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Carbon dioxide sequestration was studied by syidingsdiethyl carbonate (DEC) from ethanol and
CO, under supercritical conditions in the presenc@athissium carbonate as a base. The co-reagent
was ethyl iodide or a concentrated strong acids Beiguestration reaction occurs in two steps, which
were studied separately and in a one-pot reacfionorganic-inorganic carbonate hybrid, potassium
ethyl carbonate (PEC) is generated at the endeofittft step. This intermediate was characterizet a
was found to be a target molecule for O&@pture. Different co-reactants, such as ethyideaand
concentrated strong Bronsted acid, were compareitieénsecond step and used to investigate the
reactivity of the hybrid. With ethyl iodide as the-reactant, one-pot DEC synthesis gave highedyiel
(46%) than two-step production. The supercritic@,@cts as a swelling solvent and compatibilizing
agent in the reaction medium, favoring interactibeswveen ethanol and G@nd between PEC and
ethyl iodide. The use of a phase transfer caté@iyBC) increased DEC production (yield 51%) without
increasing the amount of diethyl ether (DEE) predtlas a by-product (yield 2%).

Keywords:
Diethyl carbonate, diethyl ether, supercriticalozar dioxide, ethanol, potassium carbonate, one-pot
process, two-step reaction, hybrid carbonate.

1. Introduction

Carbon dioxide is one of the greenhouse gasestligeith CH, NO, and CFCs) responsible
for global warming. By 2005, C{Qconcentration in the atmosphere had increased fn@en280 ppm
level, thought to be present before the IndusR&lolution, to 379 ppm. Over the last 10 years 5199
2005) it has increased substantially, at a meam 0&t1.9 ppm.yedr [1]. No single technology
currently available could, if used alone, decreasddwide emissions of C{nto the atmosphere to
the level required by the Kyoto protocol. The magpropriate approach to reducing £€nissions
into the atmosphere is currently thought to invobedecting a certain number of technologies, each
able to reduce emission by a given amount and tkemese of the cumulative effects of these
technologies to reach carbon dioxide emission tar§®. A number of current technologies for
recovering, binding and sequestering carbon diogige being developed with a view to increasing
their efficiency, reliability and cost [3]. One tifese methods is the geological sequestration of CO
by the carbonation of minerals rich in calcium, megjum, sodium and potassium. In nature, this
process is exceedingly slow (100,000 years), sowsexperiments have been carried out to optimize
the conversion of carbon dioxide into its solidoétaform: mineral carbonate [4].



The sequestration of GOnto organic carbonates uses up only limited answh the total
amount of CQ@ produced, but is nonetheless of real interedtécstientific community. C£has been
exploited as a substitute for phosgene [5] or aarbonoxide [6, 7] in the synthesis of various oigan
carbonates, and particularly in the carbonatioemdxides [8, 9] or alcohols [10]. These processes
were reviewed by Shaiké&t al. [11], and more recently, by Sakakuwaiaal. [12]. However, from the
perspective of green chemistry, the most attraatreghod [13] is the use of an alcohol and carbon
dioxide as synthons.

However, several studies on the synthesis of dighetirbonate from alcohol and G@ave shown
the major problem to be the rate of conversion efhanol, due to the thermodynamic limitations of
the reaction and deactivation of the homogeneotalysss (e.g. tin complexes: distannoxanes) [14-
18] and heterogeneous catalysts (e.g. zirconiurdeoZirO,) [19-22]. The only means of improving
methanol conversion to date has been to use aactard, such as methyl iodide, in the presence of
basic catalysts [23-26]. Potassium carbonate has teported to be the most effective base tested. |
2001, Fujitaet al. [27] reported a study of the reaction conditioeguired for the synthesis of DMC
and proposed a reaction mechanism in which DMC dintethyl ether (DME) were produced by
parallel pathways. Increasing ¢@ressure to 80 bar results in an increase in DN&QI ywith the
amount of catalyst or methyl iodide added.

Carbon dioxide can also be sequestrated into a@chgbganic-inorganic carbonate. The existence of
such hybrids and their synthesis have been knowecesthe 1960s [28]. Indeed, although alkyl
hydrogen carbonates are not stable at reemperature, metal salts (e.g. of Li, Na, K, Mg &&)
may be obtained by saponifying dialkylcarbonate] [@9by bubbling dried C@®through a solution
containing dry methanol and sodium [30].

In this study, we investigated two carbon dioxiégestration reactions for DEC synthesis (Figure
1). The first of these reactions can be broken dmimtwo steps:
a. Preparation of two potassium salts: potassium e#nlgbnate (PEC) as a hybrid carbonate
and potassium bicarbonate (KHg)Oaccording to an ionic pathway (Figure 1a).
b. Alkylation of PEC in the presence of ethyl iodid&l} or acidified ethanol (EtOH/H to
obtain DEC (Figure 1b). Etl and EtOH/Hre co-reagents in the O-alkylation of PEC
giving rise to an electrophilic alkyl group.

The second one reaction involves the direct mixihgthanol, supercritical CCand ethyl iodide in a
one-pot process (Figure 1c). The best yields repddr ethanol conversion to date have not exceeded
0.6% [27].
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Figure 1: DEC synthesisfrom ethanol, carbon dioxide, potassium car bonate and a co-r eactant

In this work, we used ethanol rather than methamad, we assessed its reactivity with supercritical
carbon dioxide. Ethanol was preferred over methasat is a highly abundant, non toxic biomolecule

used in the production of biofuel and becauggaiticipates in the advantageous cycle reducing the
greenhouse effect. For these reasons, carbon dimaduestration with ethanol is in keeping with

most green chemistry principles. However, ethasdéss reactive than methanol, as it is less acidic
[31].

2. Experimental procedures

Dimethyl and diethyl carbonates (99%), ethyl iod{@e99%), potassium carbonate 99%)
and Aliquat 336 (trioctylmethylammonium chlorideB%) were all purchased from Sigma-Aldrich,
France. Before use, potassium carbonate was doedd hours at 104 °C. Anhydrous absolute
ethanol was purchased from API, France. Compresseldon dioxide was used in a specific
installation purchased from Top-Industrie, Frarased described in Figure 2.
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Figure 2: Experimental setup for reactionsin supercritical CO,



All experiments in the presence of supercritical,G@re carried out in a stainless steel autoclave
with an internal volume of 200 ml equipped with aahanical stirrer and a heating collar cooled by a
vortex. The CQ is introduced into the reactor via a pneumatic puafter heating to the required
temperature. Pressure and temperature are keptaobngith the aid of pressure and temperature
regulators All the parameters (temperature + 0.1 °C, pressudel bar, stirring speech. 700 rpm,
volume of CQ introduced + 0.01 ml) were monitored and recorddter the reaction, the reactor was
cooled toca. 10 °C by a vortex and bled via a manual valve goed with a fritted disk.

Typical procedures are described below:
For the mixed carbonate synthesis method (procefiyrewo different procedures were used
for the first step:

Procedure AlEthanol (340 mmol) and K£O; (340 mmol) were loaded into the
reactor. The autoclave was then heated to 100 8CC&h was injected
to the desired pressure with stirring. The despesssure da. 80 bar)
was reached within one minute.

Procedure A2:Ethanol (340 mmol) and KO; (340 mmol) were loaded into the
reactor. CQwas then injected into the reactor to a presstuoca.®0 bar
at room temperature. The autoclave was heated@8Cléat a rate of 5
°Cmin™. The pressure obtained was about 50 bar. Fin@i®; was
injected to the desired pressure, with stirring.

For assessment of the reactivity of the mixed czeib® with a co-reactant (procedure B),
experiments were carried out in a three-necked ddngitomed flask equipped with a mechanical
stirrer and a reflux condenser. The solid hybricboaate obtained during procedure A (30 g), was
introduced in ethanol (50 ml) and the co-reactamiition was then via a dropping funnel once the
desired temperature had been reached. The reaetisperformed at 110 °C or -80 °C for 3 hours.
Finally, once cold, the reaction medium was filtete obtain a liquid phase and a solid, which was
dried for 24 h in a vacuum at 104 °C.

For the one-pot reaction (procedure C), ethanob (@®nol), GHsl (107 mmol) and KCOs
(207 mmol) were loaded into the reactor, into whil®, was then injected at a pressureaf20 bar
at room temperature. The autoclave was heated @o°COand CQ was injected to the desired
pressure, with stirring.

The collected liquid phase was analyzed by inframeectroscopy (JASCO, FT/IR 460 plus) and gas
chromatography. Synthesized DEC and ethyl iodideewguantified with DMC as the internal
standard. Methanol was used as the internal stdridadiethyl ether (DEE) quantification. The solid
hybrid carbonate was analyzed by infrared speatmsavith FT-IR, CPMAS™C NMR (Bruker
Avance 400WB) and by evaluating solid mass-gain.

The mass-gain MG(%) of the solid at the end ofrdaetion was determined as follows:

MG(%) = L~ ™ x100 1)
m,

where mg=mass of introduced & O3 (g), m= mass of dried solid phase (g). The theoreticasygin
TMG(%) was defined by equation (2):



N, XM N
TMG(%) - ( Et (EtOH coz)) %100 (2)

where m is the mass of introduced solid (g} is the number of moles of introduced ethanol (mol),
and M gop:co,) IS the molar weight of EtOH + the molar weightGiD, (gmol™).

The TMG(%) should be 65% if all the ethanol introdd has reacted with,RO; and CQ according
to the reaction described in Figure 1la. We condidatr the KHCQ formed to be in the solid phase,
because it is insoluble in ethanol.

3. Resultsand discussion
For validation of the mechanism of this carbon diexsequestration reaction, in which PEC is formed
as an intermediate (Figure 1), the two reactiopssteere studied separately and then in a one-pot
reaction.

3.1. Two-step reaction method

3.1.1. Carbon dioxide sequestration into a hybrid orgamicganic carbonate (PEC)

Our research, based on green chemistry princifgdsus to perform carbon dioxide sequestration in
safer conditions (without the cogeneration of hgem gas), using ethanol and potassium carbonate.

The reactivity of carbon dioxide with ethanol andtgssium carbonate was demonstrated by
determining the mass-gain of the solid obtainedrattaction (Table 1). Theoretically, the maximum
mass-gain is 65% for a total sequestration reaction

Molar ratio  Temperature Pressure Time Mass-
Entry Base

(EtOH/K,CO3) (°C) (bar)  (min) gain (%)
1 KHCO; 1/1 100 80 180 -3
2 KoCOs 1/0.125 100 80 60 -3
3 KoCOs 1/1 100 80 5 8
4 KoCOs 1/1 100 80 20 10
5 Ko,COs 1/1 100 80 45 11
6 K.COs 1/1 100 80 60 14
7 K.COs 1/1 100 80 120 56
8 K.COs 1/1 100 80 180 58
9 K.COs 1/1 100 80 360 61
100 K.CO;3 1/1 100 80 20 61
11 K.COs3 1/1 100 50 60 10

Operating conditions: 100°C and 80 bars with Praced\1 or Procedure A2 (entry 10%).

Table 1: Effect of reaction time on the mass-gain of the solid product

An EtOH/K,COs; molar ratio of 1/1 was required to respect the&chtometry of the reaction, making it
possible to obtain PEC and KHE@Qentry 2). During this reaction, the organized ctuee of the
Lewis and Bronsted base {BO;) is disrupted by an exchange of the hydroxyl grpupton from
ethanol with the potassium cation.



As shown in Table 1, PEC yield was maximal in thhespnce of KCO; (entries 3 to 9),
peaking two hours into the reaction. We acceleriiedate of reaction for this step by modifying th
operating conditions for procedure Al (section\&jth the second procedure, A2, a total reaction
time of 30 minutes was required for sequestratiothe carbon dioxide into PEC. With this method,
the ethanolate generated from the ionic exchangwees the base and ethanol is in contact with
gaseous C@during heatingda. 10 minutes) and the reaction can start in subalitCQ conditions.
The mass gain in these conditions is slightly semathan that in supercritical conditions (entry 6),
when the reaction occurs with gaseous,Géntry 11). Furthermore, the potassium bicarbonate
(KHCOg3) produced did not react with ethanol and carbarxide due to a loss of the organized
structure (monoclinic phase) of potassium carbofa2¢ Indeed, although potassium is complexed
with eight oxygens in potassium carbonate and patas bicarbonate, the additional hydrogen
bonding in KHCQ results in dimeric bicarbonate units [Hg§ capable of bidentate complexation
[30]. Thus, hydrogen bonding controls the formatancomplexes between the carbonate units and
changes the structure established by van der Viaalss in KCOs. It leads to a solid mass loss of 3%
due to manipulation (entry 1 Table 1): potassiurnatiionate is not an efficient base for the
sequestration of COn PEC synthesis.

The solid product containing PEC was initially caerized by infrared spectroscopy. Its FT-IR
spectrum is shown in Figure 3, together with thadecommercial potassium carbonate and
commercial potassium bicarbonate.

PEC

3900 3400 2900 2400 1900 1400 900 400

Wawenumber (cm™?)
Figure 3: FTIR spectra of othe btained inter mediate solid, KHCO3 and K,CO:s.

The characteristic absorption bands identifiedtfa three products are shown in Table 2. A
large O-H band is visible for &0O; and KHCQ. Potassium carbonate is very hygroscopic and
deliquesces rapidly. The hydration form ofGQOs is known to depend on the synthesis procedure [32]
(Figure 4). In the monoclinic structure®0; consists of KC0:.1.5 HO and traces of anhydrous
carbonate. The active sites in its structure a@,l€Q* and K.



K,CO; =—= K,C0,-0.5 H,0 =——= K,CO,*1.5H,0 =——= K,CO;~5H,0
Figure 4. Potassium carbonate hydration form [22]

Stretching C-H bands (1294 and 874 %rand bending bands (2634 and 2971'gncharacteristic of
the presence of alkyl chains, were observed inathayzed solid. Moreover, the presence of an
organic carbonate was revealed by two large bamds:atca. 1660 cm' (composite of 4 bands),
corresponding to C=0 vibration in the carbonataigrand the other @a. 1400 cn* (a composite of
two bands), corresponding to C-O vibration in tlabonate group. The C=0 wavelength for the
intermediate was lower than that for diethyl caditen(1760 cil) because PEC is an organic salt.
Gatehouseet al. [33] showed that the separation of the C=0 and Ga@ds increases along the
following series: basic salt < carbonate complexganic acid < organic carbonate.

This difference between the C=0 wavelengths ofedgit compounds results from the structure and
coordination of the molecules (Figure 5) [34]. T@eO distances and bond angles are between
different carbonate molecules may differ considratiue to the presence of different interactiams i
each structure [35]. ForXKOs;, the CQ group coordinates one of the K atoms in a bidentanner,
and the other in a unidentate manner [36], wheiteasordinates K exclusively in a bidendate manner
in PEC and KHC@ because of the resonance phenomenon (Figure 5).
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Figure5: Resonancein potassium ethyl carbonate

These features account for the intensity of theattaristic band for the C=0 bond in PEC falling
below 1760 crit and the intensity of the ether bond (C-O) excegdid76 cnt.

Wavenumber (cim)

Vibration Intermediate
K2COs KHCO; solid product
v O-H 3218 3377 3417
vas C-H 3073
vas C-H 2971
v O-H +vs C-H 2726 2730
v O-H +vs C-H 2627 2634
vas C=0 1855 1853
vas C=0 1693 1698
vas C=0 1681
vas C=0 1655 1649 1665
vas C=0 1638 1631 1632
vs C-O 1446 1402 1406
vs C(-O) +6 C-H 1378 1369 1371



o C-H
vas C-C(=0)-O
vas C-O-C
vas O-C-C
5 C-0O+5 C-H 1059
OCO, 883
v C-C
o C-H
5 C-O
o C-H
32sCO, 704
O-C-0O +6 OH 673

1006

982

832

701
662

1294
1171
1112
1072
1007
980
964
874
831
820
704
664

Table2: Main IR bands of the intermediate solid obtained, commercial KHCO3; and commercial K,CO;

Comparison of the IR spectra obtained for the coroiake potassium carbonate, commercial

potassium bicarbonate and the reaction productdettie identification of PEC and KHGOn the
solid product. For confirmation of this qualitaticemposition, we carried out CPMASC NMR
analysis. In our case, cross-polarization to stiify functionality (CPMAS*C NMR) was not

guantitative, because of the poor signal-to-noe#o.r In Figure 6, two singlets can be observed,
corresponding to the presence of an ethyl chaid5gbpm for the methyl group and 60 ppm for the
CH. bound to oxygen. The other two signals corresgorttie carbonyl group: one signal at 161 ppm

is ascribed to the carbonyl group of KHE&nd the other, at 158 ppm, is ascribed to PEC.
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Figure 6: CPMAS™C NMR spectra of K,COj5 (a), KHCOj; (b) and the solid phase (c)



Correlations of the results of these analyses widss-gain allowed us to draw conclusions
concerning the sequestration of £ PEC and the exchange of protons and potassafions
between ethanol and potassium carbonate to form®g1C

In this study, CQ@ was sequestrated by reaction with an equimolaruainof ethanol and
potassium carbonate to produce a hybrid organigyaric carbonate. This hybrid can be used as a
nucleophilic reagent for further reactions.

3.1.2. Reactions with the hybrid carbonate (PEC)

The second step of the carbon dioxide sequestragiaction to produce DEC from PEC was
studied by PEC alkylation with iodoethane in etHaara by PEC alkylation with ethanol in an acidic
medium for ethanol dehydration (Figure 1b). The abkan acid rather than an alkyl halide for the
second step of the reaction is advantageous aschaaper and less toxic and requires less effluent
treatment at the end of the reaction. The numbeoakactant moles was at least as high as that for
ethanol in the first step, given that ethanol reddully with CQ and KCOs. The amount of acid used
was determined on the basis of requirements fotral@ation of the bases (KHGClormed and,
possibly, KCQO;) present in the solid particles obtained in thistfstep and ethanol dehydration. All
reactions (entry 12-20) took place in a biphasicddamuid medium. The best results were obtained
when iodoethane was used as the co-reagent (Table 3

Neoy  meaH+ Tt N DEC nDEE % Yield DEC

Entry  Reactant ;) (‘r’rfnrg'l) °C) (h) (mmol) (mmol) (K,COs basis)
12 Etl / EtOH 1800 206 110 4 71 35 5
13 Etl/EtOH/PTE 1800 206 110 4 228 3.2 25
14 PTSA 1800 45 110 3 0.4 0.3 0.3
15 HSOS 1800 400 110 3 01 0.2 0.1
16 HSOS 1800 3600 110 3 3.6  42.0 2.7
17 HPO, 1800 4000 110 3 0.2 0 0.1
18 HCI® 1800 3300 110 3 28 3.9 2
19 HSOS 1800 3600 -80 3 31  17.4 2.3
20 HCI® 1800 3300 -80 3 0 25 0

DEE: diethyl ether, DEC: diethyl carbona®TC: 14 mmol Aliquat 336 (trioctylmethyl chlorid®)PTSA: p-toluene
sulfonic acid ¥ 98.5%),° H,SO, (> 98%),° HsPQ, (> 85%),° HCI (> 37%).
Table 3: Effect of the co-reactant on the formation of DEC from the PEC synthesized (Table 1, entry 8)

DEC was synthesized with a low yield (5%) in thegance of iodoethane. Infrared analysis on
the solid phase at the end of the reaction withikdicated the persistent presence of PEC. This
second step of the reaction, using Etl, is probdbé limiting step. The presence of diethyl ether
(DEE) at the end of the reaction may result frorol@ophilic attacks on the protonated alcoholsCH
CH>-O'H, by ethanol [37]. A phase transfer catalyst wasduse promote the reaction between
reactants in the solid (PEC) and liquid (ethyl d&ji phases. As expected, the addition of Aliqu&t 33
to the reaction medium as a phase transfer catamgstased yield from 5 to 25% (entry 13). The
addition of this catalyst favors contact betwees o phases, as shown in the reaction mechanism
proposed in Figure 7.
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Figure 7: Mechanism of phasetransfer catalysisat the solid/liquid interface

We tested several Bronsted acids (entries 14-18)pbly concentrated strong acids produced DEC,
through attacks on the ethyl carbonate anion ofopated ethanol (CHCH,-O'H,). Thus, although
PEC is more basic than ethanol, concentrated stBmgsted acids protonate a small fraction of
ethanol to form ChCH,-O"H,, which is transformed by an $Neaction with PEC into DEC and
H,0O. The yields of DEC synthesis were low, probahhg do competition with PEC protonation for
formation of the monoethyl ester of carbonic a€GtHCH,OC(O)OH] [38]. This molecule reacts with
the hydroxy moiety OH as described by Dibenedettoal. [39]. This results in carbon dioxide being
inserted into potassium bicarbonate (Figure 8). Wramoethyl ester of carbonic acid is not easily
decarboxylated to form ethanol and £43 this reaction has a very high dissociation@nf39].

CH,CH,0C(0)OK + H'(H,0) ==——= CH,CH,OC(O)OH + K (KOH)

CH,CH,0C(O)OH + OH" > CH,CH,OH + HCO;

HCO; + K > KHCO,

Figure 8: Reaction of PEC in an acidic medium

The use of concentrated strong acids also leatisetproduction of larger amounts of diethyl ether,
due to the SM reaction between ethanol and protonated ethanbk-@H,-O'H,). Whatever the
temperature, this reaction predominates, prevetiieadurther sequestration of carbon dioxide (estri
15-20).

Finally, this two-step synthesis method leadshi® tapture of C®in DEC. The first step
involves the production of hybrid carbonate (PE@nT non toxic raw materials (ethanol,®O;,
CO,) and the second step consists of the reactiofcGf With ethyl iodide. In the presence of PTC, the
global yield of PEC is 25%, based on the initialoamt of K;COs;. Unfortunately, the use of a
concentrated acid with the hybrid results in cortipet between potassium bicarbonate synthesis
through the release of ethanol and organic carkorsgnthesis. However, carbon dioxide is
sequestered in both these reactions.

3.2. Carbon dioxide sequestration into an organic car bonate

1C



Carbon dioxide can be sequestered in the form gdirac carbonate via the one-pot synthesis
of DEC. The synthesis of dimethyl carbonate from acohol (methanol) and an alkyl halide
(iodomethane) has been studied by several authbesoptimum conditions for the synthesis of DMC
are reported in Table 4. Only Fujighal. [27] used these conditions for DEC production. @itiee
low yields obtained, we have modified some expenitaleparameters (entries 5 and 6).

n ROH nRX Molar ratio o % Yield DAC
Entry  Reactant o0l (mmol) (ROH/RX/K,CO) | O P ®an th) = ey hasis)
1[23] MeOH/Mel 192 24 64/8/1 100 (Tq >a5a‘)) 2 50
2[27] MeOH/Mel 200 24 67/8/1 70 80 4 17
3[27] EtOHEt 200 24 67/8/1 70 8 4 0.6
4[24] MeOH/Mel 3730 160 64/3/1 90 70 ra 53
5 EtOH/Etl 846 108 64/8/1 110 8 5 8
6 EtOH/Etl 846 108 8/1/1 110 80 5 46

ROH: alcohol, RX: alkyl halide, DAC: dialkyl carbate,® n.a.: not available
Table 4: Effect of the experimental conditions on theyield of DAC

The use of equimolar amounts of potassium carbaraddodoethane increased DEC yield by a factor
of six (Table 4), indicating that £Os is a reactant and not a catalyst. Its reactiorh wihanol
generates a deactivated base: KHB@CO; can be regenerated by reaction with potassiundéodi
(figure 10d) or downgraded in the presence of hgdmiodide. Ethyl iodide is a reactant and not a
catalyst, as proposed by Faeapal. [23] and by Caiet al. [25]. Ethyl iodide is soluble in ethanol,
which is considered to be the solvent. Ethyl ioditteuld be less reactive with the organic-inorganic
carbonate hybrid than methyl iodide, according he SN mechanism. There is greater steric
hindrance with ethyl iodide and the electrophil@cacter of the alkyl group of ethyl iodide dissav

in ethanol is less marked than that of methyl ieddissolved in methanol, due to the lower
dissociation power of ethanol than of methanol [31]

However, the mixture of ethanol and ethyl iodidesweollen [40] by the C@ increasing the
reactivity of the different species, for examplee teactivity of EtOH with C@and that of PEC with
Etl. The reaction medium is triphasic at the stdrthe reaction. It consists of supercritical £@
liquid mixture of ethanol and ethyl iodide. As obsal by Fujitaet al. [27], CO; is then solubilized in
the liquid phase and swells the volumes of botbtegds. This increases reactivity.

Kinetic studies (Figure 9) showed that the producof DEC and DEE increased rapidly with
time over the first two hours, reaching a maximdtardive hours of reaction.
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Figure 9: Concentration-time profilesfor DEC (straight line) and DEE (dotted line)

An analysis of the two phases obtained at the énldeoreaction provided insight into the reasors fo
the limited amount of diethyl carbonate producedglthan 50%). These two phases had the following

characteristics:

1. The orange color of the liquid phase recovered &fteours of reaction was correlated with
its UV absorbance, indicating the presence of iedindine is released when ethyl iodide
consumption exceeds the sum of the amounts of DECDEE produced (see Table 5).
There may be two reasons for this excess consumiityl iodide may be broken down
by heat to generate hydrogen iodide (HI) and thedine [41], or it may be
dehydrohalogenated by E¥J as a strong base, according to anniechanism (Figure

10D).

2. The infrared spectrum of the solid obtained aftdndbirs reaction was the same as that
obtained at the end of the first step. Thus, th€ PEbduced did not react completely with

ethyl iodide to form DEC.

Other experiments were performed to increase yieldsto study the proposed reaction mechanism

further (Table 5).

Entry Reactant Mol_ar T P t nDEE nDEC Conversion % Yield D_EC
ratio (°C) (bar) (h) (mmol) (mmol) Etl (%) (Etl basis)
6 EtOH / Etl / KCOs 8/1/1 110 80 5 3.0 50 97.6 46
72 EtOH / Etl / KCOs 8/1/1 110 0 5 15 0.1 86.7 0.1
8 Etl / K:COs 2/1 110 80 5 nd 04 82.5 0.2
9P EtOH / EtOK / Etl 6/1/1 110 80 5 8.9 32 95.5 30
10 MeOH / Etl / KCOs 8/1/1 110 80 5 n.d. 0.1 98.7 0.1da. 14)°
11¢ EtOH/Etl/ KCOs/ PTC 8/1/1/0.2 110 80 5 2.6 55 99.5 51

DEE: diethyl ether, DEC: diethyl carbonatayithout CQ, ® 24% w/w EtOK in EtOH® PTC: Aliquat 336%not detected’
relative % of ethyl methyl carbonate (EMC).

Table 5: Effect of operating conditions on yield and selectivity of the reaction
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Entries 7-8 (Table 5) show that the carbonyl groupoduced during the formation of DEC comes
from carbon dioxide and not from potassium carben#fithout CQ, the main product formed was
diethyl ether, rather than DEC, as indicated inghgposed mechanism (Figure 10). The very small
amount of DEC produced in this case indicates tihatcarbonate ion of &O; is involved in the
reaction, but does not make a significant contrisutWithout ethanol, only a very small amount of
DEC can be produced by the O-alkylation of potamstarbonate with two equivalents of ethyl iodide
in supercritical carbon dioxide (entry 8).

a) CH,CH,OH + K,CO, ==————= CH,CH,0 K + KHCO,

CH,CH,l (SN,)

o
b) CH,CHs”  “CH,CH, T KI

CACHI €) , CH,CH,0H + KI + CH,CH,

¢) CH,CHO K

o)
co
d 2 CH,CH _ .
) ° 2\o)ko K
O o}
e) CH3CH2\OL07 "+ CHCH,| CHLCH, /U\O/CHZCH3 + Kl
f  KCO, + Hi KHCO, + KI — P~ Ki+ co, + H0

Figure 10: Proposed reaction mechanism: competition between carbonate and ether formation

The basicity of the catalyst affects the reactioocpss rather than the carbonate ions [23].
Potassium carbonate basicity leads to the formatbnethanolate (EtQ, which carries out
nucleophilic attack on C{generating PEC. The presence of the ethanoladte atart of the reaction
(entry 9, Table 5) led to the formation of largencunts of ether, due to competition between the
parallel reactions (Figure 10b-d). More diethyl esttwas produced because the concentration of
ethanolate is higher in the reaction medium whealation of potassium ethanolate in ethanol is used
at the start of the reaction. However, in the eixpental conditions used for entry 6 (Table 5), the
ethanolate reacted with carbon dioxide as soohvaas produced. As demonstrated in the study of the
first step of the reaction, PEC production was detepafter 20 minutes of reaction at 100°C.

The mechanism shown in Figure 10 was confirmedHgy groduction of a mixed organic
carbonate (ethyl methyl carbonate, EMC) with metthaand ethyl iodide (containing two different
alkyl chains).

As expected from the results of the study of treosd step, the use of a phase transfer catalyst
resulted in a small increase in DEC productionhwiv change in the amount of DEE produced (entry
11 and 6). Aliquat 336 was less effective in the-pot reaction than in the two-step reaction (Fegur
7), because its role in the one-pot reaction iseary, with interaction phenomena due to the
swelling of the reactants playing a much more irtgoar role. Similar quantities of DEE were
produced in the presence and absence of Aliquat 388 CTP did not affect the reaction of
ethanolate with ethanol, because this reactionroedun a homogeneous liquid medium.

Comparison of the yields of DEC produced when Eiswsed as a co-reactant in the one-pot and
two-step reactions showed that the one-pot syrghesiction gave the best results. Thus, performing
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the entire reaction in a supercritical £@edium accelerates the rate of the DEC formatidre
supercritical C@solubilized in the liquid phase containing ethasodl ethyl iodide favors interactions
between EtOH and CGand between PEC and ethyl iodide by swelling #aetants. It therefore acts
as a compatibilizing agent and a swelling solvent.

4. Conclusion

We studied the synthesis of diethyl carbonate (DE@h ethanol and supercritical GG the
presence of potassium carbonate and a co-reagdmt {edide or concentrated acidic alcoholic
solution) by two processes: a direct “one-pot” gdre and an indirect two-step procedure. The two-
step procedure led to the isolation of a reactidaermediate, potassium ethyl carbonate (PEC), which
was characterized by infrared spectrometry #AdNMR. This hybrid carbonate was then used as a
nucleophilic agent for the second step of the reacthe O-alkylation of PEC to generate DEC.

Studies of the synthesis of DEC with Etl showed tive second step was limiting for the
synthesis of DEC. We also identified other reactioompeting with the O-alkylation reaction of PEC
(SNp), such as the etherification of ethanolate (preduby the reaction of ethanol with the base
K2COs) and the Etl dehydrohalogenation reaction, acogrthh an E elimination mechanism.

The reaction of PEC with a concentrated alcohstilution of a strong acid as a co-reactant
made it possible to prepare DEC for the first tiddmittedly, the yields obtained with this method
were low, but this method is more compatible witl principles of green chemistry. It will be usad i
future studies based on superacids and polyoxygdmatgents such as orthoesters or ketals.

The study of the effect of the operating condgidor each of the procedures on the yield and
selectivity of the reaction (diethyl carbonate wsrsliethyl ether) showed that the one-pot procedure
favored the synthesis of DEC. Indeed,
the O-alkylation of PEC is favored when the reattbccurs in supercritical carbon dioxide, because
the reactants are in the swelling solvent,CIhe use of a PTC increased the production yieDEC
without increasing the amount of DEE produced. Hevethe one-pot synthesis procedure is too
inefficient for industrial use. Further work, inwirig an exhaustive study of the reaction with a PTC
is required to increase reaction yields.

In this study, carbon dioxide was captured in teorfs: an organic carbonate and an organic-
inorganic hybrid that could be reused without peaifion for the synthesis of organic carbonates.
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