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Catalytic CO2 esterification with ethanol for the production of 
diethyl carbonate using optimized CeO2 as catalyst
Marco Buchmann,a Martin Lucas,a and Marcus Rose* a

The direct conversion of (bio)ethanol and CO2 is a promising route to diethyl carbonate (DEC) since both reactants are 
cheap and originate from renewable ressources in bioethanol production. In this work we present a detailed 
characterization and correlation between catalyst synthesis parameters and catalytic activity of pure ceria for DEC 
formation. An interaction between surface acidity and basicity as well as sufficiently high specific surface area is required 
for optimal catalytic activity which is obtained by using urea as precipitation agent. Catalytic activity towards DEC 
formation is increased when adding both cerium nitrate solution and aqueous ammonia solution in a controlled manner at 
a pH of 10 at 50 °C for precipitation. When combining temperature-programmed desorption (TPD) experiments and 
catalytic testing, mainly weak basic sites appear to be relevant for the DEC formation.

Introduction
Diethyl carbonate (DEC) is a versatile compound with 
applications as solvent1, 2, alkylating agent3, 4, electrolyte5, 
monomer in polycarbonate synthesis6-8 and fuel additive9. It is 
a colourless liquid which is biodegradable and non-toxic. The 
high oxygen content in combination with the mentioned 
properties renders DEC a very good replacement for MTBE as 
fuel additive. Main production routes of linear organic 
carbonates typically suffer from using toxic and corrosive 
chemicals. At the moment, three commercial available 
synthesis routes are known: (I) direct reaction of alcohols and 
phosgene, (II) oxidative carbonylation using only O2 and CO 
with a CuCl catalyst (Enichem Process) and (III) also using O2 
and CO with an alkyl nitrite precursor and PdCl2 as catalyst 
(Ube Industry).10 An indirect use of CO2 as starting material are 
the alcoholysis of urea11, 12 and trans-esterification of 
especially cyclic carbonates with alcohols.13-16 In agreement 
with the principles of green chemistry and engineering a 
sustainable direct route in the DEC synthesis starting from 
bioethanol and CO2 would be most favourable (Figure 1). In 
the last two decades research was intensified in the field of 
the direct organic carbonate synthesis based on linear 
alcohols, mostly focusing on methanol to dimethyl carbonate 
(DMC), using CO2 as substrate.17 Especially the sustainable 
production of the starting materials, ethanol and CO2, is crucial 
for the mentioned sustainable synthesis route. First generation 
bioethanol production was a food-based biofuel which leads to 
a competition between food and fuel production.18 Nowadays, 
with the second generation biofuels non-food raw material are 

in the focus.19 The process is mainly based on lignocellulosic 
biomass and can also use industrial by-products, avoiding a 
competition between food and fuel production. The direct 
production of DMC and DEC has recently been summarized 
comprehensively.20-24 The research focuses mainly on different 
catalysts (heterogeneous25-29 and homogeneous30, 31), different 
reactor types (continuous32 and stirred batch tanks), and 
different starting materials like CO2/Ethanol or 
CO/H2/Ethanol.32 Most promising and industrially relevant 
operating systems are based on heterogeneous catalysts.33-35 
Various groups investigated the influence of catalyst synthesis 
conditions and materials towards the DEC formation. The 
direct synthesis of DEC was reported for the first time by 
Yoshida et al. in 2006 using a commercially available CeO2 
catalyst.36 In the following years different catalysts and 
syntheses routes were investigated. Self-prepared pure and 
mixed catalysts based on CeO2 showed best catalytic activity 
towards DEC formation.33, 34, 37 The catalysts were obtained 
using different precipitating agents, like aqueous ammonia 
solution or the citrate precipitation method. It was found that 
acid-base properties of the catalyst surface play an important 
role in catalytic activity.38, 39

O O

O

OH CO2+
Cat.

Figure 1 Schematic process flow sheet for the sustainable production of DEC 
from CO2 and bioethanol based on the sugar fermentation with a direct 
subsequent conversion to DEC (reaction scheme).
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The addition of acid components like H3PO4 or H3PW12O40 
were shown to increase formation rates significantly.38 The 
major challenge of the DEC synthesis is the strong 
thermodynamic limitation due to water formation during the 
process.28 This problem can be overcome by reaction 
engineering approaches for in situ water removal.33, 40-42 
Overall, a combination of a more active, reproducible and 
scalable catalyst in combination with the engineering for water 
removal are essential for industrial relevance of the direct 
production route towards DEC. CeO2 based catalysts cannot 
only be used for direct carboxylation with linear alcohols but 
also play an very important role in the non-reductive 
transformation of CO2 of cyclic carbonates,43-46 different 
carbamates,45, 47-51 ureas,45, 50, 52 and CO2 based polymers.6-8, 53

In this work, we focus on the catalyst preparation for the 
direct synthesis of DEC from ethanol and CO2. For industrial 
applications a well-defined and reproducible catalyst synthesis 
is mandatory. The catalysts were prepared using either urea as 
precipitating agent, aqueous solutions of ammonia or sodium 
hydroxide. Synthesis parameters and catalyst pre-treatment 
were investigated to obtain an optimized catalyst.

Experimental Section

Catalyst preparation

Cerium oxide and mixed oxide synthesis by urea precipitation
The desired amounts of precursor and additives (Ce(NO)3∙6H2O 
(Sigma-Aldrich, 99%), ZrO(NO3)2∙6H2O (Sigma-Aldrich, 99%), 
Sr(NO3)2 (Sigma-Aldrich, 99.995%), La(NO3)3*6H2O (Sigma-
Aldrich, 99.9%), Al(NO3)3*9H2O (Sigma-Aldrich, 99.997%), 
Ca(NO3)2*4H2O (Sigma-Aldrich, 99.997%), Zn(NO3)2*6H2O 
(AlfaAeser, 99%), H4SiW12O40 (Sigma-Aldrich, 99%), H3PW12O40 
(AlfaAeser, 99.5%) with an overall metal amount of 0.04 mol 
were dissolved in 250 mL deionized water. Urea (Sigma-
Aldrich, ≥ 99.5 %) in stoichiometric ratio 17:1 based on the 
overall metal content was added to the clear solution. The 
solution was stirred for 8 h at 100 °C. The white precipitate 
was filtered, washed three times with hot water, dried over 
night at 60 °C under vacuum and calcined for 4 h at the desired 
temperature.

Cerium oxide synthesis by continuous precipitation
A detailed scheme of the precipitation setup is shown in Fig. 
S9. Cerium-(III)-nitrate (Ce(NO3)3⸱6H2O; 18.92 g, 0.04 mol) 
was dissolved in 20 mL water and filled in a syringe placed in a 
computer controlled syringe pump. The solution was added 
dropwise with 0.5 ml min-1 to a solution containing either an 
aqueous ammonia or sodium hydroxide solution with the 
desired starting pH-value. The pH-value was controlled during 
the precipitation process and adjusted by a 25 wt.-% ammonia 
solution and a 2M sodium hydroxide solution placed in the 
second syringe pump, respectively, and automatically dosed 
based on a signal of a coupled pH electrode. Afterwards fully 
dispensed cerium nitrate solution was stirred vigorously for 
another two hours. The precipitate changed its colour from 
light red to purple as mentioned previously.29, 54 The purple 

precipitate was filtered, washed three times with hot water, 
dried over night at 60 °C under vacuum and calcined for 4 h at 
600 °C. 

Catalyst characterization

The specific surface of each sample was determined by 
nitrogen physisorption at -196 °C (Quantachrome, Quadrasorb 
Evo). Each sample was degassed for 10 h at 120 °C under 
vacuum. The specific surface area was calculated using the BET 
equation at p/p0=0.02-0.15. X-ray powder diffraction was 
measured using a D2-Phaser (Bruker AXS) with Cu Kα1 radiation 
(30 kVA, 10 mA, λ=1.5406 nm) with 2θ ranging from 
20°≤2θ≤90° and a scanning speed 0.005°/0.5 s. The sample 
was rotated during the measurement with 30 rpm. Acidic and 
basic properties were determined by temperature-
programmed desorption (TPD) experiments using ammonia 
and carbon dioxide as probe molecules, respectively, and an 
Thermo Scientific Antaris IGS-System for gas analysis. For a 
typical measurement 0.1 g of the catalyst was loaded into a 
quartz tube, flushed with nitrogen and dried 2 h at 400 °C. The 
catalyst was loaded with a continuous stream of the probe 
molecule at 40 °C for 20 min. The physisorbed molecules were 
desorbed and flushed out using nitrogen for 20 min to ensure 
that only chemisorbed molecules remain on the sample. 
Chemisorbed probe molecules were desorbed by heating the 
catalyst to 500 °C with a rate of 10 K min-1. The temperature of 
500 °C was held for 30 min until full desorption of 
chemisorbed probe molecules occurred. XPS spectra were 
recorded on a SSX 100 ESCA spectrometer (Surface Science 
Laboratories Inc.) equipped with a monochromatic Al Kα X-ray 
source (9 kV, 10 mA). The X-ray spot size was 250–1000 μm. The 
binding energy scale of the system was calibrated using Au 4f7/2 = 
84.0 eV and Cu 2p3/2 = 932.67 eV from foil samples. Charging of the 
powder samples was accounted for by setting the peak of the C 1s 
signal to 285.0 eV. A Shirley background was subtracted from all 
spectra. Peak fitting was performed with Casa XPS using 70/30 
Gauss–Lorentz product functions. The degree of reduction of ceria 
was determined based on the ratio Ce3+/(Ce3++Ce4+) using the sum 
of integrated peaks for Ce3+ and Ce4+, respectively.55

Catalytic testing

All experiments were carried out using a stainless steel pressure 
reactor (autoclave) with a total volume of 40 mL equipped with a 
magnetic stirrer bar and electric heating. In a standard procedure, 
15.5 g of Ethanol (20 mL, 337 mmol, Chemsolute, 99.9 %) and 0.2 g 
catalyst were charged into the autoclave, purged and pressurized to 
4.0 MPa of CO2 (AirLiquide, 99.9995 %). The reaction mixture was 
heated and mechanically stirred at the desired temperature for 4 h. 
After the reaction, the reactor was cooled down in a water bath to 
ambient temperature and depressurized. 

The liquid products were analysed by means of gas 
chromatography (Shimadzu, GC-2010 Plus) using a capillary column 
(Macherey-Nagel, Optima WAxPlus, 0.25 µm film, 0.25 mm 
diameter, 30 m length), n-tetradecane (Merck, >99.5 %) as internal 
standard and equipped with a FID for substance measurement. The 
peaks in the chromatogram were identified by using the following 
pure substances: diethyl carbonate (Sigma-Aldrich, 99.9 %), diethyl 
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ether (Sigma-Aldrich, 99.9 %), diethyl acetaldehyde (Sigma-Aldrich, 
99 %). Acetaldehyde was calculated according to the correlation to 
diethyl acetaldehyde given by Leibnitz and Struppe.56

Results and discussion
Catalyst characterization

The structure of the precipitate and the conversion to CeO2 by 
calcination was investigated using X-ray powder diffraction 
(Figure 2). It is remarkable that all precipitated samples were 
just filtered, washed with deionized water and dried overnight 
at 60 °C without any further calcination steps. According to the 
in situ XRD study by D’Angelo et al.57 it can be seen that using 
urea as precipitating agent results in Ce2O(CO3)2∙H2O (PDF No. 
00-043-0602, ICDD 2018). When using other basic precipitating 
agents like aqueous ammonia solution the precipitate only 
shows reflexes for CeO2 even before the calcination step 
(Figure 2, bottom). The same result occurs when using an 
aqueous sodium hydroxide solution as precipitating agent (see 
Fig. S1). This leads to the assumption that during the 
precipitation with ammonia or sodium hydroxide solution the 
oxidation of cerium directly occurs. The change in the 
oxidation state can also be observed by the colour change 
from slight red in the beginning of the precipitation to purple 
at the end.29, 54 The challenging sample preparation described 
by Tseng et al. showed the change by XPS measurements.

By calcining the urea-based precipitate under a constant air 
stream at different temperatures from 400-800 °C it is obvious 
that phase pure CeO2 (PDF No. 00-034-0394, ICDD 2018) is 
obtained in a well controllable manner regarding the crystallite 
size. The reflexes get sharper with increasing temperature 
which indicates an increasing crystallite size which is in good 
agreement with literature.29, 36, 58 According to this observation 
the average crystal sizes were calculated using the Debye 
Scherrer equation given below.

𝐿 =
𝐾 ∙ 𝜆

Δ(2𝜃) ∙ 𝑐𝑜𝑠𝜃0

K : Scherrer shape factor
𝜆 : Wavelength x-ray radiation

Δ(2𝜃) : line broadening due to the crystallite size
𝜃0 : Bragg angle

All calculated crystallite sizes are listed in Table 1. Larger 
crystallite sizes appear by increasing the calcination 
temperature. The opposite trend can be seen for the 
determination of specific surface area. It decreases drastically 
from 127.0 m²g-1 at 400 °C to 5.3 m2g-1 at 800 °C as expected 
due to crystallite growth and particle sintering.

The same trend is observed by comparing the crystallite 
sizes and the precipitating temperatures for the catalysts 4-13 
(Table 1). Crystallite sizes increase with increasing precipitating 
temperature and pH value. Apart from comparing catalysts 6-8 
it is obvious that catalyst 7 does not fit to the trend obtained 
by other temperature variation. Increasing the precipitation 
temperature or pH the crystal size increases also according to 
the corresponding lower value. Only for catalysts 6-8 the 
crystallite size decreases from 101 Å (20 °C) to 90 Å (50 °C) and 
increases to 123 Å (100 °C). Specific surface areas for all 

catalysts vary between 24.9 m2g-1 and 79.0 m2g-1 with no clear 
trend visible.

20 40 60 80

Ammonia precipitation

Urea precipitation

Ce2O(CO3)2·H2O (PDF 00-043-0602)

Precipitate

In
te

ns
ity

800°C

600°C

400°C

CeO2 (Lit.)

(111)

(200) (220) (311)
(222) (400)

(331)
(420)

Precipitate

In
te

ns
ity

2 / °

600°C

(111)
(200) (220) (311)

(222) (400)
(331)

(420)

Figure 2 Comparison of powder XRD pattern of CeO2 precipitated from cerium 
(III) nitrate with urea (upper section) and ammonia solution (bottom section) and 
the influence of different calcination temperatures on the crystallite size.

The ammonia and carbon dioxide uptake determined by 
temperature-programmed desorption (TPD) are indirectly 
proportional to the calcination temperature and hence, the 
crystallite size. Ammonia and carbon dioxide desorption begin 
at 50 °C and show a maximum at 100 °C pointing towards 
rather weak acid and basic sites (Figure 3). Among other 
factors the amount and the strength of acid and basic sites 
affect the catalytic activity of the tested catalysts. All results 
are shown in Table 2. Only for the sample calcined at 400 °C 
calcination temperature and CO2 as probe molecule two 
desorption peaks are present (Figure 3, top).

Figure 3 CO2-/NH3-TPD profiles of CeO2 (precipitation with urea) calcined at 
different temperatures. All catalysts were heated to 873 K and held at the 
temperature until no further desorption of the probe gas.
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Table 1 Synthesis parameters, specific surface area and acidic and basic properties of the synthesized CeO2 catalysts.

The peak at higher temperature (400-600 °C) can be 
considered an artefact and be attributed to incorporated 
carbonate-species left in the catalyst due to incomplete 
calcination. The TPD is measured up to a temperature of 
600°C, whereas the catalyst is only calcined at 400°C. Hence, 
this peak can be ignored as basic site. But it is relevant that 
despite the XRD showed small crystallites of CeO2 apparently 
there is a certain amount of carbonate species still present 
that only decompose at higher temperature.
This is in good agreement with works by D'Angeloet al.57 and 
Janoš et al.59 where they studied in detail the oxidation 
behaviour of Ce2O(CO3)2∙H2O. Measured by TGA the oxidation 
can be prolonged up to 500°C.
In comparison, at higher calcination temperatures only weak 
basic sites are identified by CO2 TPD. The overall amount of 
basic sites decreases drastically with increasing calcination 
temperature (see Fig. S1). Not only the amount but also the 
strength of the basic sites changes slightly from 120 °C (calc. 
400 °C) to 165 °C (calc. 600 °C) and 140 °C (calc. 800 °C). Using 

NH3 as probe molecule to characterize acid sites it can be seen 
that for 400 °C and 600 °C calcination temperature only one 
broad desorption peak appears. This indicates only one kind of 
acid sites present on the catalyst. As shown from NH3 TPD the 
total amount of acid sites decreases drastically with increasing 
calcination temperature.

In order to obtain more information on catalyst surface 
configuration X-ray photoelectron spectroscopy (XPS) was 
conducted. Fig. 4 shows the Ce3d spectra of two self-prepared 
CeO2 catalysts. The indications made with sets of u and v 
assigned peaks correspond to two peaks of spin-orbit splitting 
of 3d3/2 and 3d5/2 electrons.60 Different oxidation states in the 
catalyst surface can be differentiated by their respective line 
shapes in their final states Ce3+=U0+U’+V0+V’ and 
Ce4+=U+U’’+U’’’+V+V’’+V’’’. After peak integration the relation 
between Ce3+ and Ce4+ shows the reduction state at the 
surface. The urea precipitated catalyst (Entry 2, table 1) shows 
Ce3+/Ce4+ of 29% whereas the ammonia precipitated catalyst 
(Entry 7, table 1) shows Ce3+/Ce4+ of 43%. As shown by Boaro 
et al.61 and Stoian et al.62 a higher degree of reduction leads to 
more surface defects in CeO2 surface structure and further on 
to a higher CO2 uptake. This can be confirmed by our CO2-TPD 
measurements shown before.

Catalytic Tasting

In order to find the optimal catalyst for DEC formation 
different calcination temperatures (see Fig. S2), catalyst 
compositions (see Fig. S3) and additives (see Fig. S4) were 
initially screened. By comparing the results, the optimal 
catalyst is a pure CeO2 catalyst precipitated with urea at 100 °C 
and subsequent calcination at 600 °C for 4 h. All additives and 
mixed oxides based on CeO2 in order to increase acid and basic 

# Precipitating 
agent

pH value Precipitating 
temperature

Calcination 
temperature

CO2 uptake NH3 uptake Crystallite size BET surface 
area

°C °C µmol g-1 µmol g-1 Å m2 g-1

1 Urea - 100 400 349.0 261.8 114.2 127.0
2 Urea - 100 600 56.4 158.2 155.1 65.0
3 Urea - 100 800 5.4 2.0 339.2 5.3
4 NH4OH 9 20 600 98.6 102.7 105.1 57.1
5 NH4OH 9 50 600 74.5 106.2 135.2 42.7
6 NH4OH 10 20 600 91.8 118.1 101.9 57.3
7 NH4OH 10 50 600 117.6 187.8 90.7 70.5
8 NH4OH 10 100 600 92.6 119.9 123.4 54.1
9 NH4OH 11 50 600 125.3 154.0 102.2 79.0
10 NaOH 9 20 600 111.4 144.4 107.7 60.5
11 NaOH 9 50 600 82.8 142.0 111.0 52.1
12 NaOH 10 20 600 116.3 100.3 108.1 45.1
13 NaOH 10 50 600 133.1 50.1 159.5 24.9

Figure 1 XPS spectra of (a) CeO2 prepared by urea precipitation method (Entry 2, 
table 1) and (b) CeO2 prepared by ammonia precipitation method at pH 10 and 
50°C (entry 7, table 1).

(a)

(b)
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properties of the catalyst did not exceed the catalytic activity 
of pure microcrystalline CeO2. Afterwards the optimal reaction 
conditions were evaluated by varying reaction time, initial CO2 
pressure, reaction temperature and the substrate-catalyst 
ratio. Detailed information on the kinetics, pressure and 
catalyst mass-dependence can be found in Figure S5-S7. It is 
obvious that the CO2 pressure only has a minor influence 
(Figure S6) with an optimum at 40 bar. The reaction is not 
limited by mass transfer limitations as indicated by catalyst 
mass variation (Figure S7). Hence, optimal reaction conditions 
to evaluate catalytic activity without any thermodynamic, 
kinetic or mass transfer limitations are 40 bar initial CO2 
pressure, 120 °C, 4 h reaction time and 0.2 g catalyst. By 
comparing activity and selectivity of all synthesized catalysts 
and additives pure CeO2 shows the best performance towards 
DEC formation. Finally, the reproducibility of the catalyst 
synthesis (by urea precipitation) is very high based on the 
variations on the catalytic performance. Reaction rates and by-
product formation show only negligible deviations. Detailed 
information is shown in Fig. S8. All graphics concerning 
catalytic activity measurements (Fig. 5-7) are plotted with total 
produced amount of DEC instead of the concentration 
additionally in Figure S10 for a direct comparison with previous 
literature reports.

Table 2 Influence of the calcination temperature on the catalytic activity towards DEC 
formation.

# Concentration / mol L-1Calcination 
temperature DEC DEAA AA

1 400 °C 0.0064 0.0022 0.0004
2 600 °C 0.0194 0.0005 -
3 800 °C 0.0008 - -
Reaction conditions: 337 mmol ethanol, 0.2 g catalyst, 40 bar CO2, 
120 °C, 4 h reaction time.

As shown before and agreeing with our results (see Table 2) 
the catalytic activity of ceria catalysts for the synthesis of 
linear organic carbonates cannot be directly correlated to the 
amount of acid and basic sites on the catalyst nor the available 
specific surface area.26, 29, 39 Our experiments show that the 
highest reaction rates were obtained using the catalyst with a 
calcination temperature of 600 °C. This catalyst does not show 
the highest amounts of acid and basic sites and not the highest 
specific surface area compared to all tested catalysts (Figure 
S2). As discussed in literature the reactivity and amount of 
active sites on the CeO2 surface strongly depends on the 
available oxygen vacancies (OV) and crystallite shapes.61, 63-65 
Especially the OVs on our catalyst seem to have a huge 
influence. The optimal surface texture is apparently obtained 
at 600°C calcination temperature. Urea is used as precipitating 
agent due to its property to release ammonia at around 90 °C 
in an aqueous solution. All substrates are fully dissolved which 
lead to a very high dispersed and texturally well-defined 
precipitate. For a high reproducibility and scale-up of the 
catalyst preparation method a pH-value controlled 

precipitation and a direct use of ammonia and sodium 
hydroxide was used to improve and establish a reliable catalyst 
synthesis. The results of the catalytic activity measurements 
are shown in Figure 5. Using an aqueous ammonia solution as 
precipitating agent leads to an increase in catalytic activity. 
The highest activity is achieved at a pH of 10 and 50 °C 
precipitation temperature.

Urea NH3
pH 9
20°C

NH3
pH 9
50°C

NH3
pH 10
20°C

NH3
pH 10
50°C

NH3
pH 10
100°C

NH3
pH 11
50°C

NaOH
pH 9
20°C

NaOH
pH 9
50°C

NaOH
pH 10
20°C

NaOH
pH 10
50°C

0.00

0.01

0.02

0.03

0.04

C
on

ce
nt

ra
tio

n 
/ m

ol
 L
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Figure 5 Comparison of the influence of different precipitating agents and 
catalyst synthesis conditions on the catalytic activity towards DEC formation.
Reaction conditions: 337 mmol ethanol, 0.2 g catalyst, 40 bar CO2, 120 °C, 4 h 
reaction time.

Noteworthy, using this catalyst the highest amount of 
acetaldehyde as oxidized by-product is formed. This indicates a 
high amount of adsorbed oxygen on the catalyst surface 
resulting in the oxidative dehydrogenation of ethanol. In order 
to exclude O2 impurities as reason for the acetaldehyde 
formation an experiment with 30 bar air instead of CO2 was 
carried out and proved that the oxidative side-reaction is not 
catalytic under the applied conditions. The resulting amount of 
acetaldehyde was in the same order of magnitude as when 
using CO2. This is in good agreement with oxidation 
experiments of ethanol to acetaldehyde with CeO2 which 
starts at 200°C.66 Nevertheless, the increase of activity as 
measure of DEC yield compared to all other synthesized 
catalysts is up to 50 %. Based on the catalysts characterization 
three main differences are obvious. Firstly, the best catalyst 
(NH3, pH 10, 50 °C) shows the double amount of basic sites 
compared to the urea-precipitated catalyst. A feasible 
mechanism for the formation of dimethyl carbonate (DMC) 
from CO2 and methanol has been proposed in literature by 
using in situ Raman, in situ IR and DRIFTS studies.36, 65, 67 
Carbon dioxide is activated on basic surface sites. Therefore, a 
higher amount of weak basic sites leads to higher reaction 
rates.68 Wang et al. showed that a large number of strong 
basic sites is not favourable for the catalytic activity.69 
Secondly, the main difference is that the most active catalyst 
has the smallest mean crystallite size of all compared catalysts 
pointing towards the fact that the density of surface defects is 
a critical parameter. So far, no correlation between crystallite 
size and catalytic activity is obvious. Also, the conducted XPS 
measurements for two catalysts show a higher amount of 
reduced Ce3+ on the surface of the ammonia precipitated 

# Catalyst Reaction conditions Productivitya

mmolDEC/mmolcat mmolDEC mmolDEC/gcat
Ref.
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Table 3 Influence of various reaction parameters on the catalytic activity towards DEC formation based on previous reports and the current work.

catalyst. Influence of Ce3+/Ce4+-ratio is discussed in literature 
where a higher amount of Ce3+ is attributed to a higher 
formation rate towards DMC formation.68, 72 Based on our 
observations we agree with these findings. In contrast, 
different reports in the field of DEC and DMC synthesis showed 
that a decrease in Ce3+-concentration is more favourable 
together with an addition of heteroatoms such as aluminum, 
niobium and lanthanum.34, 73, 74

Table 3 summarizes results from previous reports and this 
work for the direct conversion of ethanol and carbon dioxide 
to DEC. For a direct comparison the catalyst productivity 
(mmolDEC/mmolcatalyst and mmolDEC/gcatalyst) as well as the 
absolute amount of formed DEC (mmolDEC) was extracted from 
the data for comparison. The maximum productivity without 
using a dehydration agent like butylene oxide (BO) or 
propylene oxide (PO) of 6.40 mmolDEC/mmolcatalyst was 
obtained with a CeO2 catalyst36 while other reports did not 
exceed a productivity of 0.22 mmolDEC/mmolcatalyst.36 
Furthermore a kinetic study for the production of DEC using a 
commercial CeO2 catalyst showed the same equilibrium 
concentration but a remarkable lower catalytic activity of 
0.13  mmolDEC/mmolcatalyst.at 4h reaction time.13 Higher 
productivities were so far only reported using dehydration 
agents for chemical water removal to shift the reaction 
equilibrium. With our catalyst prepared via direct ammonia 
precipitation at 50 °C and pH 10 the highest productivity of 
0.53 mmolDEC/mmolcatalyst was achieved considering the 
reaction conditions without water removal.

Comparing the DEC formation rate is only possible in a 
kinetically controlled range before reaching the 
thermodynamic equilibrium. Here, the formation rate 
increases from 0.07 mmol gKat

-1h-1 at 90 °C to 0.80 mmol gKat
-

1h-1 at 120°C. Compared to literature values using pure CeO2 
best reported catalytic activity is 2.5 mmol gKat

-1h-1.71 Here we 
assume that reactor geometry, spare volume and ethanol 
amount:reactor diameter-ratio have huge impact in the 
catalyst performance. A direct comparison between different 
experiments being reported in literature is quite challenging.

As shown before XRD measurements of fresh precipitated 
cerium oxide with aqueous ammonia solution indicates a 
direct formation of CeO2. The major difference between not 

calcined and calcined CeO2 is the sharpness and intensity of 
the XRD reflexes. Catalytic tests confirm the presence of 
catalytic active CeO2 in both catalysts with the much higher 
activity for the calcined CeO2

 (Figure 6).
By using the not calcined CeO2 the reaction products are 

dominated by the formation of the oxidation products 
acetaldehyde and diethylacetal. The ability of promoting 
oxidation reactions decreases drastically after calcination. As 
mentioned before thermodynamic limitation due to the 
reaction equilibrium is the greatest challenge in the formation 
of linear aliphatic carbonate production. Temperature-
dependant experiments (Figure 7) show the interdependence 
of kinetic and thermodynamic influence.

raw CeO2 CeO2 600°C
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Figure 6 Comparison of catalytic activity of fresh precipitate without any 
calcination and after precipitation on the DEC formation. Reaction conditions: 
337 mmol ethanol, 0.2 g catalyst, 40 bar CO2, 120°C, 4 h reaction time.

1 CeO2
b 200mmol ethanol, 200mmol CO2, 2h, 170°C, 10mg catalyst 6.40 0.42 42 36

2 CeO2
c 257mmol ethanol, 50 bar CO2, 2h, 140°C, 0.5g catalyst 0.14 0.40 0.80 69

3 CeO2
b 100mmol ethanol, 2 bar CO2, 4h, 150°C, 0.17g catalyst 0.02 0.02 0.12 40

4 CeO2
b 100mmol ethanol, 2 bar CO2, 4h, 150°C, 600mmol ACN, 0.17g catalyst 6.00d 6.00 35 40

5 CeO2
b 314 mmol ethanol, 45bar CO2, 23h, 170°C, 1.0g catalyst 0.07 0.40 0.40 28

6 3% Nb2O5/CeO2
c 68.5mmol ethanol, 50 bar CO2, 3h, 135°C, 380mg catalyst 0.18 0.39 1.03 34

7 Ce0.8Zr0.2O2
c nEthanol/nCO2 = 3, CO2 Feed = 62 mmol h-1, GHSV 3200 h-1, 100°C, 2.5g catalyst 0.22 0.47 0.19 33

8 Cu-Ni/ACc He (50mL min-1) incl. 2.4% ethanol + 1.1% CO2, 90°C, 13bar, 0.5g catalyst conv. 2.7% 37

9 CeO2
c 314mmol ethanol, 45bar CO2, 19mmol BO, 23h. 170°C, 1g catalyst 0.40d 2.33 2.33 25

10 CeO2
c 314mmol ethanol, 19mmol BO, 45bar CO2, 180°C, 25h, 1.0g catalyst 0.34d 1.98 1.98 29

11 CeO2
b 20 mmol ethanol, 100 mmol 2-cyanopyridine, 50bar CO2, 0.34g catalyst 4.50d 9.00 26 42

12 CeO2
c 170mmol ethanol, 140mmol PO, 50bar CO2, 2h, 150°C, 400mg catalyst 1.15d 2.67 6.69 70

13 CeO2/SiO2
c 314mmol ethanol, 19mmol BO, 45bar CO2, 180°C, 25h, 1.0g catalyst 0.13d 0.76 0.76 27

14 CeO2
b 0.03 g catalyst, 140 mmol ethanol, 5 MPa CO2, 393 K, 20min 0.18 0.03 1.03 71

15 CeO2
b 0.5 g catalyst, 2,2-DEP, 140 mmol ethanol, 5 MPa CO2, 393 K, 20min 4.50d 13.00 26 71

16 CeO2
c 337 mmol ethanol, 40 bar CO2, 4h, 120°C, 0.2g catalyst 0.53 0.64 3.20 this work

a in mmol DEC/mmol catalyst (this unit of productivity was chosen as the given reaction times in all previous studies vary significantly and not in all cases a 
limitation by thermodynamic equilibrium can be excluded); b commercial available catalyst, c self-prepared catalyst, d using dehydration agent
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Figure 7 Temperature dependence of the reaction showing the thermodynamic 
limitation of DEC formation after a certain reaction time or at higher 
temperatures with increased rates. Reaction conditions: 337 mmol ethanol, 0.2 g 
catalyst 2 (Table 1), 40 bar CO2, 4 h reaction time.

Initially, increasing the temperature results in an increased 
reaction rate with increasing product yields. By reaching the 
equilibrium conversion under the given reaction conditions at 
140°C not the kinetic but the equilibrium conditions limit the 
maximal yields that can be obtained. The equilibrium limited 
reaction temperature at 140 °C after 4 h reaction time was 
further investigated by longer reaction times (Figure 6, blue 
dot). The dashed line shows the trend of the experimentally 
observed equilibrium concentration based on the results of 
the 4 h reaction experiments from 140 °C to 170 °C. The two 
long term experiments at 120 °C and 140 °C fit very well in the 
observed reaction equilibrium. The detailed thermodynamic 
properties of the direct formation of DEC from CO2 and 
ethanol were investigated by Leino et al.28 They showed that 
the Gibbs energy at ambient temperature is positive 
(ΔrGθ

298 K = 35.85 kJ mol-1) which shows that the reaction does 
not occur spontaneous. Also, the Gibbs energy increases 
linearly with the reaction temperature 
(ΔrGθ

373 K = 48.89 kJ mol-1). This corresponds very well with our 
experimentally observed behaviour. Overall, this shows the 
strong influence of the equilibrium reaction severely limiting 
the degree of conversion and the DEC yield. Hence, besides an 
optimized catalyst with highest productivity also the water as 
by-product has to be removed during the reaction in order to 
further increase the overall productivity.

Conclusions
In this work we investigated the influence of CeO2 catalyst 
preparation by various synthesis and pre-treatment 
parameters on the catalytic activity for the conversion of 
ethanol with CO2 to diethyl carbonate. High amounts of acidic 
and basic sites on the catalyst surface and a high specific 
surface are not the only requirements to efficiently catalyse 
this reaction. Especially surface defects like oxygen vacancies 
and probably also partially reduced Ce2O3 surface species play 
an important role. An optimum in calcination temperature was 
found at 600 °C. Furthermore, the temperature dependant 
limitations were investigated to ensure that every catalyst was 
tested in the range of the kinetically controlled regime far off 

the equilibrium limitations. With an ammonia-precipitated 
CeO2 at pH 10 and 50 °C an increase in catalytic activity of up 
to 50 % was achieved. In comparison to previously reported 
catalysts it showed the highest reported productivity for the 
direct conversion of ethanol and CO2 without removal of the 
by-product water to shift the reaction equilibrium. With this 
knowledge future optimization regarding the reaction 
engineering and water removal, e.g. by a membrane reactor 
for water pervaporation, an efficient process for the direct 
production of diethyl carbonate from bioethanol and CO2 
seems feasible.
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