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ARTICLE INFO ABSTRACT

Keywords: The many simultaneous processes occurring within in a diesel engine make difficult a thorough understanding
Dimethoxymethane of the mechanisms responsible for reduction of soot and/or NOy when an oxygenated compound is added to
Pyrolysis diesel fuel. Thus, in order to explore the use of oxygenated compounds as biofuels/additives, it is interesting
Gas-phase to study their conversion under well-controlled laboratory conditions, together with kinetic studies that help to
SRZZtctivity interpret and understand the reaction schemes that occur during such processes. The aim of this work has been
Characterization to contribute to the knowledge of the dimethoxymethane (DMM) pyrolysis, one of the oxygenated compounds

proposed in literature as alternative fuel. In this way, the influence of pyrolysis temperature (1075-1475K) and
inlet fuel concentration (33,333 and 50,000 ppm DMM) on the sooting propensity of DMM, soot reactivity and its
properties is analyzed. Therefore, this work includes pyrolysis experiments under different experimental condi-
tions, focusing on the gas-phase analysis and the soot formation, together with a gas-phase model. Additionally,
the interaction of soot with O, and with NO has been studied, and since soot properties are important on the
oxidation rate, selected soot samples have been characterized by different instrumental techniques (elemental
analysis, physical adsorption with N,, Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), and

Raman spectroscopy).

1. Introduction

Oxygenated compounds are a promising alternative to obtain diesel
fuel blends through fuel reformulation in order to reduce the exhaust
gas emissions, mainly particulate matter. These blends must be compat-
ible with current vehicle technologies. Among the possible oxygenated
compounds to be used polyoxymethylene dimethyl ethers, POMDME:s,
with the general formula of CH;0(CH,0),CHs, are a suitable alternative,
with dimethyl ether (DME, CH3;0CH3) and dimethoxymethane (DMM,
CH3;OCH,0OCHj;), with n = 0 and n = 1, respectively, as the most repre-
sentative ones.

Dimethoxymethane (DMM), also called methylal, presents some ad-
vantages over dimethyl ether (DME), such as its higher quantity of oxy-
gen, lower vapor pressure, and higher solubility with diesel [1]. More-
over, DMM has a relatively high cetane number, but low compared to
that of pure diesel fuel. Thus, the addition of DMM to diesel fuel de-
creases the cetane number, providing possibly lengthened ignition delay
times.

Several engine tests have been carried out to investigate the com-
bustion characteristics and possible decrease of soot formation, and
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even NO,, when DMM is added to diesel fuel (e.g. [2,3]). In general,
the results of those works have shown a reduction of particulate mat-
ter emissions. Moreover, to contribute to the knowledge of the DMM
conversion chemistry, studies addressing the DMM oxidation at labo-
ratory-scale, under well-characterized conditions, have also been con-
ducted, specifically, in jet-stirred reactors [4,5], flames [6,7], flow re-
actors [8,9], and shock tube [10]. Dias et al. [7] developed a kinetic
model in order to simulate their net DMM flames. This model took into
account the formation and the consumption of C1-C10 species, as well
as of the oxygenated species involved in DMM combustion. The kinetic
data used in the DMM sub-mechanism were taken mainly from the work
of Daly and Simmie [4]. In general, the model led to a good simula-
tion for all species detected. The main consumption of DMM, under
their flame conditions (¢ = 0.24 and 1.72, at 50 mbar), was found to be
through H-atom abstraction by OH, O and H radicals to produce the pri-
mary radical CH;0CH,OCH,, or the secondary radical CH;OCHOCHS,.
These radicals were consumed to finally form formaldehyde through
the main pathways: (i) CH3;0CH,0CH,— CH3;0CH,— CH,O and (ii)
CH3;0CHOCH; - CH;0CHO — CH;0CO — CH;0 — CH,0.
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To elucidate the effects of DMM on soot precursors, the combustion
of hydrocarbon/DMM mixtures has been studied in flames [11-15]. The
results showed that the replacement of part of the hydrocarbon by DMM
decreases the mole fractions of hydrocarbon intermediate species, which
act as soot precursors. Chemical kinetic modelling showed that the addi-
tion of DMM did not change the main reaction paths for reactants con-
version and formation of intermediate species. Thus, reduction of soot
precursor species was attributed to the replacement of part of the hydro-
carbon by the oxygenated compound or to dilution effects, while chem-
ical interactions were not considered significant.

The capacity to form soot of the oxygenated compounds is an in-
teresting aspect to take into account when those compounds are aimed
for its use as fuels or additives in engines. However, to our knowledge,
there are not works reported in literature on the quantification of soot
from DMM conversion. The present work is part of the research carried
out in our group on the capacity to form soot, under pyrolytic condi-
tions, of different oxygenated compounds proposed in literature as alter-
native fuels, such as dimethyl carbonate (DMC) [16], 2,5-dimethylfuran
(2,5-DMF) [17], 2-methylfuran (2-MF) [18], ethanol [19], and butanol
isomers [20]. The present study includes experiments under well-con-
trolled laboratory conditions in a quartz tubular flow reactor, accompa-
nied by a gas-phase chemical kinetic modelling that helps to interpret
and understand the reaction schemes that occur during the pyrolysis
process. The DMM pyrolysis experiments are carried out under differ-
ent operating conditions, specifically, by varying the inlet fuel concen-
tration (33,333 and 50,000 ppm) and temperature (1075-1475K). Fur-
thermore, it is interesting to study the interaction of soot with typical
gases present in the combustion chamber of an engine, such as oxygen
and, especially, NO present in the combustion process, which could re-
sult in the simultaneous reduction of both pollutants, decreasing their
emissions in the exhaust gas. In this sense, this work also addresses the
experimental reactivity study of soot formed in the DMM pyrolysis to-
wards O, and NO. Moreover, since the influence of the soot properties
on the oxidation rate has been demonstrated in studies carried out both
at laboratory-scale e.g. [19,21,22] and in engines e.g. [23,24], selected
soot samples have been characterized by different instrumental tech-
niques, i.e., elemental analysis, physical adsorption with N,, Transmis-
sion Electron Microscopy (TEM), X-Ray Diffraction (XRD), and Raman
spectroscopy.

2. Experimental methodology
2.1. Gas and soot formation

The DMM pyrolysis experiments are conducted in an electrically
heated quartz tubular flow reactor (45mm internal diameter and
800 mm in length), which allows feeding of the gases by two upper en-
trances. The installation was designed to collect the soot at the reactor
outlet and to analyze some light gases contained in the outlet gas by
means gas chromatography. This installation and the experimental pro-
cedure are explained in more detail in previous works e.g. [16-19,25].
In the present work, DMM is injected in gas-phase into the reactor by
using an isocratic HPLC pump and a thermally heated line. The reac-
tor is placed vertically inside an electrically heated furnace for con-
trolling temperature. The total inlet flow rate used is 1000 mL (STP)/
min. Once the desired temperature is reached, necessary time is allowed
at this temperature in order to assure steady state before the experi-
ment starts. The heated isothermal region length (reaction zone), whose
temperature is constant + 5K, of the flow reactor is 160 mm, and the
gas residence time (t.) (in seconds) in the reaction zone is given by
the 4168/T(K) expression. A pressure transducer connected to the inlet
line measured the system pressure. The gases flowing out of the reactor
are conveyed to an Agilent 6890 gas chromatograph (GC) (accuracy of
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+10ppm), passing through the soot collection system which consists
of a quartz fiber filter with a pore diameter lower than 1 pm. The soot
remaining on the reactor walls is also collected when the experiment
ends. The GC is calibrated for light gases such as CO, CO,, H,, methane,
acetylene, ethylene, ethane, methanol, dimethyl ether, methyl formate,
propane, propylene, propadiene, 1,3-butadiene, isobutane, n-butane,
benzene, C;Hg, and xylene. The total time for each experiment is fixed
to 3h, not exceeding the pressure limit of 1.3 atm that could disturb the
functioning of the experimental set-up.

The DMM pyrolysis experiments are performed at atmospheric pres-
sure, temperatures of 1075, 1175, 1275, 1325, 1375, 1425, and 1475K,
and with inlet fuel concentrations of 33,333 and 50,000 ppm. These ex-
perimental conditions have been selected to be consistent with the pre-
vious DMC pyrolysis study [16] carried out by our group.

2.2. Soot characterization

For soot reactivity experiments and soot characterization by instru-
mental techniques, the soot samples undergo a thermal treatment for 1h
in a N, environment, at their formation temperature, in order to elimi-
nate the adsorbed compounds, following the procedure described in dif-
ferent works [16,19,25].

2.2.1. Soot reactivity

The reactivity experiments of the thermally treated soot samples,
towards O, and NO, are performed in an installation described in de-
tail elsewhere e.g. [19,25,26]. Briefly, mass flow controllers are used to
feed N, and O, or NO from gas cylinders into the reactor. O, and NO
are the reactant gases, while N, is used to obtain a total flow rate of
1000 mL (STP)/min. The initial O, and NO concentrations used in the
0,-soot and NO-soot interaction experiments (500 and 2000 ppm, re-
spectively), as well as the temperature (1275K), have been selected to
be consistent with previous studies by our group e.g. [16,19,25].

2.2.2. Soot characterization by instrumental techniques

In order to relate the soot reactivity with its properties (composi-
tion, surface area, morphology, crystallite structure, and degree of or-
der), several characterization techniques are used, specifically, elemen-
tal analysis, physical adsorption with N,, Transmission Electron Mi-
croscopy (TEM), X-Ray Diffraction (XRD), and Raman spectroscopy. The
characterization analysis is performed for the thermally treated soot
samples obtained in the pyrolysis of 33,333ppm of DMM at 1475K
(DMM33_1475), and of 50,000 ppm of DMM at 1425K (DMM50_1425)
and at 1475K (DMM50_1475).

3. Chemical kinetic model

The numerical simulation on the DMM pyrolysis at atmospheric
pressure is carried out using the Chemkin 18.0 package [27]. The
gas-phase model used in our previous investigation on other oxygenated
compound (DMC) pyrolysis [28] was used as the base mechanism. This
base mechanism is founded on the model progressively developed in
our group e.g. [29-31], to which the DMC sub-mechanism proposed by
Glaude et al. [32] was added. In other work [16], the chemistry in-
volving the formation and consumption of polycyclic aromatic hydro-
carbons (PAH) [33,34] was also added to the base mechanism. This
resulting mechanism [16] has been merged in the present work with
the sub-mechanisms of DMM, methyl formate (MF) and dimethyl ether
(DME) proposed by Dias et al. [7], Dooley et al. [35] and Alzueta et
al. [36], respectively. This final gas-phase model was used without fur-
ther modifications. The thermodynamic data are taken from the same
sources as the original reaction subsets. The full model (306 chemical
species and 1295 reactions), as well as the thermodynamic data, are pro-
vided in the Supplementary material.
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4. Results and discussion
4.1. Products formation

Fig. 1 shows the experimental and calculated DMM conversion
(Xpwyw) for each temperature (1075, 1175, 1275, 1325, 1375, 1425 and
1475K) and inlet DMM concentration (33,333 and 50,000 ppm) studied.
Model simulations cover a wider temperature range compared to the
experimental data, and show that DMM starts to be converted around
800K, reaching a total conversion at above 975K. Thus, DMM is totally
consumed in the whole experimental temperature range studied.

Model calculations indicate that the main paths for DMM
(CH30CH,0CH3) consumption, in the early stage of the pyrolysis
process, are the H-atom abstraction reactions at the central carbon
(reaction R1) or at the primary carbon (reaction R2).

CH,0CH,0CH;
+ CH,/H 2 CH,0CHOCH; + CH, /H, RD
CH;0CH,0CH;
+ CH,/H = CH;0CH,0CH, + CH,/H, (R2)

Thus, the formed CH;O0CHOCH; and CH3;0CH,OCH, radicals dissoci-
ate via p scission to produce formaldehyde (CH,0) (R3-R6 and R7-R8,
respectively), which is converted, via H-atom abstraction, to formyl rad-
icals (HCO) (reaction R9) to finally give CO (reaction R10).

CH;0CHOCH, = CH;OCHO + CH, (R3)
CH;0CHO (+M) 2 CH;0H + CO (+M) (R4)
CH,0H + H 2 CH,0H + H, (R5)
CH,OH (+M) 2 CH,O + H (+M) (R6)
CH,;0CH,0CH, 2 CH;0CH, + CH,0 (R7)
CH;0CH, 2 CH, + CH,0 (R8)
CH,0 + CH; 2 HCO + CH, (R9)

HCO (+M) 2 H + CO (+M) (R10)

100+ .
80 J
S 60 ]
z
O 40- .
x ¥ [DMM];,=33333 ppm
201 * [DMM];,=50000 ppm
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700 800 900 1000 1100 1200 1300 1400 1500
Temperature (K)

Fig. 1. DMM conversion, as a function of temperature, in the pyrolysis of 33,333 and
50,000 ppm of DMM. Experimental data (symbols), simulations (lines).
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Fig. 2a shows the experimental gas yields (%), as a function of tem-
perature, for the two inlet DMM concentrations studied. Gas yield is de-
fined as the percentage of the carbon amount in outlet gases related to
the carbon amount fed into the reactor [19]. As it can be seen, the gas
yield decreases as the temperature increases, especially above 1375K,
because when soot formation is enhanced (fact that will be analyzed
later in Fig. 3), the availability of carbon to take part in the formation
of gas products decreases.

Fig. 2b)-h) show the experimental and calculated concentration val-
ues, as a function of temperature, of the main gases quantified, for both
inlet DMM concentrations. In general, model calculations agree well
with the experimental trends.

Ethylene (Fig. 2b) is formed through the
CH3;0CH,0CH;3; — CH;0CHOCH;3 — CH; — C,Hg — C,Hs — C,H, reaction
sequence. Its concentration exhibits a maximum at 1175K, and above
this temperature ethylene is consumed to produce acetylene with vinyl
radicals (C,Hj) as intermediate. Fig. 2c indicates that the experimental
acetylene concentration seems to present a maximum around 1325K,
which is more accentuated in the simulation. Model calculations in-
dicate that C,H, conversion involves the formation of vinylacetylene
(C4H,), which can react with vinyl radicals or with more acetylene to
form benzene, and can also participate in PAH formation at higher tem-
peratures.

Benzene concentration peaks at 1375-1425K (Fig. 2d). The model
reproduces quite well this maximum, and indicates that this consump-
tion is to form, by H-atom abstraction, phenyl radicals (C¢Hs) which
could react with C4H, to originate naphthalene by releasing H atoms.

Hydrogen (Fig. 2e) and methane (Fig. 2f) are mainly formed by
the loss of an H atom from the central carbon or the primary car-
bon of DMM (CH;0CH,0CH; + CH,/H 2 CH,0CHOCH, + CH,/H, (R1)
and CH;0CH,0CH; + CH5/H 2 CH;0CH,0CH, + CH,/H, (R2), respec-
tively) The experimental H, concentration increases with increasing
temperature. The model reproduces this trend, even though it overpre-
dicts the experimental concentration values. The experimental CH, con-
centration decreases throughout the temperature range studied, and the
model predicts well the experimental data. Because CH, is fairly unreac-
tive under the conditions of the present work, its concentration reduc-
tion may occur because methyl radicals are involved at high tempera-
tures in the reaction pathways leading to soot formation, instead of pro-
ducing CH,, as it occurs at low temperatures.

CO (Fig. 2g) is formed in high amounts, and this is an indication that
the carbon present in CO is not participating in the formation of aro-
matic compounds and soot. The experimental and calculated CO con-
centrations remain practically constant over the temperature range stud-
ied, although the model overpredicts the experimental values. Accord-
ing to model calculations, CO can be produced from DMM through paths
(1) and (2).
CH,0CH,0CH;
— CH;0CHOCH,
— CH;0CHO
- CH;0H + CO
— CH,OH
— CH,0
— HCO
- CO

(Path 1)

CH, OCH, OCH, — CH, OCH, OCH,, —+ CH, OCH, -

CO, (Fig. 2h) was also found in the reactor outlet stream and its
concentration decreases throughout the temperature range studied. The
model predicts satisfactorily the experimental data. Model calculations
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Fig. 2. a) Gas yields, and b)-h) experimental (symbols) and simulations (lines) concentration profiles of the major light gases quantified in the pyrolysis of 33,333 and 50,000 ppm of
DMM, in the 975-1475K temperature range.

show that CO, is formed through the following reaction sequence that
involves methyl formate (CH;OCHO) as intermediate:

CH;0CH,0CH;4

+CH;/H 2 CH;0CHOCH; + CH,/H,

CH;0CHOCH; 2 CH;0CHO + CH,

CH;0CHO (+M) 2 CH, + CO, (+M)

(RD

(R3)

(R11)

CH;0CHO + CH;/H = CH;0CO + CH, /H, (R12)

CH;0CO 2 CH; + CO, (R13)

However, DMM is preferably oxidized to CO by paths (1) and (2),
instead of being directly oxidized to CO,, path (3) or the sequence of
reactions: R1, R3, R11-R13.

CH;0CH,0CH; - CH3;0CHOCH;
— CH;0CHO/CH;0CO
— CO,

(Path 3)
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Fig. 3. Comparison of the experimental soot amounts with the total carbon mass in PAH,
calculated by modelling, and soot yields, in the pyrolysis of 33,333 and 50,000 ppm of
DMV, in the 1075-1475K temperature range.

This last path would waste the oxygen in DMM because two O atoms
of the fuel are attached to one carbon atom. Moreover, few species that
may contribute to soot formation are formed during the DMM conver-
sion, indicating the very low capacity of this fuel to form soot.

Fig. 3 reports the total soot amounts collected (in g) (stars) and the
soot yields (in %) (circles), as a function of temperature, for the two
inlet DMM concentrations studied. The soot yield is defined as the per-
centage of the carbon in soot (around 98% of the soot in mass) related
to the carbon amount fed into the reactor [19].

The sum of gas (Fig. 2a) and soot (Fig. 3) yields is not 100% because
by-products, such as pyrolytic carbon, are formed and not quantified.
The formation of pyrolytic carbon cannot be avoided, because it occurs
through a parallel mechanism to the soot formation mechanism [37,38].
Moreover, the no quantification of some intermediates species, that can
be produced during the pyrolysis process, may also contribute to this
fact.

Fig. 3 indicates that soot is formed only at the two highest temper-
atures studied (1425 and 1475K). The higher the temperature and the
inlet DMM concentration, the higher the soot amount and yield, because
the rates of the reactions involved in the soot formation process increase
[39,40]. This is in agreement with that observed in the pyrolysis of hy-
drocarbon species [25,41] and other oxygenated species [16-19].

Because the proposed model does not include the prediction of the
soot amount formed, and taking into account that PAH are regarded as
the main soot precursors, a comparison of the experimental soot amount
with the total carbon mass in PAH (up to coronene), predicted with the
model, is also shown in Fig. 3. The trend of the total carbon mass in
PAH predicted by the model is in good agreement with the experimen-
tal soot mass obtained in the DMM pyrolysis. A good agreement was
also observed with the experimental soot mass obtained in the DMC py-
rolysis [16]. Thus, the proposed model could be a good first approach
towards a complete model including soot formation in the pyrolysis of
both DMM and DMC.

It is interesting to compare the values of soot mass and yields ob-
tained in the pyrolysis of dimethoxymethane (DMM, CH;0CH,0OCH;)
and dimethyl carbonate (DMC, CH;0COOCH;3) [16] under similar con-
ditions. Both molecules have three carbon atoms, but the molecular
structure is different. Moreover, the oxygen content in DMC is higher
(53.3wt%) compared to DMM (42.2 wt%).

Fig. 4 shows the results obtained for fixed inlet carbon amounts of
100,000 and 150,000 ppm, i.e., 33,333 and 50,000 ppm of inlet fuel
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Fig. 4. Comparison of the soot mass (a) and yields (b) obtained in the pyrolysis of DMM
and DMC (inlet fuel concentration of 33,333 and 50,000 ppm), at 1375, 1425 and 1475K.

concentration, at 1375 (which is the minimum temperature at which
soot was still found in the DMC pyrolysis), 1425 and 1475K, and for the
same residence time (t, (s) = 4168/T(K)).

It is observed in Fig. 4 that, even though DMC has a higher oxygen
content than DMM, DMM shows a lower capacity to form soot, through-
out the temperature range studied. It is also remarkable that DMM has
a lower capacity to form soot than ethanol [16]. Such fact is attributed
to the specific molecular structure of DMM and DMC.

From the structure of DMM together with reactions occurring dur-
ing its conversion, described earlier in the present section, and also re-
ported in the literature e.g. [42], it can be mentioned that there are
only C—O bonds in DMM structure and, during its pyrolysis, one C—
O bond is broken and the O atom remains bonded to another C atom
(CH30H + CO (reaction R4) or CH;0CH, + CH,0 (reaction R7)), which
means that O atoms in the DMM molecular structure are being used to
remove carbon from the typical pathways that lead to soot formation.
On the other hand, the reaction pathway associated to DMC pyrolysis
[16] shows that the bond structure involving the O atoms leads to a
direct CO, formation, which squanders O atoms because two oxygen
atoms are trapping a single carbon. Thus, not every O atom in DMC is
able to eliminate a carbon atom from the soot precursor pool, and this
results in a higher fraction of the remaining carbon atoms available to
produce soot [43,44]. This behavior generally occurs with esters, and
causes them to be less efficient to reduce soot formation compared to
other functional group structures [45].

Fig. 5 compares the yields of CO and CO, found in the pyrolysis of
33,333 ppm of DMM and DMC from 1175 to 1475K. It is observed that
higher CO, concentration in the DMC pyrolysis is produced (Fig. 5b).
Its high concentration in the reaction environment makes reaction R14
to proceed in the reverse sense at high temperatures (from 1375K), in-
creasing and decreasing the yields of CO (Fig. 5a) and CO, (Fig. 5b),
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Fig. 5. Yields of CO and CO, found in the pyrolysis of DMM and DMC (inlet carbon
amount of 100,000 ppm) in the 1175-1475K temperature range.

respectively.

CO+OH 2 CO, +H (R14)

The higher CO concentration (up to 1375K) in DMM pyrolysis com-
pared to DMC pyrolysis (Fig. 5a) is explained because for each DMM and
DMC molecule that reacts, two and one CO molecules are produced, re-
spectively (paths (1) and (2) for DMM, and paths (3) and (4) for DMC).
Above 1425K, the CO concentration is higher in the DMC pyrolysis, be-
cause reaction R14 occurs in the reverse sense.

CH;0CH,OCH,4
- CH;0CHOCH,
- CH,OCHO
- CH;0H + CO
— CH,OH (Path 1)
- CH,0
— HCO
- CO
CH;0CH,0CH; — CH;0CH,0CH,
- CH;0CH, + CH,0
- 2CH,0 (Path 2)
— 2HCO
- 2CO
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CH;0COOCH;
— CH;0CO00
- CH;0

— CH,0

— HCO

- CO

(Path 3)

CH;0COOCH;

— CH30COOCH,
— CH,0

— HCO

- CO

(Path 4)

4.2. Soot reactivity

As it has been mentioned in the introduction section, it is not only
important to evaluate the soot formation, but also the reactivity of the
soot formed, which will determine the capacity of soot to react with sur-
rounding gases and therefore the final emissions of soot.

Soot reactivity is analyzed, in this work, through the carbon com-
plete conversion time (7) values determined by fitting the experimental
data for carbon conversion (X,) along the time to Eq. (1). This equation
is obtained from the Shrinking Core Model (SCM), assuming decreasing
particle size and chemical reaction control conditions [46]. This equa-
tion connects carbon conversion and time (t) and has already been suc-
cessfully used to describe the heterogeneous non-catalytic gas-solid re-
actions in similar studies carried out in our group e.g. [16,19,47].

- (1-x¢)"" =2 e

A high 7 value means that the carbon takes more time to complete
its conversion; therefore, the soot samples with high z values are less re-
active than the soot samples with low 7 values.

The carbon conversion (X) is determined by Eq. (2).

(- )
o= —

€0

(2)

being W,, the initial reactive carbon weight, and W, the reactive carbon
weight remaining in the reactor at a given time.

Weyp, in mg, is calculated from the measured time evolution of CO
and CO, concentrations in ppm (Cgo and Cgg,, respectively) of the ex-
haust gas by means of the following equation:

(8]
W,, = 10°M,Fy /0 (CCO + CCO2> dt 3)

where M, is the carbon atomic weight (g/mol) and F; is the outlet flow
(mol/s).
W,, in mg, can be calculated through the following equation:

t
W, =W, —107MFy /0 (Cco+ CCO2> dt @

Fig. 6 represents the 7z values determined in the soot-O, and soot-NO
interaction experiments at 1275K of the thermally treated soot samples
obtained in the DMM pyrolysis at 1425 and 1475K. For comparison,
Fig. 6 also includes the reactivity of the soot formed in the DMC pyroly-
sis [16].

Soot samples are seen to be more reactive towards O, (Fig. 6a) than
to NO (Fig. 6b), even though the NO concentration in the correspond-
ing experiments is higher than that of O, (2000 vs. 500 ppm). This re-
sult is in agreement with literature [16,19,24,48], and indicates that
soot formed in the combustion chamber can be oxidized in the bulk
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Fig. 6. Carbon complete conversion times (7), in seconds, in the soot-O, and soot-NO in-
teraction experiments at 1275K, for soot samples obtained in the pyrolysis of 33,333 and
50,000 ppm of DMM and DMC at 1425 and 1475K.

gas, mainly by O,, and hence, less soot would be emitted in the exhaust.

Regarding to the effect of the soot formation conditions on its reac-
tivity, it is observed in Fig. 6 that the soot reactivity decreases (z value
increases) as the soot formation temperature increases, for both soot-O,
and soot-NO interactions. Moreover, for a given temperature, the fuel
concentration does not seem to have a significant influence on the soot
reactivity.

Finally, it is observed in Fig. 6 that, for a given soot formation tem-
perature, the soot formed in the DMM pyrolysis is more reactive for O,
than soot formed in the DMC pyrolysis. This trend is less clear in the
soot-NO interaction.

In this sense, DMM can be considered as a good candidate to be used
in engines in order to reduce soot emissions. When the DMM behavior
is compared to the DMC one, it is found to exhibit a lower tendency to
form soot (Fig. 4) and a higher reactivity with O,, typically present in
the combustion chamber (Fig. 6).

4.3. Soot characterization by instrumental techniques

Table 1 lists the results of the elemental analysis of the selected ther-
mally treated soot samples, showing that the principal component of
soot samples is carbon, with a low content of hydrogen. It is known
that as the atomic ratio of carbon to hydrogen (C/H ratio) value de-

Table 1
Elemental analysis of the selected soot samples obtained in the DMM pyrolysis.
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creases, the soot maturity decreases, and the reactivity could be pro-
moted. Thus, it is observed in Table 1 that, for a fixed inlet DMM con-
centration, the molar C/H ratio decreases with decreasing soot forma-
tion temperature, which is consistent with that observed in reactivity
experiments (Fig. 6), that the reactivity increases as the soot formation
temperature decreases.

Specific and external surface areas of the selected thermally treated
soot samples were determined by analyzing the isotherms obtained in
the physical adsorption analysis carried out with N, at 77 K. In this way,
the Brunauer-Emmett-Teller (BET) adsorption model [49] and the t-plot
method [50] were employed, respectively. Table 2 reports the specific
(Sger) and external (Sgxy) surface areas for each soot sample analyzed.
The soot samples show a low surface area and a limited porosity, with
the soot sample formed at the lowest temperature exhibiting the higher
surface area, i.e., being the most reactive, which is in agreement with
the trend of reactivity experiments (Fig. 6).

The microstructure of the selected soot samples was studied by TEM.
Fig. 7 shows an example of a TEM image of the DMM50_1425 soot sam-
ple. Similar images were found for the other soot samples (not shown).
The particle sizes of the soot samples analyzed were found to be closer
to the secondary particle sizes, i.e., 100-1000nm [48]. Fig. 7 shows
the typical chain-like agglomerates that form the secondary particles,
which in turn are composed by several tens or hundreds of spherical or
nearly-spherical particles (primary particles) that are composed of more
or less ordered and amorphous domains.

Fig. 8 shows the X-ray diffractogram of the DMM50_1425 soot sam-
ple, which indicates the diffraction from the (002), (100) and (110) re-
flections of graphite in soot samples. In this way, information on the
crystalline structure in soot samples, i.e., interlayer spacing (dy,,), the
crystallite height (L,) and width (L,), and the number of layers in a crys-
tallite (k), were determined by XRD. The well-known Bragg's law (Eq.
(5)), Scherrer formula (Egs. (6) and (7)) and Eq. (8), were used to deter-
mine these structural parameters, respectively.

dygy = ——

002~ 2sin Bo02 ®
. K.A

“ " Boop c0s Oy ©)
s K, A

“ " By cos fy9 )
i = L,

) ®)

where, 1 is the wavelength (1.54 A), 8,9, and 6;, are the Bragg's angles
for (002) and (100) peaks, respectively, K. = 0.9, K, = 1.84, and By,
and By, are the FWHM (full widths at half maximum) of the (002) and
(100) peaks, respectively. The Bragg's angles and FWHM are obtained
by fitting the (002) and (100) peaks to two Gaussian curves. The calcu-
lated structural parameters are summarized in Table 3.

For all the soot samples, the interlayer spacing, d,,, is higher than
that of pure graphite (3.35A), suggesting weaker Van der Waals forces

Soot formation conditions

[DMM];, T (K) Sample C (wt%) H (% wt%) C/H (molar basis)
33,333 1475 DMM33_1475 99.00 0.116 71.12

50,000 1425 DMMS50_1425 99.00 0.118 69.91

50,000 1475 DMMS50_1475 93.82 0.052 150.38
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Table 2
Specific (Sggr) and external (Sgyyr) surface areas of the selected soot samples obtained in
the DMM pyrolysis.

Sample Sppr (M2/8) Sexr (M2/8)
DMM33_1475 24.19 22.31
DMMS50_1425 58.07 44.36
DMM50_1475 25.90 21.83
200 -
Fig. 7. TEM image of the DMM50_1425 soot sample.
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Fig. 8. X-ray diffractogram of the DMM50_1425 soot sample.
Table 3

Structural parameters of the crystalline structure determined from the analysis of the X-ray
pattern of the selected soot samples obtained in the DMM pyrolysis.

Sample dooz A) L, A) L, A) k (layers)
DMM33_1475 3.58 19.08 45.81 5.34
DMM50_1425 3.58 18.21 47.73 5.09
DMM50_1475 3.55 24.30 45.76 6.84

Fuel Processing Technology xxx (2018) xxx-xxx

highest reactivity. This is consistent to what is observed in reactivity ex-
periments (Fig. 6). According to literature [51], the graphitization de-
gree increases as L, increases (reactivity decreases). However, this trend
is not observed in the present work.

In order to assess the degree of order and the amorphous carbon
content in soot particles, the Raman spectroscopy was employed. Fig.
9 shows, as an example, the first-order observed Raman spectrum of
the DMM50_1425 soot sample, which has been fitted to five curves fol-
lowing the model proposed by Sadezky et al. [52] that includes the
Lorentzian-shape bands G, D1, D2, and D4, and the Gaussian-shape
band D3. This fitting allows the determination of the spectroscopic
parameters, i.e., peak position, bandwidth (FWHM) and band inten-
sity of the main Raman bands. In this way, the degree of order and
the amorphous carbon content in soot particles have been determined
through the I,/I; and Ij3/I; band intensity ratios (Table 4), with the
G (at ~1580cm™1), D1 (at ~1350cm™1), and D3 (at ~1500-1550cm™1)
bands representing the ideal graphitic layers, the presence of structural
defects in the basal plane of the graphene layers [53], and the amor-
phous carbon content of soot [54], respectively. It is expected that the
Ip1/1g and Ij3/1; band intensity ratios increase as the temperature soot
formation decreases. However, it is observed in Table 4 that it is only
true for the Iy /I ratio.

Table 5 shows the properties values of the soot formed in the DMC
pyrolysis [16], at the same experimental conditions that the soot formed
in the DMM pyrolysis.

Comparing the properties of the DMM soot samples with the DMC
soot samples, it can be observed that, in general, the values of Sggr
and I/I; for DMM soot samples are higher (which would correspond
to higher reactivity), while the values of the C/H ratio and L, are also
higher (which would correspond to lower reactivity). Therefore, the re-
lationship between reactivity and properties of soot can be considered
as consistent when soot is obtained from the same fuel at different tem-
peratures, but doubts arise when soot samples obtained from different
fuels are compared.
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Fig. 9. First-order Raman spectrum of the DMM50_1425 soot sample with the five-curve
deconvolution model proposed by Sadezky et al. [52].

Table 4
Ip1/Ig and Ips/Ig band intensity ratios determined from the Raman spectra of the selected
soot samples obtained in the DMM pyrolysis.

of attraction between the carbon layers and, consequently, a lower or-
der. For a fixed inlet fuel concentration, L. decreases with decreasing
soot formation temperature, which suggests the lowest order, thus the

Sample Ini/Ig Ins/Ig
DMM33_1475 1.94 0.53
DMMS50_1425 2.30 0.31
DMM50_1475 2.28 0.52




K. Alexandrino et al.

Table 5
Properties of the soot formed in the DMC pyrolysis [16].

Fuel Processing Technology xxx (2018) xxx-xxx

Ip/1g
C H C/H SpeT L,
Sample (% wt.) (% wt.) (molar basis) (m?/g) A)
DMC3_1475 97.92 0.37 21.99 27.27 18.22 1.35
DMC5_1425 97.91 0.45 18.14 32.88 16.82 1.40
DMC5_1475 98.54 0.34 23.80 19.00 18.43 1.19

5. Conclusions

An experimental and modelling study on the dimethoxymethane
(DMM) pyrolysis at atmospheric pressure was carried out using a tubu-
lar flow reactor, with 33,333 and 50,000 ppm inlet fuel concentrations,
and in the 1075-1475K temperature range. Some of the light gases
formed were experimentally quantified and a detailed kinetic model was
proposed to describe the gas-phase process, while the capacity to form
soot of DMM was analyzed through the experimental quantification of
soot. Additionally, the characterization of the soot formed in the DMM
pyrolysis was carried out through reactivity experiments at 1275K to-
wards O, (500 ppm) and NO (2000 ppm) and by several instrumental
techniques, such as, elemental analysis, physical adsorption with N,
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), and
Raman spectroscopy.

Regarding to the pyrolysis experiments, it was observed that DMM is
totally consumed in the whole experimental temperature range studied.
As the temperature increased, the gas yield decreased and the soot yield
increased. Simulations of the gas-phase showed good agreement with
the experimental data trends. The H-atom abstraction, by reactions at
the central carbon or at the primary carbon, to give the CH;OCHOCH;,
and CH3;0CH,OCH, radicals, respectively, which ultimately form CO
throughout a series of reactions that involves formaldehyde and formyl
radicals as intermediates, was found to be the main path for the DMM
consumption. Moreover, a comparison of the experimental soot mass
with the calculated total carbon mass in PAH (up to coronene) was per-
formed showing that the proposed model could be a first approach to-
wards a model including soot formation. On the other hand, reactivity
results showed that all soot samples were more reactive towards O, than
to NO, with soot samples formed at lower temperatures being more re-
active than the soot formed at higher temperatures, while the inlet fuel
concentration in the soot formation seems to have no significant influ-
ence on the soot reactivity. The characterization by instrumental tech-
niques revealed that, in general, samples with low C/H ratio, high sur-
face area, low crystallite size, and low degree of organization were more
reactive.

The results obtained indicate that DMM is a good candidate to be
used in engines in order to reduce soot emissions. When the DMM be-
havior is compared to the DMC one, which has higher oxygen content,
DMM presents a lower tendency to form soot and higher reactivity,
mainly towards O,.
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