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A novel method to synthesise diethyl carbonate is introduced by

the coupling reaction, the hydrolysis of diethyl ether (DEE) and

oxidative carbonylation of ethanol, which reduces the influence of

by-product water and satisfies the energy coupling for the

reaction system.

Diethyl carbonate (DEC) is recognized as an environmentally benign

chemical because of its negligible ecotoxicity and low bioaccumula-

tion and persistence. Because of its high oxygen content (40.6 wt%),

DEC has been proposed as a replacement for tert-butyl ether

(MTBE)1 (18.2 wt%) as an attractive oxygen-containing fuel additive.

A further significant advantage of DEC over other fuel oxygenates

such as MTBE is that DEC could slowly decompose to CO2 and

ethanol, which have no environmental impact when released into the

environment.2 In addition, the gasoline/water distribution coefficients

for DEC are more favorable than those for dimethyl carbonate

(DMC)3 and ethanol.4 Besides these applications as a fuel additive,

DEC is also drawing attention as a safe solvent and an additive in

lithium cell electrolyte.5

There are several synthetic methods for producing DEC, such as a

phosgene process,6 carbonylation of ethyl nitrite,7 oxidative carbo-

nylation of ethanol,8 and an ether exchange process.9 Among them,

the vapor phase oxidative carbonylation of ethanol represents one of

the proposed favorable processes based on ‘‘green chemistry’’

principles.8 Previous results have shown that the water produced

stoichiometrically along with DEC during the oxidative carbonyla-

tion of ethanol inhibits the activity of the catalysts.10 Because of the

presence of water altering the amount of surface ethanol and

ethoxide on the catalyst, tailoring the catalyst to reduce water

inhibition is a difficult task. Instead, changing the composition of the

reactant species is a possible strategy that can be used to reduce the

amount of water in the system.

Hydrolysis of diethyl ether is an important process for producing

ethanol with the consumption of by-product water. Utilization of

hydrolysis of diethyl ether decreases the content of water to enhance

the catalytic performance of PdCl2/Cu-HMS, which has not been

reported up to now. The hydrolysis of diethyl ether and oxidative

carbonylation of ethanol was shown in the following expressions.

The coupling reaction is shown in reaction (3).

2CH3CH2OH + 1/2O2 +CO A
CH3CH2O(CO)OCH2CH3 + H2O (1)

CH3CH2OCH2CH3 + H2O A 2CH3CH2OH (2)

CH3CH2OCH2CH3 + 1/2O2 + CO A
CH2CH2O(CO)OCH2CH3 (3)

From the expressions, the byproduct water from the oxidative

carbonylation of ethanol was the reactant for the hydrolysis of

diethyl ether. The main product of hydrolysis of diethyl ether was

ethanol, which could be as the reactant of oxidative carbonylation of

ethanol. Therefore, the method of synthesising DEC with diethyl

ether and ethanol feeding is a reasonable technique, which overcomes

the influence of water in the traditional oxidative carbonylation of

ethanol for the synthesis of DEC and shows the dominance of the

oxidative carbonylation of ethanol. The rate of water production

from ethanol carbonylation is fairly slow.11 Therefore the rate of

hydrolysis of diethyl ether reaction in the system will not need to be

as fast as in a typical hydrolysis of diethyl ether reaction, because the

use of the reaction is to remove water and the yield of ethanol is not

a major concern. Therefore, the design of the system is very

important.

For this reason, it may be interesting to introduce diethyl ether

into reactants for the oxidative carbonylation of ethanol when

preparing DEC. Up to now, there have been no references about the

use of diethyl ether hydrolysis for the synthesis of DEC via the

oxidative carbonylation of ethanol.

The present study was undertaken with the aim of assessing the

effects of the hydrolysis of diethyl ether on the activity of PdCl2/Cu-

HMS12 for the synthesis of DEC. In our work, the thermodynamic

data13 was calculated to establish the theory groundwork for

designing the coupling reaction. The performance of the PdCl2/Cu-

HMS catalyst for the coupling reaction was investigated. In addition,

the possible mechanism of coupling reaction was proposed.

As proposed above, the oxidative carbonylation of ethanol and

hydrolysis of diethyl ether were shown in reaction (1) and reaction

(2), respectively. Reaction (3) denoted the coupling reaction. The
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DfHm
h, DrSm

h, DrGm
h and DrCp,m of reaction (1)–(3) were shown in

Table 1. From Table 1, reaction (1) and (2) are exothermic and

endothermic, respectively. Therefore both reactions could enable

coupling of the energy. In reaction (2), DrGm
h 0, which indicates that

hydrolysis of diethyl ether is not a spontaneous reaction in the

standard state. Therefore, the calculation of relation between DrGm
h

and temperature is necessary in the next succession. The DrHm
h of

reaction (3) is 2285.64 KJ mol21, which makes clear that the

coupling reaction is an exothermic reaction. Enhancing the reaction

temperature would go against the production of DEC. Therefore

controlling the reaction temperature of the coupling reaction is

important for improving the reaction performance. From the above

analysis, in the range of certain temperature, reaction (1) and (2) were

exothermic and endothermic, respectively, which could satisfy the

energy coupling for reaction (1) and (2). In addition, the free energy

of coupling reaction (3) was less than zero, which meant that the

design of the coupling experiments was reasonable and the coupling

reaction could be realized.

In order to give insight into the effect of hydrolysis of diethyl ether

on the catalytic synthesis of DEC by the oxidative carbonylation of

ethanol, the performance of catalyst with ethanol and diethyl ether

feeding was investigated and compared with when ethanol is the

reactant. A comparison of EtOH and EtOH adding with DEE as the

reactant on the catalytic performance is shown in Table 2.

From Table 2, when DEE was added into the reactants, the space

time yield (STY) of DEC were improved to some extent, which

showed that the essential role of DEE promoted the improvement of

catalytic activity for the synthesis of DEC. The conversion of EtOH

and the water content decreased somewhat, which was because

ethanol produced from the hydrolysis of DEE existed in the

products. Therefore, the utilization of the coupling reaction could

enhance the catalytic performance for the synthesis of DEC.

Because there were both exothermic and endothermic reactions,

the coupling reaction was sensitive to temperature. Therefore the

investigation of the effect of temperature on the reaction perfor-

mance was important for designing the experiments. The dependence

temperature for the coupling reaction is shown in Fig. 1. As

expected, increased temperature affected the synthesis reaction for

DEC very favorably. Only a trace of DEC was produced at room

temperature, but its formation increased with the increasing reaction

temperature up to 413 K. Whereupon the catalytic activity for DEC

synthesis gradually decreased with a further increase of reaction

temperature. When reaction temperature was above 423 K, the STY

of DEC decreased greatly, the exothermic reaction was responsible

for that, because the coupling reaction released a lot of heat. This

result indicates that the reaction temperature played an important

role in the catalytic behavior of the coupling reaction for the

synthesis of DEC. In addition, the ethanol conversion was favorable

in 403 K, which was lower than the favorable temperature for DEE

conversion (413–423 K).

Fig. 1 shows the effect of temperature on water content in the

reactor effluent. The water content decreased with increasing reaction

temperature up to 413 K. Then the water content gradually increased

by a further increase of reaction temperature. It has been reported

that the optimal reaction temperature for ethanol gas phase oxidative

carbonylation is 413 K, but the hydrolysis of DEE is generally

performed at higher temperatures.14 It could be considered that the

oxidative carbonylation of ethanol was faster among the reaction

system under lower temperature, which was consistent with the

favorable temperature for ethanol conversion. Because the hydrolysis

of DEE was an endothermic reaction, it could need some heat to

drive the reaction occurring. So when hydrolysis of diethyl ether

proceeded under higher temperatures, the coupling reaction was

realized with favorable DEC production.

Utilizing the hydrolysis of diethyl ether for DEC synthesis through

the oxidative carbonylation of ethanol facilitated improvement of the

catalyst’s performance. Scheme 1 shows a possible mechanism of the

coupling reaction with ethanol and diethyl ether feeding. The

coupling reaction system involves the hydrolysis of diethyl ether and

oxidative carbonylation of ethanol. The oxidative carbonylation of

ethanol takes place on the active centers of the catalyst. During this

process, ethanol produced from the hydrolysis of diethyl ether was

introduced into oxidative carbonylation of ethanol as reactant.

Furthermore, the presence of water produced from the oxidative

carbonylation of ethanol as reactant promotes the hydrolysis of

diethyl ether. The B acid center is the Brønsted acid site of the

catalysts, which is the active site for the hydrolysis of diethyl ether.

Finally, the coupling reaction was realized to produce DEC. In our

case, the PdCl2/Cu-HMS catalyst contains not only Cu and Pd as

active species but also B acid centers, which would make it easy to

sustain the catalytic cycle between the hydrolysis of diethyl ether and

the oxidative carbonylation of ethanol. The proposed mechanism of

the coupling reaction is an ideal mechanism which is propitious to

explain the realization of coupling reaction. In fact, there is some

Table 1 The DfHm
h, DrSm

h, DrGm
h and DrCp,m of reaction (1)–(3)

DrHm
h KJ mol21 DrSm

h J mol21 K21 DrGm
h KJ mol21

DrCp,m = DA + DBT + DCT2

DA DB 6 103 DC 6 106

Reaction (1) 2309.47 2208.01 2247.45 220.51 128.015 2119.325
Reaction (2) 23.83 33.79 13.75 237.32 94.06 266.95
Reaction (3) 2285.64 2174.22 2233.70 257.83 222.105 2186.275

Table 2 Comparison of EtOH and EtOH adding with DEE as reactants on the catalytic performance

Reactantsa Conversion of EtOH (%) Conversion of Diethyl ether (%) STY OF DEC (g L21 h21) SDEC/EtOH (%) Water Content (%)

EtOH 4.1 — 105.3 100 4.2
EtOH and Diethyl ether 3.2 9.4 167.8 100 1.7
a Reaction condition: T = 413 K, P = 0.64 MPa, O2 = 10 sccm, CO = 80 sccm, N2 = 50 sccm.
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ethanol introduced to the reaction system, and the oxidative

carbonylation of ethanol was a start-up reaction among the system,

which could provide not only heat energy but also water as the

reactant for hydrolysis of diethyl ether. As a result, it is easy to

understand that the hydrolysis of DEE has improved the catalytic

performance of the synthesis of DEC by oxidative carbonylation of

ethanol, as shown in Scheme 1.

Conclusions

The thermodynamics analysis indicated that oxidative carbonylation

of ethanol and hydrolysis of DEE were exothermic and endothermic

reactions, respectively, which satisfies the energy coupling for both

reactions. In addition, the free energy of the coupling reaction was

less than zero, which meant that the design of coupling experiments

was reasonable and the coupling reaction could be realized.

It was also shown that the coupling reactions of hydrolysis of

diethyl ether (DEE) and oxidative carbonylation of ethanol,

enhanced STY of DEC, and decreased the water content in the

system. The coupling reaction showed sensitive dependence on the

temperature and the favorable temperature was 413 K with less

water in the system. The possible mechanism of coupling reaction

was illuminated by the interaction between hydrolysis of diethyl ether

and oxidative carbonylation of ethanol.
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Fig. 1 Effect of temperature on the catalytic performance and water

content with EtOH and diethyl ether as reactants. Reaction condition:

T = 413 K, P = 0.64 MPa, O2 = 10 sccm, CO = 80 sccm, N2 = 50 sccm.

Scheme 1 The possible mechanism of coupling reaction with ethanol and

DEE feeding.
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