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tion of oxygenated compounds, such as dimethoxymethane (DMM).
In this context, different DMM oxidation experiments have been KEYWORDS

carried out in an atmospheric pressure gas-phase installation, in Dimethoxymethane (DMM);
the 573-1373 K temperature range, from pyrolysis to fuel-lean con- Flow reactor; Kinetic model;
ditions. The results obtained have been interpreted by means of a Oxidation

detailed gas-phase chemical kinetic mechanism. Results indicate

that the initial oxygen concentration slightly influences the con-

sumption of DMM. However, certain effects can be observed in

the profiles of the main products (CH,; CHsOH, CH;OCHO, CO,

CO,, CoH,, CoHy, and CoHg). Acetylene, an important soot precursor,

is only formed under pyrolysis and reducing conditions. In general,

a good agreement between experimental and modeling data was

observed.

Introduction

In the past several years, diesel has been one of the most used fuels in transportation
because of its higher fuel efficiency and lower exhaust emissions of hydrocarbons, CO, and
CO, compared to gasoline. However, nitrogen oxides (NO,) and particulate matter,
mainly soot, are the most critical pollutants produced by diesel engines, and the reduction
of both simultaneously becomes one of the main obstacles in its development because of
the increasing environmental protection concern and the implementation of the emission
restrictions. Some measures for their minimization have been proposed, such as increasing
the injection pressure, recirculation of the exhaust gas, or fuel reformulation by adding
oxygenated additives. The use of these additives increases the oxygen content, producing a
cleaner burning of the fuel. Furthermore, the use of oxygenates modifies as well the fuel
properties, such as density, viscosity, volatility, behavior at low temperatures, and cetane
number (Ribeiro et al., 2007). The changes in the properties also lead to fuel combustion
modifications, which may result in a simultaneous reduction of particulate matter and
NO,. For this reason, some compounds, such as methanol (Chao et al., 2001), ethanol (He
et al., 2003), and dimethylether (Ying et al., 2008), have been extensively studied.

Dimethoxymethane (DMM; CH;0OCH,OCHj3) is a diether of interest because it is a
liquid, 100% miscible in diesel fuel, does not have C-C atomic bonds, and contains 42%
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2 L. MARRODAN ET AL.

oxygen by weight. All of these characteristics, and the decrease of the cetane number
compared to conventional diesel fuels, cause a delay of the ignition time, which allows
more air to be drawn into the fuel jet and reduce the production of particulate matter
(Song and Litzinger, 2006).

The first study on DMM oxidation found in the literature is reported by Molera et al.
(1977). Their experimental data suggest that the DMM oxidation is initiated by hydrogen
abstraction reactions forming CH;OCH,0OCH, and CH;0OCHOCH; radicals. Daly et al.
(2001) investigated the oxidation of DMM in a jet-stirred reactor at pressures of 5.07 bar,
temperatures from 800 K to 1200 K, and equivalence ratios of 0.444, 0.889, and 1.778. The
results obtained were interpreted by using a detailed chemical mechanism with a good
agreement between experimental and calculated data. Some years later, Sinha and
Thomson (2004) determined, at atmospheric pressure, the species concentrations and
temperatures across opposed flow diffusion flames of three different C3 oxygenated
hydrocarbons, among which DMM was considered. In addition, the results obtained
were compared with those of propane-DMM blends, concluding that the presence of
DMM reduces the formation of ethylene and acetylene, which are the main soot pre-
cursors. Dias et al. (2010) and Dias and Vandooren (2011) developed a reaction mechan-
ism taking into account the formation and the consumption of oxygenated species
involved in dimethoxymethane oxidation, which contained 480 reactions and 90 chemical
species. Recently, Zhang et al. (2014) performed autoignition delay time measurements for
dimethoxymethane/oxygen/argon mixtures at 2, 4, and 10 atm, temperatures of
1103-1454 K, and different dilution and equivalence ratios. Their results were compared
with those calculated from the previously proposed mechanism by Dias et al. (2010) with
good agreement.

In this context, the present work on the DMM oxidation under well controlled tubular
flow reactor conditions at atmospheric pressure represents the starting point of a deep
research of this compound, which will be extended with the study of its oxidation at
higher pressures (20-60 bar), and both in the presence and absence of NO. Therefore, a
large number of experimental results will be available. Further, the DMM sooting ten-
dency will be studied in its mixtures with acetylene, which is considered to be one of the
main soot precursors.

Experimental section

The experiments of the dimethoxymethane oxidation have been carried out in an experi-
mental installation successfully used by our research group and previously described in
detail elsewhere (e.g., Alzueta et al., 1998); only a brief description is given here. The
quartz flow reactor, built according to the design of Kristensen et al. (1996), has a reaction
zone of 8.7 mm inside diameter and 200 mm in length. It is placed in a three-zone
electrically heated oven ensuring a uniform temperature profile within +10 K throughout
the reaction zone.

Gases are fed to the system through mass flow controllers, in four separate streams: one
flow containing nitrogen and water vapor and three injector tubes containing dimethox-
ymethane, O, and N,, respectively. Water vapor, approximately 7000 ppm, is introduced
in the reactor by saturating a N, stream through a water bubbler. N, is used to achieve a
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Table 1. Matrix of experimental conditions.

Set DMM (ppm) 0, (ppm) H,0 (ppm)

1 653 0 6918

2 668 1113 6466 0.4
3 648 1946 6918 0.7
4 626 2782 6484 1
5 653 97,327 6918 35

Note. The experiments are conducted at a constant flow rate of 1000 mL(STP)/min, at atmospheric pressure, in the
temperature interval of 573-1373 K. The residence time is dependent on the reaction temperature: t, (s) = 195/T (K). The
balance is closed with N,.

total flow rate of 1000 mL(STP)/min, resulting in a gas residence time dependent on the
reaction temperature of 195/T (K).

A concentration of approximately 700 ppm of DMM is introduced in all of the
experiments. For a given value of the air excess ratio (\) defined as the inlet oxygen
concentration divided by the stoichiometric oxygen, the amount of O, is determined. This
amount has been varied between 0-98,000 ppm. Each set of experiments has been carried
out at atmospheric pressure covering the 573-1373 K temperature range. Table 1 sum-
marizes the conditions of the experiments performed.

At the outlet of the reaction zone, the gas product is quenched by cooling air and before
analysis it passes through a condenser and a filter to ensure gas cleaning. The outlet gas
composition is analyzed by a micro-gas chromatograph equipped with TCD detectors,
which detect and quantify DMM, CO, CO,, CH;0CHO, CH;0H, CH,, C,H,, C,H,,
C,H,, and H,. The uncertainty of the measurements is estimated as +5%. Carbon-balance
was checked for the experiments and, in general, was found to be close within 100 + 10%.

Modeling section

The gas-phase chemical kinetic mechanism developed in the present work was initially
built from the work of Glarborg et al. (1998), which describes the interactions among C1-
C2 hydrocarbons and NO,, extended and updated later by Glarborg et al. (2003) and
Skjoth-Rasmussen et al. (2004). Additional reaction subsets for dimethyl ether (Alzueta
et al,, 1999), ethanol (Alzueta and Hernandez, 2002), acetylene (Alzueta et al., 2008), and
methyl formate (Marrodan et al., 2014) have been added. For the DMM oxidation, the
subset proposed by Dias et al. (2010) was taken.

The resultant mechanism, developed to describe the dimethoxymethane oxidation at
atmospheric pressure under a wide range of operating conditions, has been validated with
the present experimental data. Thermodynamic data for the involved species were taken
from the same sources as the origin mechanisms. The modeling study was performed
using SENKIN, the plug flow reactor code that runs in conjunction with the Chemkin-II
library (Kee et al., 1991; Lutz et al., 1988), considering constant temperature and pressure
in the reaction zone, which has been tested to be a fairly good assumption.

Results and discussion

In this work, a wide study of the oxidation of dimethoxymethane has been carried out,
under flow reactor conditions at atmospheric pressure in the 573-1373 K temperature
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range and for different air/fuel ratios (A = 0, 0.4, 0.7, 1, and 35). From now on, A = 0.4 is
referred to as very reducing conditions and A = 0.7 as reducing conditions. With the
model validated with the present experimental results, reaction path and sensitivity
analyses have been performed in order to identify the most important reactions involved
in the conversion of DMM under the conditions of the present work.

Figures 1-3 show both the experimental and modeling results for the consumption of
DMM, and the formation of the main products (CO, CO,, H,, CH;0H, CH;0CHO, CH,,
C,H,, C,Hy, and C,Hg) as a function of temperature for the different air/fuel ratios.
Symbols denote experimental results and lines denote modeling calculations. In general,
the model is able to predict satisfactorily the main experimental trends under the present
conditions.

Figure 1 shows the influence of the temperature and A value on the concentration of
DMM and the formation of the products CO, CO,, and H,. The DMM consumption
occurs in the 973-1123 K temperature range. The temperature for the onset of the DMM
conversion is almost independent of the stoichiometry studied, even though both experi-
mental and theoretical results obtained under highly oxidizing conditions (A = 35) are
slightly shifted toward lower temperatures. Thus, it can be said that the oxygen concen-
tration in the reactant mixture slightly influences the conversion of DMM, similar to what
has been observed in the case of other oxygenated compounds, such as DME (Alzueta
et al,, 1999). Another important aspect to highlight is that DMM is consumed completely,
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Figure 1. Influence of the air excess ratio (A\) on the DMM, CO, CO,, and H, concentration profiles as a
function of the temperature.
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COMBUSTION SCIENCE AND TECHNOLOGY e 5

independently of the oxygen availability, in all of the conditions studied at temperatures
above 1150 K.

However, the presence of oxygen does have certain effects on some of the reaction
products, which are described here. The onset for the formation of CO occurs approxi-
mately at the same temperature as the DMM starts to be consumed. When the tempera-
ture increases, the CO concentration increases as well, reaching a maximum value. As the
air excess ratio increases, the temperature for this maximum CO concentration is slightly
shifted towards lower temperature values, and also the width of the CO peak is narrower.
The oxygen availability also influences the oxidation of CO to CO,. While under pyrolysis
and very reducing conditions, CO, is hardly formed; under reducing conditions, an
appreciable amount of CO, is produced, which coexists with a non-negligible amount
of CO; and for stoichiometric and oxidizing conditions, CO is completely oxidized to
CO,. In the case of the H, production, the general trend is the opposite of the CO, case.
The biggest concentration of H, is reached for pyrolysis conditions and the lowest one for
oxidizing conditions. The H, concentration profile presents a maximum as a function of
temperature; beyond that it begins to drop to zero (stoichiometric and oxidizing condi-
tions) or to an almost constant value (reducing and very reducing conditions). The only
case where H, continues growing is in the absence of oxygen.

Figures 2 and 3 show the concentration profiles for CH;0H and CH;OCHO (MF), and
CH,, C,Hg, C,Hy, and C,H,, respectively, as a function of the temperature. All of these
compounds reach a maximum concentration, which is shifted to lower temperatures when
the reactant mixture becomes fuel-leaner. In general, there is a good agreement between
experimental and calculated results, with the exception of MF and MeOH. As it will be
discussed later, MF is an important intermediate in the DMM conversion and it produces
methanol through reaction (r.1):

(r.1)

There is a considerable uncertainty in the value of the activation energy for this
reaction. In a previous work of our group on methyl formate oxidation at atmospheric
pressure (Alzueta et al., 2013), the impact of varying the activation energy value was
evaluated. Changes between 50.0 and 68.3 kcal/mol (values interval found in the literature)

CH;OCHO(+M) = CH;0H + CO(+M)
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Figure 2. Influence of the air excess ratio (A\) on the CH;OH and CH;OCHO concentration profiles as a
function of the temperature.
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Figure 3. Influence of the air excess ratio (\) on the CH,, C;Hg, C;H4, and C,H, concentration profiles as
a function of the temperature.

showed a great influence on the consumption of MF and formation of the main products.
The value of 60.0 kcal/mol, following Dooley et al. (2010), was finally chosen. This value
has been adopted in this work, although changes in this value have a considerable impact
in the MF and MeOH predictions under the conditions of this work.

It is important to note that acetylene (C,H,) has only been detected under pyrolysis
and very reducing conditions. For the latter ones, the model underpredicts the concentra-
tion of C,H,.

In order to explain the experimental concentration profiles obtained and identify the
main reaction routes, a reaction rate analysis with the mechanism compiled in the present
work was performed. The reaction path diagram for DMM oxidation obtained is repre-
sented in Figure 4. As an example, for stoichiometric conditions and for different
temperatures, the relative importance (%) of the two main DMM consumption steps is
shown.

In most of the present conditions, the DMM conversion is initiated by the decomposi-
tion reactions (r.2) and (r.3), even though the main consumption channel of DMM is the
hydrogen abstraction by different radicals (H, OH, O, CHj3) to obtain the primary radical
CH;0CH,OCH,, or the secondary radical CH;OCHOCH3:

CH3OCH20CH3 + M= CH3 + CH3OCH20 + M (I'2)
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+0, +H, +OH, +CH; 39.7% (973 K)
33.4% (998 K)
28.2 % (1023 K)

40, +H, +0H, +CH;
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Figure 4. Reaction path diagram for DMM oxidation according to the current kinetic model.

CHy

CH;0OCH,0CH3; + M = CH;0 + CH;0CH, + M (I'3)

The DMM radicals generated (CH;OCH,OCH, and CH;0CHOCH;) decompose through
reactions (r.4) and (r.5):

CH3OCH20CH2 = CHzo -+ CH3OCH2 (I'.4)

CH3;0CHOCH; = CH3;OCHO + CHj3 (r.5)

The CH3;0CH,0 and CH3;0CH, species, obtained in reaction (r.2) and reactions (r.3)
and (r.4), decompose totally to CH;0CHO (MF) [reaction (r.6)], and CH; and CH,0
[reaction (r.7)], respectively:

CH;0CH, = CH; + CH,0 (r.7)

The methyl formate obtained by this route or from the CH;OCHOCH; thermal
degradation (r.5), follows the same reaction pathways described in detail in an earlier
work of our research group (Marrodan et al., 2014) and only a brief discussion is given
here.

The MF oxidation is initiated by the following decomposition reaction:

CH3;0CHO(+M) = CH3;0H + CO(+M) (r.1)

with minor relevance of reactions (r.8) and (r.9):
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Table 2. Elementary reactions and kinetic parameters for selected reactions.

Reaction A n E, Source
CH30CH,0CH; + M = CH; + CH30CH,0 + M 2.62E+16 0.0 82,200 Dias et al. (2001)
CH30CH,0CH; + M = CH30 + CH30CH, + M 2.51E+15 0.0 76,800 Dias et al. (2001)
CH30CH,0CH; + H = CH30CH,0CH, + H, 9.70E+13 0.0 6210 Dias et al. (2001)
CH30CH,0CH; + H = CH30CHOCH; + H, 3.70E+12 0.0 3240 Dias et al. (2001)
CH30CH,0CH; + OH = CH50CH,0CH, + H,0 9.10E+12 0.0 986 Dias et al. (2001)
CH30CH,0CH;5 + OH = CH3;0CHOCH3 + H,0 9.10E+12 0.0 986 Dias et al. (2001)
CH30CH,0CH; + O = CH30CH,0CH, + OH 5.00E+13 0.0 4570 Dias et al. (2001)
CH3;0CH,0CH; + O = CH;0CHOCH; + OH 6.00E+13 0.0 3970 Dias et al. (2001)
CH30CH,0CH; + CH; = CH30CH,0CH, + CH,4 2.26E-05 5.35 5810 Dias et al. (2001)
CH30CH,0CH;5 + CH3 = CH3;0OCHOCH; + CHy 5.00E+12 0.0 9750 Dias et al. (2001)
CH30CH,0CH, = CH,0 + CH30CH, 1.00E+13 0.0 32500 Dias et al. (2001)
CH3;0CH,0 + M = CH3;0CHO + H+ M 7.00E+15 0.0 22,800 Dias et al. (2001)
CH30CH, = CH; + CH,0 1.60E+13 0.0 25,500 Alzueta et al. (1999)
CH30CHOCH; = CH30CHO + CH3 1.00E+13 0.0 32,500 Dias et al. (2001)
CH30CHO(+M) = CH30H + CO(+M) 2.00E+13 0.0 60,000 Alzueta et al. (2013)
CH3;0CHO(+M) = CH4 + CO5(+M) 1.50E+12 0.0 59,700 Alzueta et al. (2013)
CH3;0CHO(+M) = CH,0 + CH,0(+M) 1.00E+12 0.0 60,500 Alzueta et al. (2013)

Note. A in units of cm®, mol, s; E, in cal/mol.

CH3OCHO(+M) = CHy + C02(+M) (r.8)

CH;0CHO(4+M) = CH,0 + CH,0(+M) (r.9)

The kinetic parameters used for these reactions are reported in Table 2.

The methanol produced (r.1) is consumed giving mainly hydroxymethyl radicals
(CH,OH), which react mainly with molecular oxygen to give formaldehyde. It continues
the CH,O XK HCO X CO K CO, reaction sequence. Methanol can also lead to the formation
of CH, through formaldehyde as intermediate.

These reaction routes can explain the pattern observed in Figures 2 and 3, in which
the temperature for the maximum concentration of these compounds follows, increasing
in the following order: MF, CH;OH, and CH,.

The recombination of methyl radicals obtained through different routes, leads to the
formation of ethane, which gives ethylene, and this one reacts to form acetylene as the
final product. For this reason, the order, from the lowest to the highest temperature, in
which the maximum concentration of these species appear, is: C,Hg, C,;Hy, and C,H,.

A first-order sensitivity analysis for CO has been performed for all of the sets in
Table 1. Figure 5 shows the results obtained. In the upper part of the figure, the
sensitivity coefficients for reaction CH;OCH,OCH; + CH; = CH3;0CHOCH; + CHy,,
which is clearly dominant, have been divided by two to clarify the representation and to
better highlight the other reactions that are of comparatively minor importance. The
results indicate that the conversion of DMM is mostly sensitive to the hydrogen
abstraction by methyl radicals to obtain the secondary DMM radical (CH;0OCHOCH;)
and also to the already mentioned DMM degradation reactions [(r.2) and (r.3)]. In the
case of methyl formate, its conversion is sensitive to its degradation to methanol and CO
(r.1). There are no huge discrepancies between the different A analyzed; only the
reactions where OH radicals participate present a bigger sensitivity under oxidizing
conditions.
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Figure 5. Sensitivity analysis for DMM for different air/fuel ratios. Upper part: sensitivity coefficients for
DMM and MF reactions. Lower part: sensitivity coefficients for CO-C1 reactions. (¥) The sensitivity
coefficients have been divided by two.

Conclusions

The oxidation of DMM has been studied in a quartz flow reactor in the 573-1373 K
temperature range, for different air/fuel ratios (A = 0, 0.4, 0.7, 1, and 35) at atmospheric
pressure. The experimental data obtained have been interpreted in terms of a detailed
chemical kinetic mechanism compiled from different works in the literature.

The oxygen concentration in the reactant mixture slightly influences the conversion of
DMM,; only for the oxidizing conditions, both experimental and theoretical results are
shifted towards lower temperatures. However, in some reaction products, such as CO and
CO,, certain effects can be observed. As the air excess ratio increases, the CO maximum
concentration is shifted to lower temperatures and the concentration peak becomes
narrower. CO, formation is favored under stoichiometric and oxidizing conditions,
where CO is completely oxidized to CO,.
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10 L. MARRODAN ET AL.

Methyl formate is an important intermediate formed during the DMM conversion. The
analysis of its main reaction pathways indicates that they are similar to those obtained in
previous works about MF oxidation (Alzueta et al., 2013; Marrodan et al., 2014). Modeling
calculations have been found to be very sensitive to the activation energy value for MF
conversion to methanol and CO (CH;OCHO(+M) = CH;0H + CO(+M)).

Acetylene, considered as one of the main soot precursors, was only detected for
pyrolysis and very reducing conditions.

Sensitivity and reaction rate analyses were performed to identify the main reactions
involved in the DMM conversion. The results obtained indicate that the DMM conversion
is initiated by degradation reactions, but hydrogen abstraction reactions also play an
important role.
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