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Abstract: This work is focused on the synthesis of organic 
carbonates from CO2 and ethanol. A parametric study of 
the synthesis of diethyl carbonate from ethanol is per-
formed in a 100 mL batch reactor. The influence of pres-
sure and temperature is studied and we prove that the 
presence of water strongly decreases the yield in diethyl 
carbonate as an equilibrium is quickly reached. One 
method to improve this yield is to remove water from the 
reaction mixture to shift the equilibrium toward the for-
mation of carbonates. The chemical methods give good 
results but separation and regeneration associated steps 
are prohibitive. For these reasons, a physical technique 
like pervaporation is chosen to remove water. The study of 
a pervaporation cell with membrane PERVAP 4100 gives 
good results for the dehydration of ethanol alone even at 
low concentrations of water from 0.33 %wt to 0.15 %wt.  
Twelve experiments on the dehydration of a mixture of 
ethanol, diethyl carbonate and water are performed. The 
calculated separation factors show a very good selectivity 
for water. That means that even in the presence of diethyl 
carbonate, the membrane has still a selective water 
permeability.

Keywords: CO2 utilisation; pervaporation; organic  
carbonates; dehydration

List of abbreviations
A	 Pre-exponential factor (g/h/m2)
D	 Membrane diffusion coefficient (m2/s)
E	 Activation energy (J/mol)
J	 Flux (g/h/m2)
j	 Flux (m3(STP)/m2/s)
K	 Sorption coefficient (m3(STP)/m3/ bar)
l	 Membrane thickness (m)
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).

*Corresponding Author: Kazumasa Nomura: Tokyo Medical and Dental University, Ichikawa, 272-0827, Japan,
E-mail: knomura@pop11.odn.ne.jp
Paul Terwilliger: Department of Mathematics, University of Wisconsin, Madison, WI53706, USA, E-mail:
terwilli@math.wisc.edu

 This work is licensed under the Creative Commons
Attribution alone 4.0 License.

* Corresponding author: 
Marie Décultot, Alain Ledoux, Marie-Christine Fournier-Salaün and 
Lionel Estel, Normandie Univ, INSA Rouen, UNIROUEN, Laboratoire 
de Sécurité des Procédés Chimiques LSPC EA 4704, 76000 Rouen, 
France, e-mail: marie.decultot@insa-rouen.fr;  
alain.ledoux@insa-rouen.fr; marie-christine.fournier@insa-rouen.
fr; lionel.estel@insa-rouen.fr

M	 Molecular weight (g/mol)
P	 Permeability (m3(STP)m/m2/s/bar)
p	 Partial pressure (bar)
psat	 Saturation vapour pressure (bar)
R	 Ideal gas constant (J/mol/K)
T	 Temperature (K)
vG	 Molar volume of gas (m3/mol)
x	 Liquid molar fraction (-)
y	 Vapour molar fraction (-)
α	 Selectivity (-)
γ	 Activity coefficient (-)

1  Introduction
With 34 Gt emitted per year, carbon dioxide is the most 
human emitted greenhouse gases in the world. The 
elevation of the global temperature can reach up +5°C 
in 2100 if these emissions are not limited and the global 
warming effects on the earth could be irreparable [1]. 
For these reasons, carbon capture and storage is still an 
important topic [2]. This observation also stimulates a 
more rational use of carbon atoms, where CO2 becomes a 
resource to be valued. In a circular economy perspective, 
a new chemistry using CO2 is developing the reuse of 
CO2, which becomes a source of carbon [3]. Moreover, 
considering the rarefaction and the cost of fossil fuels, the 
use of bio-based reactants has to be done to develop new 
processes.

In this context, our work is focused on the synthesis 
of organic carbonates by associating CO2 with ethanol. 
Because of their low toxicity, organic carbonates have 
many potential applications like fuel additive, solvent 
or monomer [4]. Currently, they are produced by using 
some toxic and harmful components like phosgene. The 
synthesis via the route “CO2 + alcohol” has proven to be 
the most interesting one with regard to the environmental 
aspect and the sequestration of CO2 [5]. Compared to 
other reactions of CO2 valorisation, organic carbonates 
represent the most important value added products 
and the market is around one million tons annually [6].  
Figure  1 represents an example of the potential 
reactions: the synthesis of diethyl carbonate from CO2 
and bioethanol. 
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Because of the unfavourable thermodynamics of the 
reaction, the yield of carbonate is still low [7]. A lot of 
researches have been done to develop new performant 
catalysts [7,8]. Researches began with homogeneous 
catalysts mainly based on metal like titanium, zirconium 
and niobium. Nowadays, most of articles are based on 
heterogeneous catalysts, which are more advantageous 
for industrial applications. Zirconium oxide and cerium 
oxide are the most used one. Tomishige et al. were the 
first to highlight the potential of ZrO2 with a selectivity of 
100% [9]. Similar selectivities are obtained with CeO2. The 
good results obtained are mainly due to the amphoteric 
properties of these two catalysts. Indeed, both of them 
have acid and base sites which are essential for the 
synthesis of carbonates [10]. By changing the shape 
or the calcination temperature of these catalysts, it is 
possible to increase the quantity of these sites to improve 
the yield in carbonates [10,11]. Some authors improve 
the yield by adding some Brønsted acid sites on the 
catalyst by using H3PO4/ZrO2 [12] or H3PW12O4/ZrO2 [13]. 
Even if new catalysts are developed to improve yields in 
carbonates, yields are still low because thermodynamic 
equilibrium exists between reactants and products of the 
reaction.

A dehydration of the reaction medium can improve the 
yield. Indeed, by removing molecules of water produced 
during the reaction, chemical balance promotes reaction 
product formation and the production of carbonate is 
improved. The reactive dehydration is the most used 
method in the literature. A dehydrating agent is added 
in the reaction mixture to react with water molecules. 
Recently, the addition of 2-cyanopyridine has been proved 
to improve the yield in dimethyl carbonate [14]. Even if 
this dehydration method can improve the yield, it raises 
some issues like the separation and the recycling of the 
2-cyanopyridine and the molecule produced. Beside to 
this chemical route, a physical dehydration route has to 
be developed.

Our work involves the use of a physical way to 
dehydrate called pervaporation. In this separation 
process, a liquid mixture is circulated on a dense 
membrane and the downstream side is kept under  
vacuum [15]. In our case, we used an hydrophilic membrane 
which separates selectively the water from the reaction 
mixture. This reputed low energy consuming process is 

advantageous because no chemical reactive is added, 
so no additional problem of separation is introduced. 
The main industrial application of pervaporation is the 
dehydration of organic solvents, especially the production 
of anhydrous ethanol for the pharmaceutical industry [16].  
A lot of researches have been done to improve the 
performance of the membrane to dehydrate solvents 
[17,18]. Pervaporation is also used in membrane reactors 
to remove water from the reaction mixture in case of 
reactions with thermodynamic limitations or if the water 
inhibits the catalyst [19]. The most developed example 
is the dehydration of the reaction of esterification [20]. 
Only few articles present results about the association 
of the reaction of carbonation with a dense or porous 
separation membrane [21-25]. Related experiments prove 
that this separation method is efficient but needs more 
studies. For example, Dibenedetto et al. increase the 
yield in diethyl carbonate from 0.9% to 2.3% by using 
pervaporation [21]. Kuenen et al. do a modelling on 
Aspen of a complete process with the catalytic membrane 
reactor and purification units of the products [23]. They 
conclude that this process is not viable economically and 
in term of CO2 emission but they does not have enough 
data on the kinetics of the reaction and on the efficiency 
of the membrane separation. In an opposite way, Aresta 
et al. make an economical study to compare different 
ways of dehydrating this reaction mixture and they prove 
that pervaporation can be the most interesting way to 
dehydrate this kind of reaction mixture in term of energy 
saving and CO2 emission [24]. 

In this article, we present the results obtained on 
the carbonation reaction and on the pervaporation 
separately. A parametric study has been done on the 
synthesis of diethyl carbonate (DEC). Some studies 
deal with the production of DEC from CO2 and ethanol 
[26] but this synthesis is less studied in the literature 
than the synthesis of dimethyl carbonate. However, 
Shulka et al. show in a recent study the growing interest 
of this molecule and highlight the lack of data for its 
synthesis [27]. From the previous literature review, an 
heterogeneous catalyst is needed for the carbonation 
reaction. In our study, cerium oxide catalyst has been 
used because of its selectivity, cheapness, availability 
and low toxicity [28]. For the pervaporation part, a 
commercial membrane has been tested with different 
model solutions. These solutions are made of ethanol, 
DEC and very low amount of water, which can also 
potentially exist in the reactor. From our knowledge, no 
data is available on the study of this ternary mixture. The 
objective is to show the influence of the presence of DEC 
on the separation.

Figure 1: Ethanol carbonation with CO2.
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2  Materials and methods

2.1  Materials

Cerium (IV) oxide with a purity of 99.5% was purchased 
from Alfa Aesar. This catalyst was calcined at 600°C during 
4 h in the air. Absolute ethanol (>99.7%) was purchased 
from VWR and diethyl carbonate from Alfa Aesar (>99%). 
Ethanol and diethyl carbonate were used as received. 

2.2  Reactor unit

The parametric study of the reaction has been done in 
a Parr autoclave with a capacity of 100  mL represented 
in Figure 2. It is composed with a blade agitator, a valve 
to take samples during the reaction and two valves to 
add or remove CO2. The temperature is controlled and 
the pressure is read on a pressure gauge. For a typical 
experiment, 50 mL of ethanol are filled in the reactor with 
2  g of CeO2. A test of pressure is made with nitrogen at 
60  bar during 30  min. Then, the reactor is purged three 
times with CO2. After that, the CO2 is filled at the desired 
pressure by waiting for its solubilisation in ethanol during 
45 min. The temperature is then increased up to the desired 
temperature. 1  mL of sample is taken at selected times 
during the reaction. At the end of the reaction, the reactor 
is cooled down and the pressure is decreased. Samples are 
diluted in methanol with hexanol as an internal standard 
and they are analysed by gas chromatography with a 
FID detector. Table  1 presents the reaction operating 
conditions used for the experiments.

2.3  Pervaporation experiments

The process used to study the pervaporation is shown 
schematically in Figure  3. The pervaporation cell 
and the membrane PERVAP 4100 were supplied from  
DeltaMem [29]. A porous steel plate is placed in one part of 
the pervaporation cell, and the membrane is placed on it. 
The two parts of the cell are then closed and an O-ring in 
EPDM is used to ensure no leakage between the feed part and 
the permeate part. The area of the membrane is 0.016 m2. 
The heated and agitated feed (around 1 L) is circulated at 
444 mL/min in the pervaporation cell with a feed pump. 
A thermometer is placed before the pervaporation cell 
to control the temperature. The permeate side pressure 
is maintained at 2 mbar with a vacuum vane pump and 
the permeate is condensed in two cold traps immersed 
in liquid nitrogen. For a typical experiment, the feed is 
heated at the desired temperature. Then it is circulated on 
the pervaporation cell and the permeate is condensed in 
a first cold trap. After 1 h of circulation, the steady state is 
obtained because the temperature in the cell is constant, 
the permeate is condensed in the second cold trap and 
the experiment begins. At the end of the experiment, 
the circulation flow is stopped and the feed is cooled 
down. The vacuum pump is stopped and the permeate is 
recovered in the second cold trap. The permeate and the 
feed are weighted and analysed. The amount of ethanol 
and DEC are analysed by a gas chromatograph with a FID 
detector with an accuracy of 2% and the amount of water 
is determined by a Karl Fischer titration with a coulometric 
method for concentration below 1 %wt and a volumetric 
method for higher concentrations. Accuracies of these 

Table 1: Experimental conditions for reactions of carbonation of 
ethanol with 2 g of CeO2 during 24 h.

Experiments Temperature (°C) Pressure (bar) initial water 
content (%wt)

R1 110 11
R2 110 18
R3 110 28
R4 110 36
R5 110 52
R6 110 66
R7 92 48
R8 101 50
R9 112 53
R10 118 55
R11 125 58 0.080
R12 125 58 0.050
R13 125 58 0.163
R14 125 58 0.262
R15 125 58 0.264

Figure 2: Scheme of the reactor used for the carbonation.
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two methods are respectively 10% and 2%. The amount 
of permeate removed by the membrane was below 0.1% of 
the volume of the feed in order to keep the concentration 
in the feed almost constant. Table 2 presents the operating 
conditions used to study the pervaporation process.

3  Results and discussion 

3.1  Parametric study of the reaction

Figure 4 represents the evolution of the amount of diethyl 
carbonate (DEC) as a function of the pressure in the 

reactor. Reactions are performed at 110°C during 24  h. 
Between 10  bar and 40  bar, the conversion of ethanol 
in DEC increases. For pressure  higher than 40  bar, the 
conversion seems to be constant or even to decrease. This 
behaviour was reported in the literature in the case of the 
carbonation of methanol [13].

Figure  5 shows the influence of temperature on 
the conversion of ethanol in DEC. For these reactions, 
CO2 is introduced until a constant pressure of 24 bar is 
obtained after dissolution of CO2 in ethanol. Then, the 
reactor is heated at the desired temperature. Samples 
have been taken as a function of time to study the 
evolution of the yield during the time. It can be seen 
that the conversion seems to increase quickly at the 
beginning and seems to stabilize after 20  h. This 
evolution of reaction as a function of time is similar to 
the case of methanol in literature [30]. The conversion 
of ethanol increases with the temperature between 
95°C and 125°C. This behaviour is also seen in literature 
for the carbonation of methanol but with higher 
temperature, the yield may decrease. Indeed, the 
reaction is exothermic so this decrease can be due to the 
reaction thermodynamics [31,32]. Although temperature 
can improve conversion, the yield of DEC seems to have  
a limited value. 

The influence of the initial presence of water in the 
reaction medium has been also tested. The reactions 
were performed at 125°C with 24 bar of CO2 and different 
amounts of water were added at the beginning of the 
reaction. As we can see in Figure 6, the presence of water 
decreases the yield. Indeed, from 0.050  %wt of water 
to 0.264 %wt of water, the yield is reduced by half. This 
conclusion proves that it is necessary to dehydrate the 
reaction mixture to improve the yield. 

Table 2: Experimental conditions for pervaporation.

Experiments Temperature 
(°C)

Time  
(h)

initial water 
content (%wt)

initial DEC 
content (%wt)

P1 67 16 0.33 0 
P2 73 16 0.33 0 
P3 77 16 0.33 0 
P4 83 16 0.33 0 
P5 87 16 0.33 0 
P6 87 6 0.20 0 
P7 87 5 0.33 0 
P8 87 6 0.20 1 
P9 87 5 0.33 1 
P10 87 6 0.20 3 
P11 87 5 0.33 3 
P12 87 6 0.20 5 
P13 87 5 0.33 5 
P14 87 6 0.20 10 
P15 87 5 0.33 10 
P16 87 6 0.20 15 
P17 87 5 0.33 15 

Figure 3: Scheme of the pervaporation process.
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3.2  �Dehydration of a ternary mixture  
ethanol-DEC-water by pervaporation

Classical dehydrations of ethanol by pervaporation are 
made with amounts of water higher than 1 %wt [17]. In 
our case, at the end of a typical reaction, the amount 
of water is lower than 0.30  %wt. To understand the 
behaviour of the membrane for such low amounts of 
water, some tests were performed to dehydrate ethanol-
water solution with a little amount of water. Figure 7 

represents results of experiments on the influence of 
temperature with 0.33  %wt of water in the feed. The 
flux corresponds to the weight of permeate divided by 
the time of the experiment and the membrane surface. 
The accuracy of the calculated flux is around 5%. It can 
be seen that temperature has an important impact on 
the flux. Indeed, between 67°C and 87°C the total flux 
increases from 4  g/m2/h up to 10  g/m2/h. The mass 
transfer through the membrane can be described by 
Arrhenius-type laws shown in Eq. 1 [15].

	 =
−







J A

E
RT

exp
i i

i � (1)

where Ji represents the flux of the component i in  
g/m2/h, Ai is the pre-exponential factor in g/m2/h, Ei is 
the activation energy in J/mol. For our case, Figure 8 
represents the logarithm of the water and the ethanol 
flux as a function of the inverse of the temperature. 
The results show that the mass transfer obeys to an 
Arrhenius law. The activation energy of water is smaller 
(37 kJ/mol) than the one of ethanol (69 kJ/mol). We can 
conclude that the flux increases with the temperature 
but the selectivity seems to decrease. To understand 
this phenomenon, we analysed the influence of 
temperature on the behaviour of the membrane and 
on the pressure gradient. Indeed, we can described the 
flux with solution-diffusion model [33]:

 
( ) ( )= − = −j

D K

l
p p
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l
p p
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i i

i feed i permeate
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i feed i permeate � (2)

where Di is the membrane diffusion coefficient and Ki the 
sorption coefficient of component i. Pi is the permeability, 
which represents the combination of the two effects of 
sorption and diffusion. l is the membrane thickness and 
Pi /l is called the permeance. pi feed and pi permeate represent 
the pressure of component i respectively in the feed 
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Figure 4: The dependence of the pressure on the amount of DEC 
produced. 
Ethanol: 50 mL, CeO2: 2 g, temperature: 110°C, reaction time: 24 h.
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Figure 5: Evolution of amount of DEC produced as a function of time 
for different reactor temperatures. 
Ethanol: 50 mL, CO2: 24 bar, CeO2: 2 g.
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and in the permeate. With this model, the flux can be 
represented by the product of the permeance, which is 
related to the intrinsic properties of the membrane, and 
the activity gradient, which is the difference of pressure 
between the two parts of the membrane. We can calculate 
the two pressures with Eq. 3 and 4:

	
γ=p x p

i feed i i i
sat � (3)

	
=p y p

i permeate i permeate � (4)

γi is the activity coefficient (obtained by NRTL model),  
xi is the liquid molar fraction and pi

sat is the saturation 
vapour pressure of the component i in the feed liquid. yi is 
the vapour molar fraction of component i in the permeate 
and ppermeate is the pressure in the permeate side. We can 
calculate the permeance by using Eq. 5:

	

=
−

P

l

j

p p
i i

i feed i permeate

� (5)

ji is the molar flux in m3(STP)/m2s and is calculated with 
Eq. 6:

	 =j J
v

Mi i
i
G

i

� (6)

vi
G is the molar volume of gas i (0.0224 m3(STP)/mol) and 

Mi is the molecular weight of component i. In that case, the 
permeance Pi /l can be expressed in gpu (gas permeation 
unit, 1 m3/m2 s kPa=1.33 × 108 gpu). 

Figure 9 represents the permeance and the pressure 
gradient of water and ethanol as a function of the 
temperature between 67°C and 87°C. We can see that for 
both water and ethanol, the gradient of pressure increases 
with temperature which is consistent because the partial 
pressure of each component in the feed increases with 
temperature. The pressure gradient is 100 times higher 
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Figure 8: Logarithm of water and ethanol flux against the inverse of 
temperature.

for ethanol than for water because the fraction of water 
is really low (0.33 %wt). But the permeance is 1000 times 
higher for water than for ethanol that means that the 
membrane has a good selectivity for water compare to 
ethanol. The permeance does not seem to be influenced 
by the temperature. Indeed, the permeance of water is 
quite constant and the permeance of ethanol increases 
slightly. The temperature does not seem to influence the 
intrinsic property of the membrane, so the increase of 
the water and ethanol flux can be explained only by the 
increase of the gradient of pressure for this temperature 
range. The decrease of the selectivity of water with the 
increase of temperature can be explained by the more 
important increase of the partial vapour pressure of 
ethanol in that temperature range than the increase 
of the partial vapour pressure of water. Indeed, the 
boiling point of ethanol and water are 78°C and 100°C 
respectively. Between 67°C and 87°C we are lower than 
the boiling point of water but the boiling point of ethanol 
is in this temperature range. For the study of the ternary 
mixtures, we decided to work at 87°C, which gives better 
results. 

Figure 10 represents the partial flux, with an accuracy 
of 6%, obtained for the dehydration of 12 solutions with 
different compositions of ethanol, DEC (from 0 to 15 %wt) 
and water (0.20  %wt and 0.33  %wt) detailed in Table 2. 
The flux for the experiments with 0.33  %wt of water in 
the feed is higher than the one for 0.20  %wt of water.  
The amount of water in the permeate is also higher in the 
case of 0.33 %wt in the feed with 70 %wt. Only 60 %wt of 
water in the permeate is obtained in the case of 0.20 %wt 
of water in the feed. The flux of DEC increases with the 
increase of the amount of DEC in the feed: at 15 %wt of 
DEC in the feed, we obtained 6% wt in the permeate, which 
is still low. To compare the selectivity of the membrane 
between these three components, we calculate selectivity 
factors defined in Eq. 7. 

	

α =
x x

x x
A permeate B permeate

A feed B feed

� (7)

where x represents the molar fraction of the component 
in the permeate and in the feed. A represents the 
component selectively transferred in the permeate, 
water in our case, and B represents the other component: 
ethanol or DEC. Table 3 shows the calculated factors for 
the 12 experiments. We can see that these factors are 
high, they are in the range of 750 and 1020 for water on 
ethanol. Water or DEC concentrations do not seem to 
have a significant impact on these factors. Selectivity 
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factors for water on DEC are higher than for water on 
ethanol especially for the case at 0.33 %wt of water in 
the feed.

Figure 11 shows the calculated gradients of pressure 
and permeances for these 12 experiments. Figure 11a 
presents results obtained for water. The gradient of 
pressure is higher for the case at 0.33 %wt of water in 
the feed but the permeance is quite the same for the two 
cases at 0.20 or 0.33 %wt. So the difference in the flux 
of water is only due to the difference in the gradient of 
pressure. The permeance of water seems to decrease 
slowly with the increase of the amount of DEC in the 
feed. It can be due to the fact that DEC has a slightly 
better affinity with the membrane than ethanol. We can 
see that difference in Figures 11b and 11c: the permeance 

of ethanol is around 0.4 and the one of DEC is higher 
at 0.6. This difference is quite small so the decrease 
in water permeance stays negligible for this range of 
amount of DEC. These results are really interesting 
and promising for the association of the reaction and 
the pervaporation because the DEC seems to stay in  
the feed. 

As expected, this first study on the pervaporation 
of the ternary mixture of ethanol, DEC and water, 
confirms that the dehydration of the reaction mixture 
is possible. The objective is now to optimize the surface 
area of the membrane necessary to improve the yield in 
DEC significantly. A kinetic model of the reaction and a 
modelling of the dehydration of the reaction mixture 
with different compositions are needed to simulate 
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the circulation loop between the reactor and the 
pervaporation cell and then, to optimize the surface area 
of the membrane. 

4  Conclusion
A parametric study of the reaction of carbonation of 
ethanol has been made. The results are quite similar to 
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Figure 10: Partial flux of water, ethanol and DEC in function of the amount of water and DEC in the feed.

Table 3: Water selectivity as a function of ethanol and DEC for two 
amounts of water in the feed: 0.20 %wt and 0.33 %wt and different 
amounts of DEC: 0 %wt, 1 %wt and 3 %wt.

% of DEC in the feed 0.20% of water  
in the feed

0.33% of water  
in the feed

`water/ethanol `water/DEC `water/ethanol `water/DEC

0% 860 940
1% 1200 961 880 1630
3% 910 1130 970 1440
5% 810 850 940 1010
10% 990 1440 970 1300
15% 750 910 890 1080

those obtained in the literature on the synthesis of dimethyl 
carbonate from methanol. The influence of the presence of 
water in the production of DEC has been highlighted. This 
result shows that it is necessary to dehydrate the reaction 
mixture to improve the yield in DEC. The pervaporation 
experiments show that it is possible to dehydrate ethanol 
even with an amount of water below than 0.33 %wt. The 
temperature and the amount of water in the feed have a 
strong impact on the separation. Twelve experiments have 
been performed to simulate the dehydration of a reaction 
medium at the end of a reaction. The presence of DEC from 
0 to 15 %wt in the feed seems to have no impact on the 
water flux. These results are promising. The continuous 
extraction of water by pervaporation all along the reaction 
has to be done to improve the yield in DEC. 
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