
temperature (i.e., 1273 K). In addition, BET surface area of the
samples decreases with increasing calcination temperature. The
similar tendency regarding calcination temperature on CeO,
catalyst was also observed and for clarification of presentation
we will not show the data here.

Effect of reaction temperature (373-433 K) on DEC yield and
selectivity over a Ceg g7Zrg 930, catalyst has also been investigated
and results are shown in Table 2. As can be seen, DEC yield
increases with increasing reaction temperature, and reaches a
maximum value at 413 K (entry 3). Further increase in tempera-
ture to 433 K causes a decrease in DEC production due to the
exothermic reaction of DEC formation from ethanol and CO, [27].
From thermodynamics point of view, high reaction temperature is
not favorable for DEC formation. Additionally, DEC selectivity
shows a similar trend as yield, and formation of by-products such
as aldehydes and acetal were observed at high reaction tempera-
ture. We also briefly investigated dependence of reaction time on
reactivity as shown in Table 2. Specifically, 0.22 mmol of DEC are
formed in 1 h at 413 K (entry 5), which increases to 0.28 mmol
along with the reaction time (i.e., 2h, entry 3), while DEC
selectivity does not change significantly. Interestingly, a further
increase of the reaction time to 4 h does not improve DEC yield and
selectivity (entry 6), which is probably due to the reaction
equilibrium. Additionally, water formed in the reaction could not
be removed from the reactor which further affects the reaction
process. Molecular sieves (MS) as a dehydrating agent were used to
remove the water to shift the equilibrium to DEC. However, all of
the attempts have failed presumably due to the high reaction
temperature [28].

Based on the results shown in Table 1, CeO, and Ceg 7Zrg.930>
are most reactive, which further motivates us to investigate the
effect of the amount of catalyst on the formation of DEC over both
catalysts. As shown in Table 3, for 0.1 g,0.5 gand 1 g Ceg 97Zrg.930>

Table 3
Effect of catalyst amount on DEC formation over Ce,Zr,_,0O, catalysts®.

Entry Ce content x Catalyst DEC yield DEC selectivity
weight (g) (mmol) (%)
1 0.07 0.1 0.29 94
2 0.07 0.5 0.28 90
3 0.07 1 0.30 90
4> 0.07 0.5 0.30 92
5 1 0.1 0.21 94
6 1 0.5 0.40 94
7 1 1 0.42 92
8> 1 0.5 0.42 92
2 Reaction  conditions: reaction  temperature, 413K; CH3CH,O0H:-

CO,=257:238 mmol; reaction time, 2 h; calcination temperature, 1073 K.
> With used catalyst.

catalysts (entries 1, 2 and 3, respectively), amount of formed DEC
keeps nearly constant because of reaction equilibrium. However,
for a CeO, catalyst, DEC yield increases as catalyst amount
increases from 0.1 g to 0.5 g (entries 5 and 6). As will discuss below,
the activity of 0.1 g CeO, catalyst is lower than that of 0.1g
Cep.07Z19.930, possibly due to the smaller BET surface area. For
Cep.07Z19930, and CeO, catalysts, DEC yield at equilibrium is
strongly dependent on the catalysts. This behavior could be
ascribed to the difference of dispersion of the active sites on the
surfaces of catalysts. The DEC selectivity decreases with increasing
catalyst weight when the reaction reached the equilibrium.

The reusability of Cego7Zrg930, and CeO, catalysts was also
examined. After a reaction run, the catalyst was removed from the
reaction system by filtration, washed with acetone, dried at room
temperature, and then subjected to the next catalytic run. The
results with the used catalysts (entries 4 and 8) are comparable to
those obtained with fresh catalysts, indicating that Ceg ¢7Zrg 930>
and CeO, are recyclable without any loss of activity. The XPS
spectra of Ceg 771930, catalyst before and after the reaction are
shown in Fig. 2, where no sensible change was observed on the
feature of oxygen, zirconium and cerium. This indicates that the
Cep.07Z19.930, catalyst remains intact after use. We also note that
no reduction of Ce(Ill) takes place [29].

3.2. Characterization of the catalysts

Crystal structures of Ce,Zr,_,O, catalysts were investigated by
XRD and spectra are shown in Fig. 3. Apparently, XRD spectrum of
CeO, is different from that of ZrO,. For the catalysts containing
both cerium and zirconium, XRD spectra are much closer to that of
CeO, than ZrO,, even for high Zr content. Additionally, with the
decrease of the Ce content, a shift of the CeO, phase peaks toward
higher values of 20 is observed. This phenomenon could be due to
the insertion of zirconium atoms in the CeO, cubic matrix leading
to contraction of parameter of unit cell and deformation of the
cubic phase to the tetragonal phase at higher zirconium content
[30].

The characteristic peaks at 26 = 28.2° and 31.5° can be assigned
to the monoclinic (M) phase of ZrO,. The characteristic peak at
20 = 30.2° represents the tetragonal (T) phase in ZrO,. For the cubic
fluorite (C) phase in CeO,, XRD peaks at 20 =28.6° and 33.1° are
evident. It appears that crystal structure is a cubic phase when
x > 0.8. This structure remains stable with slight modification with
0.15 < x < 0.8. However, for x < 0.15, cubic phase of Ce,Zr;_,0,
catalysts transforms into a tetragonal phase as well as monoclinic
phase. Particularly, intensity of tetragonal phase strengthens with
the increase of Zr content. At x =0, both monoclinic phase and
tetragonal phase appear.

To further explore thermal properties of Ce,Zr,_0, catalysts,
we investigated the effect of calcination temperature on crystal
structures by XRD. In particular, we select Ceg07Zr0930> as an
example and results are shown in Fig. 4. As can be seen, tetragonal
structure is predominant at a calcination temperature of 673 K.
Peaks due to both tetragonal and monoclinic structures are
observed at temperature above 873 K. At a high calcination
temperature, monoclinic peak intensity increases. Therefore, it is
very likely that active phase for DEC formation is monoclinic
structure based on the comparison between Figs. 1 and 4. Low
activity of Cegg7Zrg930> calcined at 1273 K, which also exhibits
monoclinic structure, could be explained from analysis of TPD
profiles shown below. We also notice that XRD peaks become
sharper for the samples calcined at higher temperature, indicating
that the crystal growth proceeds more significantly at higher
calcination temperature. This can also explain why BET surface
area decreases with increasing calcination temperature as shown
in Fig. 1.
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Fig. 2. XPS spectra of Cegg7Zro930- catalyst before (continuous line) and after (dotted line) the reaction.

To further explore surface nature of catalysts, particularly acid-
base properties, NH3-TPD and CO,-TPD were employed and their
results are shown in Figs. 5 and 6, respectively. The characteristic
peaks of these profiles are assigned to their desorption tempera-
tures indicating the strength of surface sites. In our case, shown in
Figs. 5 and 6, both weak and moderate acid-base sites are observed
for all catalysts. However, the strong acid-base sites with a
characteristic desorption temperature of about 823 K are only
observed in the catalysts b-d. Cegg7Zrp 930, and CeO, catalysts,
which have better reactivity compared to others, do not exhibit any
strong acid-base sites. Formation of strong acid-base sites is
suggested to be attributed to the presence of metastable tetragonal
phase, which leads to the slight modification of cubic crystal
structure of the catalyst with 0.15 < x < 0.8. Catalytic performance
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Fig. 3. XRD spectra of Ce,Zr; O, catalysts calcined at 1073 K: (a) x =0, (b) x = 0.07,
(c) x=0.15, (d) x=0.25, (e) x=0.5, (f) x=0.8 and (g) x=1. Crystal structures:
monoclinic (M), tetragonal (T) and cubic fluorite (C).

is depressed by strong acid-base sites on the surface. In the case of
direct synthesis of DMC, similar behavior that strong acid-base
sites are unsuitable for the production of DMC was also observed
on the H3PO4/ZrO, catalyst [31]. Therefore, activity of Ce,Zr;_,O»
catalysts could be affected by fractions of various crystal structures
together with the acid-base sites.

To further investigate the selected Ceg o7Zr( 930 catalyst, acid-
base properties were examined as a function of calcination
temperature employing TPD measurements. Figs. 7 and 8 show
TPD profiles of NH3 and CO, adsorbed on Ceg ¢7Z1r9.930; calcined at
various temperatures, respectively. Note that spectra at 1073 K in
Figs. 7 and 8 should be same as those in Figs. 5(a) and 6(a),
respectively, but look different due to the different scale. With an
increase of the calcination temperature, desorption amount of NH3
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J\ J’L«_ 1073 K

873K

673 K

10 20 30 40 50 60 70 80
20/°

Fig. 4. XRD spectra of Ceg;Zro930- catalysts prepared at various calcination
temperatures. Crystal structures: monoclinic (M), tetragonal (T) and cubic fluorite
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Fig. 5. NH3-TPD profiles of Ce,Zr; 4O, catalysts calcined at 1073 K: (a) x = 0.07, (b)
x=0.15, (c) x=0.25, (d) x=0.8 and (e) x=1.
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Fig. 6. CO,-TPD profiles of Ce,Zr; ,O, catalysts calcined at 1073 K: (a) x = 0.07, (b)
x=0.15, (c) x=0.25, (d) x=0.8 and (e) x=1.

and CO, decreases. Additionally, a shift of desorption peaks toward
low temperature can be observed, which is attributed to a decrease
of strength of the acidity and basicity with the increase of the
calcination temperature. This suggests that the structural change
of the surface can make the surface acidity and basicity weaker.
Although the details are not clearly elucidated yet, we speculate
that the surface of the catalysts calcined at lower temperatures has
more roughness and higher temperature calcination makes the
surface more plain [32]. There are more coordination unsaturated
cations and anions on rougher surfaces, and these sites lead to
higher acidity and basicity [33].

From the TPD profiles, we note that a large number of strong
basicities and acidities are formed on the surface if calcined at
673 K or 873 K. Moreover, Ceg ¢7Z19.930; calcined at 1073 K, which
shows excellent catalytic activity, does not demonstrate any strong
acid-base sites compared to those calcined at 673 K and 873 K.
This strongly suggests that strong acid-base sites on the surface
are unfavorable for the increase of catalysts activity. On the other
hand, catalysts calcined at 1273 K have less acid-base sites
suggesting why such catalysts are not active after calcined at high
calcination temperature.
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Fig. 7. NH5-TPD profiles of Ceg ;Zrp 930, catalysts prepared at various calcination
temperatures.
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Fig. 8. CO,-TPD profiles of Cegy7Zro 930, catalysts prepared at various calcination
temperatures.
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Fig. 9. Proposed mechanism for the direct synthesis of DEC from CO, and ethanol
over Ce,Zr;_,O, catalysts.
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The mechanism of DMC synthesis from CO, and methanol
over ZrO, catalyst has been proposed according to the results
obtained by DRIFT, in situ infrared, and in situ Raman [13,34,35].
Based on a literature survey and our results, a proposed
mechanism of the direct synthesis of DEC from CO, and ethanol
over Ce,Zr;_x0, catalysts is shown in Fig. 9, where M stands for
the metal site. Ethanol interacts with the unsaturated Lewis acid
M** site (e.g., oxygen vacancy) on the surface of Ce,Zr;_4O- and
releases a proton. This proton could hop along the sites and
associate with a surface OH group to form H,0. CO, is then
inserted into the M-0 bond of the C;H50-M species to produce
the reaction intermediate m-C;Hs0COO-M. DEC is formed via
the further reaction of monoethyl carbonate species with
ethanol.

4. Conclusions

We have presented results showing that catalytic properties of
Ce,Zr,_x0, are related to crystal structure and acid-base sites on
the surface with varying Ce/Zr ratios. At 0.15 <x <0.8, the
activities of the catalysts decrease due to the formation of strong
acid-base sites on the surfaces which are unfavorable for DEC
formation. Cegg7Zrp930, and CeO, have higher activity in the
direct synthesis of diethyl carbonate from ethanol and CO,
compared to other Ce-Zr based catalysts. Notably, catalysts could
be recyclable without loss of any activity. Particularly,
Ceg.07Zrp.930, (calcined at 1073 K), consisting of predominant
tetragonal phase and a minor monoclinic structure, lacks any
strong acid-base sites leading to high reactivity. A plausible
reaction mechanism is proposed based on our results and a
literature survey.
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