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Abstract

Pyrolysis of diethyl (Cs), di-n-propyl (Cs), di-iso-propyl (Cs) and di-n-butyl (Csg) ethers were studied in
a jet-stirred reactor between 720 and 1140 K, at 10 atm with an initial ether mole fraction of 0.1%. Major
common pyrolysis products were observed to be CO, CHa, H», and C,Ha. All ethers produced the n/2 alcohol
and olefin as products of molecular reaction to a small extent. Under pyrolysis conditions at 10 atm, hydrogen
abstraction reactions by H atoms and CHj; radicals were found to be important. Acetylene and benzene were
formed for all ethers when T > 1000 K. A kinetic mechanism is used to represent these results. This study shows
that there is need of systematic studies in determining site specific rate constants of important fuel related
reactions of ethers.

Keywords: ethers, kinetics, jet-stirred reactor, pyrolysis

1. Introduction

In the search for biofuels ethers have attracted attention recently. Symmetric ethers such as diethyl ether
and dibutyl ether have been studied in various experimental set-ups in oxidative conditions, although fewer
studies are available in pyrolysis. Among the symmetric ethers pyrolysis of diethyl ether was recently studied
in a jet-stirred reactor [1] and shock tubes [2, 3]. All three studies reported species profiles as a function of
temperature and were performed at rather lower pressures (between 1 and 3 atm). Our team has been working
on the oxidation of ethers as these molecules present interesting low-temperature chemistry [4, 5], while on the
other hand, chemistry at very rich conditions and pyrolysis is not well known. These parts of the kinetic
mechanism therefore remain uncertain and unvalidated. This study, hence is an attempt to widen our condition
range and understand how these fuels decompose in pyrolytic conditions, highlighting some specific channels.
To the best of our knowledge no such data exist for di-n-propyl, di-iso-propyl and dibutyl ethers.

The aim of this study is to provide new kinetic data through a detailed product analysis of the pyrolysis
of 4 symmetric ethers; namely, diethyl (DEE), di-n-propyl (DPE), di-iso-propyl (DIPE) and di-n-butyl (DBE)
ethers in a jet-stirred reactor at 10 atm, for the first time. A chemical kinetic mechanism is developed based on
our previous studies [4-6] and used to represent the present data.

2. Experimental

The jet-stirred reactor (JSR) used in this work has been described previously [7]. It consists in a fused
silica jet-stirred reactor located inside a regulated electrical resistance oven of =3kW surrounded by insulating
ceramic wool and a stainless-steel pressure-resistant jacket. The liquid fuel is brought by an HPLC pump to the
entrance of a vaporization system where it is atomized by a nitrogen flow (50L/h) and then vaporized in a heated
chamber. The fuel+N, mixture is carried to the reactor by a quartz capillary, while the N, stream is conveyed
independently to the reactor. All gaseous flowrates are regulated by thermal mass flow controllers (Brooks
5850E). The two flows merged right ahead of the reactor, in which they are injected by four nozzles that ensure
stirring. The sampling system, which consists in a thermocouple attached to a low-pressure sonic probe, can be
moved along a vertical axis to check the temperature and the composition homogeneity inside the reactor.
Residence time distribution studies have shown that under the conditions of the present study the reactor is
operating under macro-mixing conditions [7]. Samples are analyzed online by means of FTIR and stored at low
pressure for offline GC analysis. The fuels (> 99.5 % purity) were supplied by Sigma Aldrich (DEE, DBE) and
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TCI Chemicals (DPE, DIPE), and high purity N, (Air Liquide) was used. Uncertainties on the species mole
fractions is due to several factors described in [8] and are very difficult to evaluate precisely. These are estimated
to be around +15 %. All experiments were performed at 10 atm operating pressure and between 750 and 1140
K with an initial fuel mole fraction of 0.1 % and a residence time of 0.7 s.

3. Kinetic modeling

The kinetic model used in the simulations is obtained by introducing a sub-mechanism representing
DIPE pyrolysis into our current mechanism on ethers. The thermochemical parameters of the fuel (DIPE) and
related species were evaluated using Thergas [9], which uses the group additivity methods proposed by Benson
[10]. Other species (related to DEE, DPE, DBE) are already present in the mechanism and in the
thermochemistry file. Kinetic simulations were performed using the PSR module from Chemkin-II [11].
Struetares—of theethers—arepresentedinFigure+ The pyrolysis sub-mechanism of DIPE was constructed
similarly to other ethers, and includes unimolecular pathways and H-abstraction reactions, consistent with the
other ether sub-mechanisms as well as an iso-propanol sub-mechanism. For the moment no oxidation
mechanism is included but this will be the scope of a future study and hence this sub-mechanism will be detailed
then. The kinetic model gathering all ethers and the references therein are provided as supplementary material
as well as the thermochemistry.

4. Results and discussion

Figure 1 illustrates the experimental reactivity of the ethers in order to compare easily. In pyrolytic
condltlons the order of react1v1ty is dlfferent than that in oxidation. D}BE—and—DPE—shew—lﬁgher—éaﬂd—sm}a{%
3 W , : e atares. At lower
temperatures react1v1ty is qu1te s1m11ar as the experlmental pomts are w1th1n the1r uncertalnty, the difference
can be seen at higher temperatures where propyl ethers are more reactive then the rest. The simulation results
are provided in supplementary material showing similar reactivities for dipropyl and dibutyl ethers while DEE
appears to be the least reactive due to its smaller chain, at a given temperature > 950 K. Figure 1 shows also the
evolution of the specific alcohols from the molecular reaction of the ether, which follows the same tendency.
For example, iso-propanol formed via DIPE = C;3;Hg + iso-C3H;0OH, appears at lower temperatures and reaches
a higher peak than ethanol (DEE = C,H4 + C,HsOH), n-propanol (DPE = C3;Hs + n-CsH;OH) and n-butanol
(DBE = 1-C4H;g + n-C4sHosOH). Evolution of the pyrolysis intermediates are shown separately for each ether in
Figures 2—5. One can observe that all ethers have common pyrolysis intermediates such as CO, C,Hs4, H, and
CH4, which means H-abstraction reactions by H and CH; and [1-scission reactions of primary radicals are
dominating.
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Figure 1. Experimental reactivity of the ethers and evolution of the specific alcohols
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Figure 2. Mole fractions of intermediate species from DEE pyrolysis
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Figure 3. Mole fractions of intermediate species from DPE pyrolysis
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Figure 4. Mole fractions of intermediate species from DIPE pyrolysis
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Figure 5. Mole fractions of intermediate species from DBE pyrolysis

Reaction path analyses are performed at 1000 K for all ethers (Figs. 6-9). Note that at this temperature the fuels
do not all have the same conversion.
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Figure 6. Reaction path analysis for DEE pyrolysis at 1000 K

According to in Fig. 6, at 1000 K, the fuel is mainly consumed by hydrogen abstraction reactions by H atoms
(71 %) and CHj3 radicals (17 %) to yield the two primary radicals. The C,HsOC;Hss radical is formed in
preference given the lower bond energy of the C—H bond adjacent to the ether oxygen [6]. A small part of the
flux forms ethanol and ethylene via molecular reaction. This is the only formation route of ethanol (40 ppm
peak at 1050 K) and corresponds to 10% of ethylene formation. Ethylene is one of the major pyrolysis species
of DEE and 80 % of its formation is via C—H scission of ethyl radicals, which are formed via [J-scission of the
primary fuel radical C;HsOC,Hss, also forming acetaldehyde. Other major products are CO, methane and H,.
All major and minor species are well-predicted by the model except ethane, which is under-predicted by a factor
of 2. This species owes half of its formation to the recombination of methyl radicals and the other half to H-
abstraction reactions by ethyl radicals, from formaldehyde and acetaldehyde mainly. Although not shown in
Fig. 3, some H,O formation is observed and predicted at T > 1000 K, via dehydration of ethanol.



E//v\/ % GH+CO
. ;
3%
AN /\/O\/\—>/\H/ + N\
o dpel
%T 48y' /+CH3
18 %
AN :E'H AN > A0 A
dpe2
1% L cH,0+ O

10%
(0) . 1)
/\/O\ + CH;s /dp§/ N C3/7(>Hz/ ™ 2.

H .
C4H,0CH, °* \
\—> CH0+ -\

Figure 7. Reaction path analysis for DPE pyrolysis at 1000 K
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Fig. 7 illustrates the main decomposition pathways of DPE and subsequent intermediates. A small part of the
fuel (9%) forms propanol and propene via molecular reaction, similarly to DEE. Also, formation of ethyl
radicals and C,HsOCHj; is possible to a small extent. The decomposition of DPE most takes place through H-
abstraction reactions by H atoms (62 %) and CHj; radicals (14 %) forming three primary radicals, with dpel
favored. Formation of propanal is almost exclusively (97%) due to the T-scission of dpel. Acyl radicals that
can easily be formed from propanal decompose into CO and ethyl radicals by [J-scission, representing 28 % of
‘C>Hs formation at 1000 K. The remaining part of the formation of ‘C,Hs radicals is the [1-scission of propoxy
radicals (dpe2 = nC3H;0 + C3Hs) and unimolecular decomposition of the fuel, to 46 % and 19 %, respectively.
Formation of ethylene, a major intermediate, is due to ‘C,Hsradicals (37 %), nCsH7 radicals (52 %) and to dpe3
radicals to smaller extent (8 %), and is well predicted by the model. The biggest discrepancy is observed with
a minor product, formaldehyde, over-predicted by about a factor of 2.5. Formaldehyde is produced by the [1-
scission of C3;H;OCH, and nC;H;O radicals, and is consumed by H-abstraction by H and CHj;. Note that
possible isomerization reactions among DPE radicals are not considered as any analogy would have been
probably very uncertain. In the case of DEE, we have included the rate constant calculated by Sakai for DEE
radicals because it was calculated specifically for DEE, and the impact on overall predictions is very small.

//J\\\\ /,/lL\\\ "5 \\\
14 % dipel <
73% 25% 7N —> 2+ CH,
7796
+CH3
OH 96

P scp. 385 CHCHO
N 15% J\ao%)\ 3

OH 6%
//,l\\:f// \\5‘ (0] \\\\ +H

\ 0 §70% 46‘%H/_H Niﬁ\ + A
)J\\)\ ¥ N+ CHyCHO ©
O

Figure 8. Reaction path analysis for DIPE pyrolysis at 1000 K

Fig. 8 illustrates the main decomposition pathways of DIPE and subsequent major intermediates. DIPE can
yield two primary fuel radicals, namely dipel and dipe2. DIPE is the most reactive of all ethers investigated in
this study (Fig. 2), its major pyrolysis products include C3;Hs, C:H4, H2, CH4 and iso-propanol. This latter alcohol
peaks at a higher mole fraction, around 450 ppm (Fig. 2). To the best of our knowledge there is no direct
measurement or a theoretical investigation of the rate constant of this molecular reaction, which we estimated
in analogy with methyl tertiary butyl ether by Choo et al. [12], which is a study conducted at very low pressures.
This resulted in a rate constant higher than those assumed for the molecular reactions of DEE, DPE and DBE,
which are estimated as fits from NIST values, also note that there are more H-atoms available in DIPE. There
are only two equivalent tertiary H-atoms available for abstraction while 12 primary C—H sites (slightly stronger
than primary C—H in alkanes) are present for the molecular reaction, which is probably why this fuel
decomposes mainly this way and the H-abstraction reaction appear less important. One could expect, hence this
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fuel to be less reactive than other ethers in oxidative conditions, but this will be the scope of a further study. An
important flux of the fuel hence forms iso-propanol and propene. This is the only formation route of iso-
propanol, while it is responsible for 68 % of propene formation. The rest of the propene formation is due to the
dehydration of iso-propanol (14 %), [J-scission of n-propyl radicals (10 %) and of dipe2 radicals (5 %).
Ethylene, another major intermediate, is mainly formed by the ipso-addition of H to propene (40 %) and [J-
scission reactions of n-propyl (41 %) and ethyl radicals (14 %), to a lesser extent. Formation of the n-propyl
radicals is the result of both H addition to propene and isomerization of iso-propyl radicals, which are
abundantly produced from the [J-scission of dipel radical. Acetone can be counted among the minor pyrolysis
intermediates, its formation is mostly via [J-scission of the dipel radical (80 % at 1000 K, and this goes down
to 60 % at 1100 K) as well as the C—H [I-scission of the iso-propanol tertiary radical. The main consumption
pathway of acetone is by C—C scission yielding CH3CO and CHj3 radicals. The discrepancy with acetone mole
fraction and the model is within 15 % between 900 and 1050 K and 30 % when T > 1050 K. Note that in DIPE
sub-mechanism, like in DPE, we did not consider any isomerization of the fuel radical, for the same reason
explained above.
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Figure 9. Reaction path analysis for DBE pyrolysis at 1000 K

Pyrolysis of DBE follows similar pathways as the other ethers (Fig. 9). Given its longer chain, 4 primary fuel
radicals can be formed by H-abstraction by H atoms (64 %) and CHj; radicals (11 %). Among these, the most
abundant is the a-radical, which forms butanal (92 % of butanal formation) and butyl radicals. The formation
of butyl radicals proceeds to 68 % via this pathway, the rest is the result of the [I-scission of the C4HsOCH>
radicals. They decompose exclusively to ethylene and ethyl radicals by [I-scission, which represents 38 % of
ethylene formation at 1000 K. Because the fuel reactivity is over-estimated above 990 K, one can see in Fig. 6
that the mole fractions of major intermediates are overestimated as well, such as H> and CHa4. About half of CH,4
formation is due to H-abstraction from DBE and butanal, as this aldehyde is very reactive in this temperature
range. Butanal is therefore an important intermediate both in oxidation [4] and pyrolysis, and in these conditions
its decomposition takes place mostly by H-abstraction reactions by H and CH3; (as opposed to OH in oxidation)
as well as unimolecular reactions to a lesser extent.

It is to be noted that some benzene formation is observed at temperatures higher than 1000-1050 K with mole
fractions around 90 ppm for DPE, DPE and DBE, and around 20 ppm for DEE at 1140 K. The formation
pathways of benzene are the same for all ethers and mainly go through via reactions allene/propyne and
propargyl radicals: C3Hs+ C3H3 = CsHg+ H and also via the reaction between 1-buten-3-yne (vinyl acetylene)
and acetylene: C4H4+ CoH, = CsHg according to the mechanism. Vinyl acetylene is formed by C—H scission of
butadienyl radicals and acetylene via vinyl radicals produced from ethylene, a common abundant high
temperature reaction intermediate for all ethers investigated.

5. Conclusion and Perspectives

Pyrolysis of 4 symmetric ethers were performed in a JSR at 10 atm. In these high-pressure conditions
bimolecular reactions such as H-abstraction reactions by H atoms and CH3 radicals are found to be dominant in
fuel decomposition as well as the in the decomposition of the intermediate species. Although these reactions
are always considered in oxidation mechanisms, they are hardly ever the dominating ones except at very rich
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conditions. As oxidation studies are more common, emphasis is always given to the H-abstraction reactions by
OH and HO; radicals. This study shows that an attempt in evaluating the rate constants of these reactions for
ethers could be useful for a complete understanding of ether oxidation. Moreover, at lower pressures
isomerization of ether radicals can become important, implying a better assessment of thermochemistry and rate
constants of these reactions. As a perspective, pyrolysis at 1 atm can reveal more importance in the unimolecular
decomposition pathways both for ethers themselves and their intermediates. In this study, the molecular reaction
yielding the alcohol was found to be more important among the unimolecular pathways as ethanol, n- and iso-
propanol and butan-1-ol were quantified and are only formed by this reaction, the rate constant of which is only
estimated. This study, along with the previous oxidation studies, represents another step in our understanding
of ether chemistry and brings up the need of a systematic approach in determining site specific rate constants
of important fuel related reactions of ethers.
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