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Abstract: At present, the world is facing two major problems: energy crisis and CO2 emission. Diethyl carbonate is an 

effective gasoline additive which can greatly improve octane number. The route of diethyl carbonate synthesis from CO2 is green 

and economical technique, which can effectively solve both energy crisis and CO2 emission problems together. However, the 

design and preparation of catalysts is the core and key to realize the conversion from CO2 to diethyl carbonate. This paper mainly 

described a novel synthesis of ZnO@Na3PW12O40 heterogeneous material that applied in the direct synthesis of diethyl carbonate 

from CO2 and ethanol. The special pore and channel structure of Na3PW12O40 was used to maximize the catalytic capacity of ZnO 

material. The prepared catalysts were fully characterized by means of temperature-programmed desorption (TPD) and X-ray 

powder diffraction (XRD). The properties of acid-base sites on the surface of ZnO@Na3PW12O40 were measured by 

temperature-programmed desorption technique. The catalytic performance over ZnO@Na3PW12O40 heterogeneous material was 

examined on micro-reactor. The experiment results indicated that synthesized novel ZnO@Na3PW12O40 heterogeneous material 

had large number of acid-base sites and high catalytic activity. This novel ZnO@Na3PW12O40 catalyst had great ability to realize 

the effective conversion from CO2 to diethyl carbonate. This technology not only improved the utilization rate of energy 

materials, but also reduced CO2 emissions. 
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1. Introduction 

Diethyl carbonate (DEC) have attracted widespread 

attention during the last ten years due to its extensive 

industrial applications [1-3]. DEC is a type of good green 

solvent [4, 5] instead of phosgene, dimethyl sulphate and 

alkyl halide. And DEC is a kind of good electrolyte in 

lithium ion batteries [6-9]. More importantly, DEC can be 

used as an ideal additive for gasoline in order to increase 

octane number of gasoline [10-12]. Recently, DEC can be 

synthetized by several routes: phosgenation of ethanol [13, 

14], oxidative carbonylation of ethanol [15-17], 

transesterification of organic carbonates [18-20], direct 

synthesis from CO2 and ethanol, among which the last route 

is particularly promising due to cost effectiveness, mild 

reaction conditions and safe operations. Furthermore, this 

process involves the activation of CO2 resulting in very low 

conversion yield. Therefore, the exploration of highly 

efficient, stable catalysts is desirable. Many literatures 

[21-26] have shown that both acid sites and base sites are 

crucial to determine the catalytic activity. Yet, the 

cooperation of acid–base sites as well as their respective 

contribution to catalytic activity is not confirmed. Therefore, 

how to adjust the acid–base sites of catalysts in order to 

obtain high stable and efficient catalysts is still a challenge. 

In this work, a novel heterogeneous material of 

ZnO@Na3PW12O40 catalyst was synthesized. After 

temperature-programmed desorption (TPD) measurement, on 

the surface of ZnO@Na3PW12O40 catalyst there were many 

acid and base sites that were enough to make CO2 and ethanol 

activated. According to catalytic performance results, this 

heterogeneous material had high activity for CO2 conversion 

to DEC. 
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2. Experimental 

2.1. Catalysts Preparation 

Prepare the ammonia solution of octyl nitrate, in which Zn 

is 0.4mol/L. The ammonia complex solution of zinc nitrate is 

placed in the spray bottle of 75mL. Take a glass plate and lay 

aluminum foil on the glass plate. Evenly sprinkle Na3PW12O40 

powder on the aluminum foil, and place an infrared lamp 

beside it. Intermittently spray of powdered samples on 

aluminum foil with spray bottle. Put in the oven and dry at 

100°C. The precursor of the catalyst is obtained by grinding in 

an agate mortar and sieving through a 200 mesh sieve. Put it 

into muffle furnace and calcine it at 500°C for 6 hours under 

air atmosphere. The final ZnO@Na3PW12O40 heterogeneous 

material is obtained. 

2.2. Catalytic Characterization 

2.2.1. Powder X-ray Diffraction (XRD) 

The X-ray diffraction was obtained on Rigaku Dmax 2200 

diffractometer with graphite monochromatized Cu Kα 

radiation (λ=0.154178nm) at 40kV and 20mA. The sample 

was scanned from 5° to 80° at a rate of 3°/min. The crystallite 

sizes of the particles were calculated from the XRD peaks 

using the Scherrer equation. 

2.2.2. Temperature Programmed Desorption (TPD) 

Temperature programmed desorption (TPD) was obtained 

on Quanta ChromChem 3000 to determine the surface 

acid-base properties of catalysts. Before adsorption 

experiments, 0.1g of the samples were pretreated at 120°C in a 

quartz U-tube in an nitrogen flow with a flow rate of 50 mL 

per minute for 2h to remove absorbed water. Upon cooling to 

room temperature, the samples were saturated with 

10%CO2/90%N2, 10%NH3/90%N2 for 1 h. Then the physical 

adsorbed CO2, NH3 were removed by streaming with 

30%N2/70% He for 3h under a flow rate of 50mL/min. The 

samples were then heated up to 500°C at a heating rate of 

4°C/min in N2/He under a flow rate of 80mL/min. 

2.3. Catalytic Evaluations 

Synthesis of DEC from ethanol and CO2 was carried out in 

a continuous fixed-bed reactor. N2 was purged into reactor to 

replace the air inside before the reaction temperature was 

heated up to a set temperature. CO2 was purged into ethanol 

container to get CO2/ethanol mixed gas. The mixed gas was 

then charged into the reactor. The resultants of the reaction 

were measured by GC-112N equipped with a flame ionization 

detector (FID) through a six-way valve to connect with the 

reactor. 

3. Results and Discussion 

3.1. Structure Characterization 

XRD patterns of synthesized ZnO@Na3PW12O40 

heterogeneous material was shown in Figure 1. The main peak 

was around 8.0 degree and all the peaks belonged to the 

characteristic peaks of Na3PW12O40. There were no peaks of 

ZnO in the XRD pattern, which was due to excellent 

dispersion of ZnO particles. 

 

Figure 1. XRD pattern of ZnO@Na3PW12O40 Heterogeneous Material. 

3.2. Lewis Acid-base Characterization 

 

Figure 2. CO2-TPD pattern of ZnO@Na3PW12O40 Heterogeneous Material. 

To investigate the base sites characteristics of 

ZnO@Na3PW12O40 material, CO2-TPD was measured as 

shown in Figure 2. The amount of peaks stands for types of 

base sites on the surface of ZnO@Na3PW12O40 material. 

Peaks from 100°C to 300°C, it is weak base site. Peaks from 

300°C to 500°C, it is moderate base site. Peaks from 500°C to 

700°C, it is strong base site. The area of peaks stands for 

numbers of a certain type of base site. According to measured 

CO2-TPD pattern, there was only one big peak around 240°C, 

which indicates that only one type of weak base site exists on 

the surface of synthesized ZnO@Na3PW12O40 material. The 

area of peak was large, which indicates that there are a large 

number of weak base sites. The CO2-TPD pattern implied that 

synthesized ZnO@Na3PW12O40 material had the ability to 

make CO2 activated. 
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Figure 3. NH3-TPD pattern of ZnO@Na3PW12O40 Heterogeneous Material. 

To investigate the acid sites characteristics of 

ZnO@Na3PW12O40 material, NH3-TPD was measured as shown 

in Figure 3. The amount of peaks stands for types of acid sites on 

the surface of ZnO@Na3PW12O40 material. Peaks from 100°C to 

300°C, it is weak acid site. Peaks from 300°C to 500°C, it is 

moderate acid site. Peaks from 500°C to 700°C, it is strong acid 

site. The area of peaks stands for numbers of a certain type of 

acid site. According to measured NH3-TPD pattern, there was 

only one big peak around 170°C, which indicates that only one 

type of weak acid site exists on the surface of synthesized 

ZnO@Na3PW12O40 material. The area of peak was large, which 

indicates that there are a large number of weak acid sites. 

Different from CO2-TPD, NH3 was used instead of base reactants 

to measure the acid sites of catalysts. The NH3-TPD pattern 

implied that synthesized ZnO@Na3PW12O40 material had the 

ability to make ethanol activated. 

3.3. Performance of Catalyst 

Different reaction temperature was measured for direct 

synthesis of diethyl carbonate from CO2 over synthesized 

ZnO@Na3PW12O40 material. According to experimental 

results as shown in Table 1, the best ethanol conversion was 

0.89% and the best DEC selectivity was 94.2% when reaction 

temperature was 140°C. Totally, ethanol conversion was less 

than 1% and DEC selectivity was more than 90%. 

Table 1. Direct synthesis of diethyl carbonate from CO2 over ZnO@Na3PW12O40 on conditions of different reaction temperature. 

Temperature/°C Ethanol Conversion/% DEC Selectivity/% DEC Yield/% 

80 0.13 90.1 0.12 

100 0.44 90.9 0.40 

120 0.51 92.3 0.47 

140 0.89 94.2 0.84 

160 0.62 91.6 0.57 

 

 

Figure 4. Direct synthesis of diethyl carbonate from CO2 over 

ZnO@Na3PW12O40 on conditions of different reaction temperature. 

In order to study the rule of catalytic activity with reaction 

temperature more clearly, Figure 4 was drawn based on 

experimental results. Clearly, ethanol conversion was 

increased with the increasing reaction temperature. Beyond 

140°C, ethanol conversion started to decline. DEC selectivity 

was improved with the increasing reaction temperature. 

Different reaction pressure was measured for direct 

synthesis of diethyl carbonate from CO2 over synthesized 

ZnO@Na3PW12O40 material. According to experiment results 

as shown in Table 2, the best ethanol conversion was 0.89% 

and the best DEC selectivity was 94.2% when reaction 

pressure was 2.0 MPa. Totally, ethanol conversion was less 

than 0.9% and DEC selectivity was more than 90%. 

Table 2. Direct synthesis of diethyl carbonate from CO2 over 

ZnO@Na3PW12O40 on conditions of different reaction pressure. 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

0.8 0.11 90.8 0.10 

1.2 0.43 93.2 0.40 

1.6 0.66 94.1 0.62 

2.0 0.89 94.2 0.84 

2.4 0.59 95.4 0.56 

2.8 0.32 93.7 0.30 

 

Figure 5. Direct synthesis of diethyl carbonate from CO2 over 

ZnO@Na3PW12O40 on conditions of different reaction pressure. 
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In order to study the rule of catalytic activity with reaction 

pressure more clearly, Figure 5 was drawn based on 

experimental results. Clearly, ethanol conversion was 

increased with the increasing reaction pressure. Beyond 2.0 

MPa, ethanol conversion started to decline. DEC selectivity 

was improved slightly with the increasing reaction pressure. 

4. Conclusions 

Heterogeneous material of ZnO@Na3PW12O40 catalyst was 

successfully synthesized by a novel method. According to 

temperature-programmed desorption (TPD) measurement, 

there was only one type of weak acid site and a type of weak 

base site on the surface of ZnO@Na3PW12O40 catalyst. And 

the amount of weak acid sites and weak base sites was much 

large, which indicated that synthesized ZnO@Na3PW12O40 

material had the ability to make both CO2 and ethanol 

activated. The catalytic performance of ZnO@Na3PW12O40 

heterogeneous material was measured on micro-reactor. The 

best ethanol conversion was 0.89% and DEC selectivity was 

94.2% on conditions of reaction temperature 140°C and 

pressure 2.0 MPa. 

Conflicts of Interest 

There are no conflicts of interest to declare. 

 

References 

[1] Y. Yoshida, Y. Arai, S. Kado, K. Kunimori, K. Tomishige, 
Direct synthesis of organic carbonates from the reaction of CO2 
with methanol and ethanol over CeO2 catalysts, Catal. Today, 
2006, 115, 95-101. 

[2] D. N. Briggs, K. H. Lawrence, A. T. Bell, An investigation of 
carbon-supported CuCl2/PdCl2 catalysts for diethyl carbonate 
synthesis, Appl. Catal A-Gen, 2009, 366, 71-83. 

[3] M. Honda, S. Kuno, N. Begum, K. Fujimoto, K. Suzuki, Y. 
Nakagawa, K. Tomishige, Catalytic synthesis of dialkyl 
carbonate from low pressure CO2 and alcohols combined with 
acetonitrile hydration catalyzed by CeO2, Appl. Catal A-Gen, 
2010, 384, 165-170. 

[4] D. N. Briggs, G. Bong, E. Leong, K. Oei, G. Lestari, A. Bell, 
Effects of support composition and pretreatment on the activity 
and selectivity of carbon-supported PdCunClx catalysts for the 
synthesis of diethyl carbonate, J. Catal., 2010, 276, 215-228. 

[5] E. Leino, P. Arvela, K. Eränen, M. Tenho, D. Murzin, T. Salmi, 
J. Mikkola, Enhanced yields of diethyl carbonate via one-pot 
synthesis from ethanol, carbon dioxide and butylene oxide over 
cerium (IV) oxide, Chem. Engine. J., 2011, 176, 124-133. 

[6] M. Zhang, M. Xiao, S. Wang, D. Han, Y. Lu, Y. Meng, Cerium 
oxide-based catalysts made by template-precipitation for the 
dimethyl carbonate synthesis from Carbon dioxide and 
methanol, J. Clean. Prod., 2015, 103, 847-853. 

[7] M. Zhang, Z. Fu, M. Xiao, Y. Yu, S. Wang, M. Choi, Y. Meng, 
Synthesis of Co1.5PW12O40 and its catalytic performance of 
completely converting methanol to ethylene, Chem. Comm., 
2016, 52, 1151. 

[8] M. Zhang, K. A. Alferov, M. Xiao, D. Han, S. Wang, Y. Meng, 
Continuous Dimethyl Carbonate Synthesis from CO2 and 
Methanol Using Cu-Ni@VSiO as Catalyst Synthesized by a 
Novel Sulfuration Method, Catalysts, 2018, 8, 142. 

[9] O. Arbela´ez, A. Orrego, F. Bustamante, A. L. Villa, Direct 
Synthesis of Diethyl Carbonate from CO2 and CH3CH2OH 
Over Cu–Ni/AC Catalyst, Top Catal., 2012, 55, 668-672. 

[10] M. Tamura, M. Honda, K. Noro, Y. Nakagawa, K. Tomishige, 
Heterogeneous CeO2-catalyzed selective synthesis of cyclic 
carbamates from CO2 and aminoalcohols in acetonitrile solvent, 
J. Catal., 2013, 305, 191-203. 

[11] L. Wang, H. Li, S. Xin, P. He, Y. Cao, F. Li, X. Hou, Highly 
efficient synthesis of diethyl carbonate via one-pot reaction 
from carbon dioxide, epoxides and ethanol over KI-based 
binary catalyst system, Appl. Catal A-Gen, 2014, 471, 19-27. 

[12] Y. Lim, X. Wang, E. Park, H. Jang, Direct Coupling of Cs2CO3 
and Alcohols for the Synthesis of Dimethyl, Diethyl, and 
Various Dialkyl Carbonates, Bull. Korean Chem. Soc. 2014, 35, 
No. 2. 

[13] X. Zhang, D. Jia, J. Zhang, Y. Sun, Direct Synthesis of Diethyl 
Carbonate from CO2 and Ethanol Catalyzed by ZrO2/Molecular 
Sieve, Catal. Lett., 2014, 144, 2144-2150. 

[14] S. Xin, L. Wang, H. Li, K. Huang, F. Li, Synthesis of diethyl 
carbonate from urea and ethanol over lanthanum oxide as a 
heterogeneous basic catalyst, Fuel Process. Technol., 2014, 126, 
453-459. 

[15] M. Honda, M. Tamura, Y. Nakagawa, K. Nakao, K. Suzuki, K. 
Tomishige, Organic carbonate synthesis from CO2 and alcohol 
over CeO2 with 2-cyanopyridine: Scope and mechanistic 
studies, J. Catal., 2014, 318, 95-107. 

[16] D. Wang, X. Zhang, C. Liu, T. Cheng, W. Wei, Y. Sun, 
Transition metal-modified mesoporous Mg-Al mixed oxides: 
Stable base catalysts for the synthesis of diethyl carbonate from 
ethyl carbamate and ethanol, Appl. Catal A-Gen, 2015, 505, 
478-486. 

[17] L. Prymak, V. Kalevaru, S. Wohlrab, A. Martin, Continuous 
synthesis of diethyl carbonate from ethanol and CO2 over Ce–
Zr–O catalysts, Catal. Sci. & Technol., 2015, 5, 2322. 

[18] M. Tamura, T. Kitanaka, Y. Nakagawa, K. Tomishige, Cu 
Sub-Nanoparticles on Cu/CeO2 as an Effective Catalyst for 
Methanol Synthesis from Organic Carbonate by Hydrogenation, 
ACS Catal., 2016, 6, 376-380. 

[19] O. Arbela´ez, A. Orrego, F. Bustamante, A. Villa, Effect of 
Acidity, Basicity and ZrO2 Phases of Cu–Ni/ZrO2 Catalysts on 
the Direct Synthesis of Diethyl Carbonate from CO2 and 
Ethanol, Catal. Lett., 2016, 146, 725-733. 

[20] Y. Wang, D. Jia, Z. Zhu, Y. Sun, Synthesis of Diethyl Carbonate 
from Carbon Dioxide, Propylene Oxide and Ethanol over 
KNO3-CeO2 and KBr-KNO3-CeO2 Catalysts, Catalysts, 2016, 
6, 52. 

[21] J. Wang, Z. Hao, S. Wohlrab, Continuous CO2 esterification to 
diethyl carbonate (DEC) at atmospheric pressure: application 
of porous membranes for in situ H2O removal, Green Chem., 
2017, 19, 3595. 

[22] H. Iida, R. Kawaguchi, K. Okumura, Production of diethyl 
carbonate from ethylene carbonate and ethanol over supported 
fluoro-perovskite catalysts, Catal. Commu., 2018, 108, 7-11. 



 Science Journal of Chemistry 2019; 7(6): 105-109 109 

 

[23] E. Leino, N. Leino, P. Arvela, A. Rautio, J. Dahl, J. Roine, J. 
Mikkola, Synthesis and characterization of ceria-supported 
catalysts for carbon dioxide transformation to diethyl carbonate, 
Catal. Today, 2018, 306, 128-137. 

[24] M. Chai, W. Zhao, G. Li, S. Xu, Q. Jia, Y. Chen, Novel SO2 
Phase-Change Absorbent: Mixture of N,N-Dimethylaniline 
and Liquid Paraffin, Ind. Eng. Chem. Res. 2018, 57, 
12502−12510. 

[25] T. Yan, W. Bing, M. Xu, Y. Li, Y. Yang, G. Cui, L. Yang, M. 
Wei, Acid–base sites synergistic catalysis over Mg–Zr–Al 
mixed metal oxide toward synthesis of diethyl carbonate, RSC 
Adv., 2018, 8, 4695. 

[26] O. Arbela´ez, E. Herna´ndez, L. M. Gonza´ lez, F. Bustamante, 
A. L. Villa, Enhanced Conversion in the Direct Synthesis of 
Diethyl Carbonate from Ethanol and CO2 by Process 
Intensification, Chem. Eng. Technol., 2019, 42, 1135–1143. 

 

 


