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a  b  s  t  r  a  c  t

The  synthesis  of  diethyl  carbonate  (DEC)  directly  from  carbon  dioxide,  ethylene  oxide  (EO),  and  ethanol
via  one-pot  reaction  is  reported  for the  first  time.  The  effects  of  catalyst  species  and  reaction  variables
on  the  synthetic  performance  of  DEC  were  systematically  studied.  The  integration  of  easily  available
KI  and  sodium  ethoxide  as  homogeneous  binary  catalyst  system  was  found  to  be very  active  for  the
one-pot  reaction,  and  63.6%  of  the DEC  yield  could  be achieved  under  relatively  mild reaction  condi-
tions  (443  K,  3 MPa  CO2 initial  pressure,  2  h). The  byproduct  of  2-ethoxyethanol,  which  is  predominantly
formed  via  alcoholysis  of  EO by  ethanol  through  ring-opening  reaction,  was  produced  with  small  amount
(<5%)  under  optimized  conditions.  Additionally,  the  thermodynamic  evaluation  reveals  that  the standard
molar  enthalpy  of one-pot  reaction  is  exothermic  (�rH�

m = −19.70  kcal/mol  <  0).  In comparison  with

arbon dioxide
inary catalyst system

the direct  synthesis  of  DEC from  CO2 and  ethanol,  the  involvement  of  EO facilitates  the  formation  of
DEC,  simultaneously  with  glycol  produced.  This strategy  could  also  be  successfully  expanded  to terminal
epoxide  substrates.  Furthermore,  a possible  mechanism  of  the reaction  was  proposed  on  the  basis  of
experimental  results.  This  method  provides  a highly  effective  way  to  produce  DEC  via directly  chemi-
cal  utilization  of  CO2 and  shows  promising  application  in  the  manufacture  of diethyl  carbonate  on  an

industrial  scale.

. Introduction

Nowadays, atmospheric CO2 concentration is continuously
ncreasing mainly due to the huge and growing emission from the
onsumption of fossil fuels by human activities. CO2 is considered
o be the most significant greenhouse gas responsible for the global
arming. Meanwhile, the chemical utilization of CO2 as C1 feed-

tock arouses intense interest since CO2 is renewable, inexpensive,
onflammable and nontoxic [1–4]. Numerous approaches of devel-
ping efficient route for CO2 transformation into industrially inter-
sting chemicals have attracted wide concerns in recent years [5,6].
articularly, organic carbonates represent an important kind of car-
onyl containing compound with wide applications in the fields of
olvent, synthetic, additives, etc. [7–9]. Among them, diethyl car-

onate (DEC) is an important homologue in the family of dialkyl
arbonates, which has eco-friendly features and versatile applica-
ions. In the aspect of organic synthesis, DEC is a useful precursor

∗ Corresponding author. Tel.: +86 10 82544825; fax: +86 10 62621355.
E-mail address: hqli@home.ipe.ac.cn (H. Li).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.11.031
© 2013 Elsevier B.V. All rights reserved.

as a substitute for toxic phosgene [10]. It can be used as carbonyla-
tion or ethylation reagent due to the carbonyl group or ethyl group
in its molecular structure [10,11]. DEC has also been considered as
a replacement of methyl tert-butyl ether (MTBE) as fuel additive
due to its high oxygen content (40.6 wt%). Additionally, DEC can be
biodegraded to CO2 and ethanol when released into the environ-
ment, showing eco-friendly feature and demonstrating a promising
application as green solvent for synthesis and catalysis [12].

Conventionally, DEC was manufactured by the reaction of
ethanol with toxic phosgene (COCl2) [13]. Considerable efforts were
devoted to develop non-phosgene routes by researchers in order
to reduce or completely abandon the involvement of extreme toxic
phosgene, e.g. transesterification reaction of dimethyl carbonate
[14], oxidative carbonylation of ethanol [15–18], carbonylation
of ethyl nitrite [19], electrochemical synthesis in the presence of
ethyl iodide [20], decarbonylation of diethyl oxalate [21] and alco-
holysis of urea or its derivative (ethyl carbamate) with ethanol

[22,23]. Nevertheless, these routes suffer from disadvantages of
toxic (phosgene, CO, ethyl nitrite) or expensive raw materials, easy
deactivation of catalysts or low product yields, which restrict their
practical applications.

dx.doi.org/10.1016/j.apcata.2013.11.031
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2013.11.031&domain=pdf
mailto:hqli@home.ipe.ac.cn
dx.doi.org/10.1016/j.apcata.2013.11.031
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Scheme 1. One-pot process for DEC syn

The synthesis of diethyl carbonate (DEC) using CO2 as building
lock is a promising route. Ideally, the process starts from CO2 and
thanol, but the reaction hardly occurs spontaneously even under
arsh conditions due to the thermodynamic limitations [24,25].
o address this issue, chemical dehydration reagent was usually
nvolved to shift the reaction forwards to the carbonate side, leading
o equivalent waste [26]. Although great efforts have been devoted
o the synthesis of DEC from CO2 over various catalysts [24–26],
he effective utilization of CO2 to synthesize DEC still remains a
hallenge and should be supplemented.

It is proposed that the addition of chemicals with high energy
s favorable for the activation of the inert CO2. Recently, in order to
vercome the drawbacks of thermodynamic constrains, the usage
f butylene oxide as a chemical water trap was reported [27,28].
ccording to the results [27], 15.6% ethanol conversion and 10%
EC yield were obtained over cerium (IV) oxide at 180 ◦C and

 MPa  pressure. Although the yield was 9-fold enhancement com-
ared with the method without water removal, unfortunately, the
EC yield was not high enough in this system and needed to be

mproved. It is worth mentioning that the synthesis of cyclic car-
onate from epoxide and CO2 was well established in industrial
anufacture. Furthermore, the transesterification of cyclic carbon-

te with ethanol to produce DEC was also proved to be feasible
29]. In principal, the DEC could be synthesized via the consequent
wo-step reaction. However, in view of the energy consumption,
roductivity and investment, the one-pot reaction directly from
O2 was undoubtedly superior to the two-step separate reaction.
hus, the development of a more effective one-pot reaction to
mprove the productivity of DEC directly from CO2 is highly desired.

With the aim of developing effective methods for activation
nd utilization of CO2 to synthesize high-valued chemical of DEC,
erein, we describe a new methodology for the synthesis of DEC
hrough one-pot reaction from commodity chemicals of EO, carbon
ioxide and ethanol, as shown in Scheme 1. In this process, glycol
as simultaneously co-produced, which is also an important raw
aterial in the manufacture of polyester fibers and fabric indus-

ry. The varied catalyst species and reaction variables, e.g. catalyst
omposition, reaction temperature, molar ratio of the reactants,
eaction pressure, reaction time, were systematically evaluated.
ubsequently, catalyst recyclability was also investigated. To the
est of our knowledge, this is the first work to study one-pot reac-
ion for efficient synthesis of DEC from ethylene oxide, CO2 and
thanol. Additionally, thermodynamic calculation was used to pre-
ict the reaction spontaneity as a function of temperature. On the
asis of the experimental results, a possible reaction mechanism
as also proposed. Moreover, the scope of substrates was extended

o terminal epoxides. In comparison with the reported processes,
his route has provided an effective way to realize the synthesis of
EC directly from abundant CO2 via one-pot reaction.

. Experimental

.1. Materials
Ethylene oxide (EO), propylene oxide (PO), tributy-
amine (Bu3N), triethylamine (Et3N), tetrabutyl ammonium
odide (Bu4NI), tetramethyl ammonium iodide (Me4NI), 1,8-
iazabicyclo[5.4.0]undec-7-ene (DBU), sodium ethoxide (EtONa),
 from ethylene oxide, CO2 and ethanol.

La(NO3)3·6H2O, Ce(NO3)3·6H2O, were purchased from Sinopharm
Chemical Reagent Co., Ltd. NaI was  purchased from Tianjin Guangfu
Fine Chemical Research Institute. KI, KCl, ethanol, Mg(NO3)3·6H2O,
Al(NO3)3·9H2O, Zn(NO3)3·6H2O, MgO  were purchased from Xilong
Chemical Industry Incorporated Co., Ltd. KBr was  purchased
from PIKE Technologies Spectroscopic Creativity. Magnesium
carbonate (MgCO3) was  purchased from Adamas Reagent Co.,
Ltd. CO2 (>99.9% purity) and N2 (99.999% purity) were purchased
from Beijing Qianxi Company. Potassium ethoxide (EtOK, 95%
purity) was purchased from Sigma-Aldrich. Glycidyl isopropyl
ether, glycidyl phenyl ether, butyl glycidyl ether, styrene oxide,
1,2-epoxycyclohexane and allyl glycidyl ether were purchased
from TCI. All the chemicals were of analytical grade and used
without further purification unless noted otherwise.

2.2. Catalyst preparation

The typical solid basic catalysts, e.g. La2O3, CeO2, MgO,
MgAl-LDO, ZnMgOx, were prepared according to the procedure
mentioned in the literatures with slight modifications [30–34].
Specifically, La2O3 was prepared by precipitation method with
mixed base solution. 25.98 g La(NO3)3·6H2O was dissolved in
400 mL  de-ionized water. The solution was slowly titrated by mix-
ture of KOH and K2CO3 until pH = 10 at 85 ◦C. The precipitate was
refluxed for 24 h, filtered and washed with de-ionized water until
the pH of the filtrated water became neutral. The resultant cata-
lyst was  dried at 100 ◦C for 12 h and calcined at 550 ◦C in air for 6 h
before use. CeO2, MgO, MgAl-LDO, ZnMgOx were prepared accord-
ing to the methods used in the literatures with slight modifications,
i.e. CeO2 was obtained by calcining Ce(NO3)3·6H2O at 800 ◦C for 3 h
[31], MgO  was obtained commercially and calcined at 650 ◦C for 3 h
[32], MgAl-LDO was  obtained by calcining the Mg–Al hydrotalcite
precursor at 450 ◦C for 3 h in air [33], ZnMgOx was obtained with
molar ratio of Zn/Mg equal to7/3 in initial solution and calcined at
800 ◦C for 4 h [34].

2.3. Catalytic activity test

In a typical catalytic evaluation, 45 mmol  EO, 31.4 g ethanol and
0.2 g total amount of catalyst were added into a stainless autoclave
reactor with an inner volume of 150 mL.  CO2 was  introduced with
an initial pressure of 3.0 MPa  at room temperature, and the auto-
clave was completely sealed. The reactor was heated and stirred
constantly at desired temperature (e.g. 423 K) during the reaction.
The reaction was  conducted in a batch operation mode. After the
reaction, the reactor was cooled to room temperature and the resid-
ual gas was depressurized slowly passing through the trap with
ethanol as an absorbent. The compositions of the resulting mix-
ture were measured by GC–MS (Agilent 6890N/5975B). In order to
quantitatively analyze the composition of the resulting mixture, the
liquid products were analyzed by a gas chromatograph (Shimadzu)
with a capillary column (Rtx-WAX 30 m × 0.25 mm × 0.25 �m)
equipped with a flame ionization detector (FID) and an automatic
sampler using an external standard technique. The yield of product

was defined and calculated as follows:

yield of product Yi(%) = mole of product i

mole of epoxide charged
× 100%
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Table 1
The conversions and yields of the reaction with different catalysts.

Entry Catalyst EO conversion (%) Yield (%)

I II DEC EG EC EE

1 – – 66.5 0 3.5 1.4 47.2
2a – – 96.4 0 21.4 0 79.3
3  KI – 97.3 5.5 8.3 80.8 4.0
4b KI DBU 97.8 20.6 28.3 50.8 2.6
5b KI Bu3N 98.1 14.1 18.9 72.6 6.5
6b KI Et3N 97.7 21.5 25.5 64.1 2.8
7  KI La2O3 97.3 3.6 6.8 77.3 14.1
8  KI CeO2 94.2 8.9 15.8 67.8 3.1
9  KI MgO  97.4 5.8 9.2 79.1 4.0
10  KI MgAl-LDO 97.3 9.4 16.3 68.3 4.2
11  KI ZnMgOx 96.3 6.4 10.6 74.5 4.0
12  KI MgCO3 97.2 4.2 6.7 75.7 3.7
13  KI EtONa 97.2 30.8 39.4 34.8 4.1
14  KBr EtONa 95.4 29.6 39.2 44.4 6.5
15  KCl EtONa 93.7 21.5 27.1 46.5 16.8
16  – EtONa 80.6 11.6 16.8 19.1 42.6
17  NaI EtONa 98.9 27.8 35.2 51.2 2.7
18  Bu4NI EtONa 99.0 31.6 39.6 53.1 3.5
19  Me4NI EtONa 98.9 29.0 35.4 53.9 2.9
20  NaI EtOK 98.7 16.7 23.7 64.6 2.5
21c – EtOK 84.7 12.8 21.6 33.1 28.3

Reaction conditions: 2.0 g EO, 31.4 g C2H5OH, 0.1 g catalyst I and 0.1 g catalyst II, CO2 initial pressure of 3 MPa, reaction temperature of 423 K, reaction time of 3 h; magnetic
stirring rate = 500 rpm.

EG: ethylene glycol. EC: ethylene carbonate. EE: 2-ethoxyethanol .
a The reactor was  charged with 3 MPa  of nitrogen initial pressure instead of CO2.
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b 100 �L of the liquid catalyst II was  charged.
c 0.2 g EtOK.

.4. Catalyst recycling experiment

The mixture of ethanol, DEC, EE, EG and EC with relatively lower
oiling points in the resulting mixture were removed by rotary
vaporator under vacuum at consecutive heating temperatures of
0 ◦C and 150 ◦C, respectively. As a result, the binary catalysts of
KI + EtONa) with high viscosity could be successfully separated and
ecycled for the next run.

.5. Thermodynamic evaluation

Calculation of thermodynamic evaluation for the processes
nvolved in one-pot reaction for DEC synthesis from EO, CO2
nd ethanol was conducted by density-functional theory (DFT)
n DMol3 package. The Becke exchange plus Lee–Yang–Parr cor-
elation functional and all-electron core potentials were used.
he double-� numerical polarization (DNP) basis set was  adopted,
hich is comparable to the 6-31G(d, p) Gaussian type basis set.

he DNP basis set incorporates d-type polarization into heavier
toms and p-type polarization into hydrogen atoms. To compute
he enthalpy and free energy of a reaction, we first add up the DMol3

otal energies for the reactants and products to obtain the finite
emperature-corrected value for H and G for each component.

T
Torr(component) = Etotal + HT (component) (1)

T
Torr(component) = Etotal + GT (component) (2)

The enthalpy and free energy of reaction were simply computed
s follows.
rH�
m = H�

Torr(product) − E�
Torr(reactant) (3)

rG�
m = G�

Torr(product) − G�
Torr(reactant) (4)
3. Results and discussion

3.1. Catalysts for the one-pot synthesis of DEC

The synthesis of DEC from EO, CO2 and ethanol with or with-
out catalyst were investigated and the corresponding results were
summarized in Table 1. There is no detectable formation of DEC
without any catalyst, entry 1,2-ethoxyethanol (EE) is the main
product, which is predominantly formed via alcoholysis of EO by
ethanol through ring-opening reaction. This result indicated that
the alcoholysis ring-opening reaction could occur spontaneously
in the absence of catalyst and proton transfer from ethanol to EO
occurs in this process, as shown in Scheme 2. Therefore, to facil-
itate the desired reaction, appropriate catalyst is necessary to be
introduced. It should be worth mentioning that a small amount of
ethylene glycol (EG) was  also formed, which was  probably derived
from the hydrolysis of EO due to the existence of small amount of
water in the system. To evaluate this conjecture, the reactor was
charged with 3 MPa  nitrogen gas instead of CO2 to exclude the
possibility of forming ethylene carbonate (EC) intermediate, entry
2. Interestingly, 21.4% EG was  obviously formed in spite of slight
experimental deviation in determining EO conversion and prod-
uct yields. Since the possibility for formation of EG derived from
EC via the pathway of transesterification reaction was  exclusively
eliminated, the possible reason can be attributed to that the small
amount of water in the reaction system was  consumed by EO to
produce EG. In other words, EG could be produced via hydrolysis of
EO with water. This can explain the phenomena of small difference
between the DEC and EG yields in subsequent discussions. From the
above results, it can be concluded that the reaction atmosphere has
remarkable influence on the product productivity, that is, the nitro-
gen was  more favorable for the transformation of EO and formation

of EG and EE. When KI was  used, entry 3, DEC can be formed with
5.5% yield, and the major product was  EC (80.8%). Although the EC
was considered to be the intermediate for DEC synthesis [35,36],
this result was  still not satisfactory due to too low DEC yield.
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cheme 2. The cycloaddition reaction of EO and CO2 to produce EC (1) and the tran
E  (3).

It is worthy to note that the one-pot reaction in dimethyl carbon-
te synthesis was composed of two steps [1], cycloaddition reaction
nd subsequent transesterification reaction. Therefore, we deduced
hat the reaction proceeded in a similar pathway in the one-pot
eaction for DEC synthesis. The possible reactions involved in this
rocess were illustrated in Scheme 2. As reviewed in the litera-
ure [1], besides the ionic salts for the cycloaddition reaction, the
mployment of basic catalyst as co-catalyst was necessary to meet
he requirement for effectively catalyzing the transesterification
eaction. Therefore, some typical base catalysts were investigated
ith the combination of KI. When several homogeneous organic

ases were used as co-catalysts [37,38], entries 4–6, the relatively
tronger base of DBU catalyst gives higher DEC yield of 20.6%.

Additionally, the catalysts with appropriate acidic and basic
roperties were proved to be effective heterogeneous catalysts for
ransesterification reaction in previous reports [30–34]. Therefore,
everal typical solid basic catalysts with the combination of KI were
ested, including single metal oxides or composites, i.e. La2O3, CeO2,

gO, MgAl-LDO, ZnMgOx and MgCO3. These catalysts were also
repared as the method in experimental section or purchased com-
ercially, entries 7–12. It is clear that EO conversion was as high

s the results over homogeneous catalysts aforementioned, and all
lose to complete. However, in comparison with homogenous cat-
lyst II aforementioned, the DEC yields over the combination of KI
ith heterogeneous catalysts were much inferior under identical

eaction conditions, which were almost as low as the KI used alone.
ne possible reason was ascribed to the insolubility of the hetero-
eneous catalysts, thus few active sites can be accessible for the
eactants during reaction.

Interestingly, the homogeneous binary catalyst system of
I/EtONa was found to be the most effective for the one-pot synthe-
is of DEC among the catalysts examined [39]. When the integration
f KI and EtONa was used as the catalyst, entry 13, the one-pot syn-
hesis of DEC can be conducted effectively. The product yields to
EC, EG, EC and EE of 30.8%, 39.4%, 34.8%, 4.1% with 97.2% EO con-
ersion can be obtained, respectively. Additionally, small quantity
f diglycol monoethylether was observed. To test the effect of dif-
erent anion in catalyst I of potassium halide salt, KBr and KCl with
aried halogen anions were examined under identical condition,
ntries 14–15. Obviously, the order of the catalytic activity among

otassium salt was KI > KBr > KCl, which can be attributed to the
aried nucleophilicity of the counter-anion. Apparently, the cat-
lyst containing iodine with higher nucleophilicity demonstrated
igher catalytic activity. Nevertheless, when the basic catalyst of
ification reaction of EC and ethanol to produce DEC and EG (2) ethanolysis of EO to

EtONa was  employed alone, entry 16, the DEC yield was as low
as 11.6%, and EE was  the predominant product (42.6%), suggesting
basic catalyst alone could not result in high desired product yields.

The influence of the cation type of iodonium salts on the cat-
alytic performance was investigated and summarized in Table 1. As
can be seen, there are slight difference between the iodonium salts
with different cations, e.g. 27.8%, 31.6% and 29.0% DEC yields for the
iodonium salt catalysts with Na+, Bu4N+, Me4N+ as cations, respec-
tively. In association with the results aforementioned, it seems that
the anion part, i.e. iodonium, has a critical role in the catalytic
activity. It was  considered that the transesterification reaction is
probably the rate-determining step under the reaction conditions
investigated. That is, the DEC production in this step depends more
strongly on the part of basic catalyst. Thus, although there may
be different catalytic activities towards the cycloaddition reaction,
the amounts of iodonium salts were sufficient for effective cat-
alyzing the first step of cycloaddition reaction. As a consequence,
DEC yields did not show much difference. These results are con-
sistent with the opinions that the transesterfication reaction is the
rate-determining step.

To verify the possible ion exchange between the binary cata-
lysts during reaction, the catalytic performance of pure EtOK and
its combination with NaI were tested, entries 20–21. The result
showed that DEC yield is 16.7% when using the combination of NaI
and EtOK, entry 20, which is much lower than the result obtained
over the catalyst by combination of KI and EtONa. Additionally, the
catalytic performance of pure EtOK was tested in the DEC synthesis
for comparison, entry 21. As expected, 12.8% of low DEC yield was
obtained over pure EtOK, meanwhile large amount of EE byprod-
uct (28.3%) was formed. Based on these results obtained, it could be
inferred that the exchange reaction between KI and EtONa in this
reaction medium did not occur effectively.

In association with the above results, among the catalysts tested,
the combination of KI and sodium ethoxide (EtONa) was proved to
be an easily available and effective binary catalyst system and used
in the consequent investigation. To simplify the discussion, DEC
yield was  used to evaluate the catalytic performance irrespective
of other product yields in some discussions.

3.2. Effect of KI to sodium ethoxide
The effect of KI/(KI + EtONa) composition on the yield of prod-
uct was  shown in Fig. 1. The reaction was  studied over 0.2 g total
weight of KI and EtONa with varied weight ratio at 423 K and CO2
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Fig. 1. Effect of KI/(KI + EtONa) composition on the synthesis of DEC. Conditions:
0.2 g total catalyst amount, 2.0 g EO, 31.4 g ethanol, 423 K, 3 MPa initial CO2 pressure,
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pot reaction from CO2, EO and ethanol. Moreover, this result also
could explain the phenomenon of decreased amount of ethylene
carbonate with increasing the ethanol amounts due to the com-
petitive reaction of EO hydrolysis. As a result, the cycloaddition
 h, 500 rpm magnetic stirring rate. � EO conversion; EE Yield; EC

ield; EG Yield; DEC Yield.

nitial pressure of 3 MPa. It was found that the catalyst composi-
ion had significant effect on the DEC synthesis. In the case of single
.2 g KI without EtONa, EO was consumed close to complete. How-
ver, the DEC yield was found to be as low as 6.4%, indicating KI
as effective for the cycloaddition reaction to produce EC (76.4%),

ut not effective enough for the DEC production. The DEC increased
ith the elevation of EtONa content, and reached maximum yield of

6.1% over the catalyst with the combination of 0.05 g KI and 0.15 g
tONa. However, when 0.2 g EtONa was used as single component
atalyst, merely 10.4% of DEC yield was obtained with 73.7% EO con-
ersion, simultaneously byproduct EE was significantly increased
o 30.9%. Moreover, it is accepted that the transesterification was
everse reaction, and it was probably the rate-determining step
n analogous system. Therefore, in the premise of providing suf-
cient catalyst amount for cycloaddition reaction, the larger usage
f basic catalyst was more favorable for the transesterification reac-
ion, leading to higher DEC yield. Thus, the preferred weight ratio
f KI/EtONa is 1:3.

.3. Effect of reaction temperature

To investigate the effect of reaction temperature on the catalytic
ctivity, the reaction was carried out in the range of 403–453 K at
thanol/EO of 15 and CO2 initial pressure of 3 Mpa, as shown in
ig. 2. Within the range of investigation, close to complete con-
ersion of EO was obtained and EG yield as a function of reaction
emperature has the same tendency as that of DEC. To simplify the
iscussion, the DEC yield reflecting the reaction performance will
e used alone in subsequent section, unless otherwise specified.

t can be seen that the DEC yield increased monotonically with
he increasing reaction temperature. The DEC yield was  as low as
3.5% when the temperature was 403 K. In contrast, the EC yield
as 70.2%, suggesting the cycloaddition reaction between the EO

nd CO2 to form ethylene carbonate progressed rapidly. The DEC
ield gradually increased with subsequent elevating reaction tem-
erature. The relatively higher DEC yield of 65.5% was obtained
hen the temperature was 443 K. The DEC yield did not increase

ignificantly when the temperature further increased to 453 K. This
esult indicated that the reaction temperature has great impact on
he catalytic behavior of the one-pot reaction, and relatively higher

eaction temperature was more favorable for the DEC production.
n comprehensive consideration of the economical and reactivity
f the process, 443 K was  chosen as the preferential temperature.
Fig. 2. Effect of reaction temperature on the synthesis of DEC. Conditions: 0.05 g
KI, 0.15 g EtONa, 2.0 g EO, 31.4 g ethanol, 3 MPa  of initial CO2 pressure, 3 h, 500 rpm
stirring rate.

3.4. Effect of molar ratio of ethanol to EO

The influence of the feed molar ratio of EtOH/EO was investi-
gated at 423 K for 3 h at the pressure of 3 MPa  CO2, and the results
were plotted in Fig. 3. When the ratio was 6, the DEC yield of 49.5%
could be obtained. When the molar ratio was increased to 10, 62.2%
DEC yield and 72.9% EG yield with 98.0% EO conversion could be
obtained. The reaction reached equilibrium at this ratio in the batch
model, which was  consistent with the results verified in the litera-
ture [29]. When the molar ratio was further increased to the range
of 15–30, the DEC yield did not show significant increase even in
such excess of ethanol.

The possible reasons were conjectured as follows. On  the one
hand, it can be seen that the higher EG yield was produced at higher
molar ratio of EtOH/EO. It should be noted that the small quantity of
water was  contained in the ethanol used, which suggested that the
higher EtOH/EO would result in the increased molar ratio water
(H2O)/EO. That is, the hydrolysis of EO occurred more easily and
seriously at higher EtOH/EO. Undoubtedly, this parallel reaction
would lead to decreased amount of EO involved in the desired one-
Fig. 3. Effect of molar ratio of EtOH/EO on the synthesis of DEC. Conditions: 0.05 g KI,
0.15 g EtONa, 31.4 g ethanol, 3 MPa  initial CO2 pressure, 443 K, 3 h, 500 rpm stirring
rate.
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Fig. 4. Effect of reaction pressure on the synthesis of DEC. Conditions: 0.05 g KI,
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.15 g EtONa, 3.0 g EO, 31.4 g ethanol, 443 K, 3 h, 500 rpm stirring rate.

eaction of EO with CO2 to produce ethylene carbonate was
mpaired to some degree.

On the other hand, we noted that the EO conversion decreased
t higher molar ratio of EtOH/EO above 10, suggesting the declined
mount of EO was converted in the reaction. In terms of the lower
onversion of EO, in fact, the relative amount of DEC to the con-
umed amount of EO was increased with increasing the molar ratio
f EtOH/EO. These results are in accordance with the feature of the
quilibrium reaction.

From the results aforementioned, it could be seen that the DEC
ield increased slowly with the increased molar ratio of EtOH/EO
ue to the competitive reaction of EO hydrolysis. In contrast, the
orresponding concentration of DEC in the resulting mixture would
e decreased sharply with the increased molar ratio. Conclusively,
rom a practical of view, the relatively higher EtOH/EO molar ratio
f 10 was the more suitable feed ratio to reduce the energy con-
umption in the sector of separation.

.5. Effect of reaction pressure

The influence of initial CO2 pressure on the reaction was inves-
igated in the range of 1–4 MPa, as depicted in Fig. 4. It was  found
hat the initial pressure had significant influence on the DEC syn-
hesis, especially in the region of low pressure, i.e. below 3 MPa.

hen the initial reaction pressure was as low as 1 MPa, 37.4% DEC
ield was obtained, simultaneously with 28.7% of a high EE yield.
s mentioned above, EE was formed by alcoholysis of EO, which

s competitive with the cycloaddition reaction to form EC. It was
easonable to propose that the low pressure of CO2 did not provide
ufficient concentration of CO2 to make cycloaddition reaction pro-
ressed rapidly. To our delight, the increase of the initial pressure
o 2 MPa  could effectively promote the DEC yield, while the side-
eaction for EE formation was suppressed to a great extent. The
EC yield can be drastically increased to 64.2%, meanwhile, the EE
ield was decreased to 6.4%. Further increase the pressure to 3 MPa
nd 4 MPa  led to approximately constant DEC and EG yields, while
he EE yields could be further decreased to 4.6% and 4.8%, respec-
ively. On the premise of ensuring to achieve high product yields,

he reaction conducted at relatively lower pressure was  favorable
o alleviate the risk of operation and reduce the production cost.
or comprehensive consideration, the initial CO2 pressure of 3 MPa
as more favorable for obtaining maximum DEC productivity with

ess amount of undesired byproduct.
Fig. 5. Effect of reaction time on the synthesis of DEC. Conditions: 0.05 g KI, 0.15 g
EtONa, 3.0 g EO, 31.4 g ethanol, 3 MPa  initial CO2 pressure, 443 K, 500 rpm stirring
rate.

3.6. Effect of reaction time

The dependence of the reaction time on the synthesis of DEC
was monitored in the range of 0.5–5 h, as illustrated in Fig. 5. The
DEC yield was increased monotonically at the initial stage. On the
contrary, the EC yield was gradually decreased. This clearly con-
firmed EC was  the reaction intermediate, and consumed gradually
with the reaction progress. 39.4% DEC yield and 43.9% EG yield with
94.9% EO conversion could be obtained at the initial stage of 0.5 h,
simultaneously with EC yield of 41.0%. The high EO conversion
indicated that the cycloaddition reaction progressed rapidly and
close to be completed within the initial 0.5 h [41,42]. As declared in
the literature [40], the polar solvent environment provided by the
hydroxyl substance was favorable to the cycloaddition reaction. To
illustrate the role of ethanol, the performance of cycloaddition reac-
tion between EO and CO2 in the absence of ethanol within 0.5 h was
tested. In comparison with the result in the presence of ethanol,
merely 2.2% of EC yield was  observed in the absence of ethanol
under the identical reaction condition. For comparison, the cat-
alytic activity was determined by turnover frequency (TOF), which
is calculated based on the mol  of EC produced per mol  of KI cata-
lyst per hour. It is worth mentioning that the DEC was  formed from
EC via transesterification reaction. Therefore, the total amount of
EC and DEC reflected the actual EC amount formed during reac-
tion. The calculated TOF for the reaction in the presence of ethanol
was 353 h−1, while the calculated TOF value was only 10 h−1 in
the absence of ethanol. This result ambiguously confirmed that the
ethanol had significant impact on accelerating the cycloaddition
reaction. Accordingly, it could be deduced that KI played a major
role in the catalytic activity and ethanol had a promotional effect
in the stage of cycloaddition reaction.

When the reaction time prolonged to 1 h, 50.1% increased DEC
yield with 97.4% EO conversion could be obtained. The DEC and EG
yield further increased to 63.6% and 68.6% at 2 h, respectively, with
the consumption of EC intermediate. The DEC and EG yield did not
significantly change when the reaction time further prolonged to
3–5 h in subsequent investigation. It is well known that the trans-
esterification reaction is reversible, and product yields would not
increase when reaching the equilibrium yields in the batch mode.
As reported previously [29], 63% DEC yield is the equilibrium value
when the molar ratio of ethanol/EC is 10 under the boiling point

of reaction mixture. In spite of some difference between these two
systems, e.g. additional composition of CO2 existing in our system
or different reaction temperature, it was  conjectured that the reac-
tion was  presumably close to or reached the equilibrium in such a
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ig. 6. Catalyst recycling on the synthesis of DEC. Conditions: 0.05 g KI, 0.15 g EtONa,
.0  g EO, 31.4 g ethanol, 3 MPa  initial CO2 pressure, 443 K, 3 h, 500 rpm stirring rate.
ote:  The reaction time for the used times of 1 and 2 is 2 h.

ondition. Therefore, reaction time of 2 h was enough for achieving
xcellent DEC yield. In comparison with the method directly from
O2 and ethanol, the DEC production was greatly improved with
O involved because the equilibrium restriction was effectively cir-
umvented. It should be mentioned that residual EC as reaction
ntermediate could be recycled, and further transformed into DEC
hrough reaction distillation to shift the equilibrium towards prod-
ct side in continuous reaction mode. Thus, this process provides
n effective method to synthesize DEC through direct utilization of
O2.

.7. Catalyst recyclability

The experiment of catalyst recyclability was conducted and the
esults are shown in Fig. 6. It can be seen that nearly complete con-
ersions of EO were obtained during the recycling experiment. In
omparison with the result obtained over fresh catalyst, the DEC
ield decreased from 63.6% to 49.8% when the catalyst was  used
or the second run. To our delight, when the reaction time was pro-
onged to 3 h, 56.6% of relatively higher DEC yield could be obtained.
n subsequent recycling investigations, although DEC yield was
lowly decreased with the increased recycling number, still 48.8%
EC yield could be obtained even at the fifth use of catalyst.

It is worth mentioning that about 3% amount of total weight
as sampled for each analysis, suggesting the same amount of
omogenous catalyst was simultaneously lost. Therefore, although
he possibility of catalyst deactivation to some degree cannot be
ompletely excluded, the decreasing amount of catalyst in the reac-
ion system along with the increased running cycles is probably
esponsible for the declined activity after first cycle. In addition,

n comparison with the fresh catalyst, lower yields of byproduct
f EE (<3.1%) were observed during the recycling experiment. To
ome extent, it can be deduced that the catalyst could be basically
ecycled without significant decline in catalytic activity.

able 2
hermodynamic data of various substrates and products in the reaction.

Substrate Etotal (Ha) H (kcal/mol) H

DEC −422.255 99.673 −
CO2 −188.616 9.685 −
C2H5OH −155.038 52.297 −
EG  −230.26 56.031 −
EO  −153.792 37.648 −
EC  −342.437 49.365 −
EE  −308.87 91.658 −
: General 471 (2014) 19– 27 25

3.8. Thermodynamic evaluation of the DEC synthesis via direct
route from ethylene oxide, CO2 and ethanol

Thermodynamic evaluation of the DEC synthesis via direct route
from EO, CO2 and ethanol was  calculated based on the density-
functional theory (DFT). The results of a vibrational analysis or
Hessian evaluation in DFT calculations can be used to compute
enthalpy (H), entropy (S), free energy (G), and heat capacity at con-
stant pressure (Cp) as functions of temperature. The DMol3 total
energy yields the total electronic energy Etotal at 0 K. The various
translational, rotational, and vibrational components are used to
compute H, S, G, and Cp. The thermodynamic data of various sub-
strates and products involved in the reaction are calculated for the
first time and summarized in Table 2. The standard molar enthalpy
change can be calculated in accordance of the equation �rH�

m =∑
vH�

i
, where the v represents the stoichimetric coefficient. Based

on the obtained data it can be concluded that the desired reaction is
exothermic (�rH�

m = −19.70 kcal/mol < 0). Hence, elevating the
reaction temperature would go against the production of DEC. The
standard molar free energy change can be calculated in accordance
of the EQ.4. Based on the obtained data it can be concluded that the
desired reaction is spontaneous (�rG�

m = −1.85 kcal/mol < 0). As
mentioned in the literature [27], the �rG�

m for the direct synthe-
sis of DEC from ethanol and CO2 is 35.85 kJ/mol >0, indicating
the reaction cannot occur spontaneously. Therefore, in comparison
with the direct route aforementioned, the involvement of EO facil-
itates the synthesis of DEC via one-pot reaction from CO2, EO and
ethanol, and makes the process conduct effectively. Meanwhile,
the side reaction of ethanolysis of EO is also exothermic (�rH�

m =
−23.4 kcal/mol < 0), exhibiting more significant thermal effect in
comparison with the main reaction. Therefore, controlling appro-
priate reaction temperature is important to achieve higher DEC
production, as also evidenced by experimental results.

3.9. Scope of the epoxides

The applicability for a variety of terminal epoxide substrates,
e.g. propylene oxide, styrene oxide, glycidyl phenyl ether, gly-
cidyl isopropyl ether, butyl glycidyl ether, allyl glycidyl ether,
1,2-epoxylcyclohexane, for one-pot synthesis of DEC over binary
system KI/EtONa was surveyed at 443 K and 3 MPa  of CO2 initial
pressure. The compositions of the resulting mixture were measured
by GC–MS, and the results showed that the products primar-
ily consisted of diethyl carbonate, 1,2-diol, cyclic carbonate, and
mono- or di-ether formed by ring-opening reaction. Besides, small
quantity or trace of aldehyde was observed when SO was employed
as substrate. The corresponding results are summarized in Table 3.

For the synthesis of DEC from propylene oxide, CO2 and ethanol,
entry 1, 46.0% DEC yield with 100% propylene oxide conversion
could be obtained within 4 h. 48.7–57.9% DEC yields can be obtained
within 4–5 h, entries 2–5. Although the obvious influence of the

electronic property of the substitute on the ring of the epoxides on
reaction performance was described in previous literature [43], it
was not the case in this work. There was  no significant difference
between the DEC yields with high substrate conversions, which

T
Torr (kcal/mol) S� (kcal/mol/K) CP (kcal/mol/K)

264869.562 95.143 34.631
118348.741 39.062 9.994

97235.598 64.61 15.834
144434.422 72.661 19.643

96468.370 59.445 11.46
214323.531 72.565 20.577
193727.356 82.615 27.111
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Table  3
DEC synthesis from various epoxide substrates via one-pot reaction.

Entry Substrate t (h) Con. (%) DEC Yield (%) DEC Sel. (%) Cyclic carbonate
yield (%)a

1 4 100 46.0 46.0 31.2

2  5 98.6 53.5 54.3 2.1

3 4 93.8 57.9 61.7 8.5b

4 4 96.2 48.7 50.6 5.6

5  5 98.2 54.5 55.4 8.3

6  4 97.5 36.6 37.5 13.6

7  4 57.1 14.4 25.2 14.7
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formed through alcoholysis of the epoxide, suggesting it is compet-
itive with cycloaddition reaction. This speculation can be confirmed
by the reaction between ethanol and EO in the blank experiment,
eaction conditions: 0.05 g KI, 0.15 g EtONa; epoxide, 30 mmol; ethanol, 27.6 g (600
a Yield based on external standard method.
b Yield based the product peak area ratio by GC analysis.

as irrespective of the kind of substitute, e.g. alkyl, phenyl, alky-
oxy substituted epoxides. Hence, the different substitutes did not
ave crucial impact on the DEC formation, and good yields can
e obtained under reaction conditions. In addition, 36.6% of mod-
rate DEC yield was obtained when glycidyl isopropyl ether was
mployed as substrate, entry 6.

Particularly, 14.4% of lowest DEC yield was obtained when using
,2-epoxylcyclohexane as substrate, entry 7. The low DEC yield
ight be attributed to its special molecular structure, which ham-

ered the nucleophilic attack from iodine. As a result, the special
tructure with more hindrance decreased the rate of ring opening.
bviously, a large amount of 1,2-epoxylcyclohexane was not effi-
iently converted, probably leading to insufficient intermediate of
yclic carbonate for subsequent transesterification reaction. Mean-
hile, 2.1–31.2% yields of corresponding cyclic carbonates were

lso produced for the various epoxides, entries 1–7. In general, it
an be concluded that this strategy can be successively expanded to
erminal epoxide substrates, and those with less hindrance exhibit
igher reactivity.

.10. A plausible mechanism for the one-pot synthesis of diethyl
arbonate in the presence of KI/EtONa

The plausible mechanism for the one-pot synthesis of diethyl
arbonate from EO, CO2 and ethanol in the presence of binary cata-
yst KI/EtONa is illustrated in Scheme 3. Based on the experimental
esults, the process is considered to be the integration of two-step
eaction. For the first cycle, the reaction is initiated by hydro-
en bonding between the hydrogen atom of hydroxygen group
n ethanol and oxygen atom of the epoxide, which could induce
he activation of the epoxy ring [44–46,40]. Unlike the process of
thanolysis of EO to form EE, the proton transfer does not occur in
his hypothesis. Simultaneously, the K+ cation stabilizes the anionic
roup via static electric interaction, followed by the ring opening
tep. Subsequently, I− from KI attacks the carbon atom of the hydro-

en bonded epoxide. Then, the oxygen anion of the opened epoxyl
ing interacts with the CO2 to form an ethylcarbonate anion, which
s converted into ethylene carbonate through the intramolecular
ing closure step. Meanwhile, the KI and ethanol are completely
l); CO2 initial pressure, 3 MPa; reaction temperature, 443 K.

regenerated. It is worth mentioning that byproduct of EE is mainly
Scheme 3. A plausible mechanism for the one-pot synthesis of diethyl carbonate
from EO, CO2 and ethanol in the presence of KI/EtONa.
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s already discussed in catalyst screening section. Presumably, the
eaction rate was greatly enhanced through the stabilization of the
ransition states with the assistance of ethanol, which accounts for
he greatly enhanced catalytic performance.

The ternary synergistic performance of K+ cation, the hydroxyl
roup, I− anion is proposed to form an effective catalytic system. For
he second cycle, after the cycloaddition reaction, the ethylene car-
onate formed during the process is activated by C2H5O–C2H5OH,
hich originates from the interaction of basic C2H5O− anion and

thanol. The anionic group C2H5O− is released simultaneously with
he formation of ethyl (2-hydroxyethyl) carbonate. Subsequently,
he similar C2H5O–�C2H5OH attacks the methylene group at the
ide of HOCH2CH2– group in ethyl (2-hydroxyethyl) carbonate,
esulting in the production of diethyl carbonate and ethylene glycol.
ventually, the released C2H5O− reforms C2H5O–�C2H5OH with
thanol. With respect to the reaction mechanism, KI is the actual
atalyst for the cycloaddition reaction and the catalytic activity is
reatly promoted with the aid of ethanol, while the basic catalyst of
odium ethoxide is the valid component for the transesterification
f EC to effectively produce DEC and EG.

. Conclusions

In conclusion, a highly efficient approach to synthesize DEC
irectly from carbon dioxide, ethanol and EO was successively
eveloped. Among the various catalysts tested, the integration
f easily available KI and sodium ethoxide was found to be the
ost effective binary system for the one-pot reaction. The produc-

ion of DEC can be maximized by optimizing reaction conditions,
nd the process can be performed efficiently under relatively
ild conditions. Under optimized conditions, 63.6% of DEC yield

nd 68.5% of co-produced glycol yield with 97.5% EO conver-
ion could be achieved at 443 K and 3 MPa  CO2 initial pressure
ithin 2 h. To some extent, the catalyst could be basically recycled
ithout significant decline of the catalytic activity. The thermody-
amic evaluation showed that the reaction is exothermic (�rH�

m =
19.7 kcal/mol < 0). In comparison with the direct synthesis of
EC from CO2 and ethanol, the involvement of EO greatly improved

he formation of DEC since the equilibrium limitations were effec-
ively overcome, simultaneously with the important chemicals of
lycol co-produced. Based on the experimental results, the corre-
ponding catalytic mechanism was proposed. For the first cycle,
he reaction of EO and CO2 occurred to form ethylene carbonate
ia cycloaddition reaction. In this step, ethanol was found to exhibit
romotional effect, and the reaction proceeded very effectively. For
he second cycle, the transesterification of EC with ethanol occurred
o produce DEC and EG. Moreover, this strategy was  also proved to
e effective for other terminal epoxides and produced DEC effi-
iently, indicating the universality of this method. Compared with
ther current routes, this work has provided a facile route to syn-
hesize DEC directly from CO2 and shows promising application
n an industrial scale with respect to the merits of high efficiency,
nergy saving and eco-friendly feature.
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