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A B S T R A C T

The influence of the temperature (1075 – 1475 K) and inlet concentration of fuel (33,333 and 50,000 ppmv) on
the formation of the 16 EPA-priority Polycyclic Aromatic Hydrocarbons (PAH) from the pyrolysis of dime-
thoxymethane (DMM) was analyzed. PAH were detected in different phases (gas phase, adsorbed on soot, and
stuck on the reactor walls) and quantified by gas chromatography-mass spectrometry (GC–MS). Additionally, the
toxicity of the PAH samples, expressed as B[a]P-eq, was analyzed in all experiments. A comparison with the
results obtained from the pyrolysis of other oxygenated compounds was also performed and similar behaviors
were observed. The main results showed that, at low temperatures, the highest concentrations of PAH were found
in the gas phase, while at high temperatures were found on soot. For both inlet concentrations of DMM, the light
PAH, such as naphthalene and acenaphthylene, were found in major concentrations, in all phases and temper-
atures. The heavy PAH, such as fluoranthene and pyrene, increased its concentration on soot at highest tem-
peratures. The highest formation of soot was obtained at 1475 K and follows the trend: 2,5DMF < tert-butanol <
2MF < 2butanol < iso-butanol < 1-butanol < ethanol < DMC < DMM. The highest formation of PAH was at
1275 K with the tendency: tert-butanol < 2-butanol < 1-butanol < 2,5DMF < 2MF < iso-butanol < ethanol <
DMC < DMM. The highest B[a]P-eq value was found in the pyrolysis of 2,5DMF, and the lowest in the pyrolysis
of DMM.

1. Introduction

The continuous impact on the climate by atmospheric emission
sources has led to the search for alternatives to fossil fuels in recent
years. Within this framework, the biorefinery has set different com-
pounds that contribute to improving the combustion process as they
provide a high amount of oxygen and characteristics that give them
better performance at the level of internal combustion engines, espe-
cially in the automotive industry. Among those, different oxygenated
compounds have been considered due to their chemical and mechanical
characteristics, such as octane and cetane numbers, heating value, etc.

Previous research has shown that different oxygenated compounds
can effectively reduce diesel engine emissions, mainly particulate matter
(PM). Specifically, compounds belonging to the Oxymethylene Dimethyl
Ethers (OMEx) group, which are synthetic acyclic ether fuels with the
chemical structure CH3O(CH2O)nCH3 (n = 0–5), have gained great in-
terest due to their high cetane number, high oxygen content, and the
absence of C–C bonds which promote negligible soot emissions [1].

Dimethoxymethane (DMM, CH3OCH2OCH3) is part of this group of
compounds, with a high cetane number [2] and a high oxygen content
by weight (42 %). Even DMM could be a better option for diesel/
oxygenate blends than the OME0 ultra-clean-burning, dimethyl ether
(DME, CH3OCH3), due to its higher solubility with diesel fuel, lower
vapor pressure, higher cetane number, and higher quantity of oxygen
[3].

Different studies have been performed using diesel/DMM blends to
evaluate the engine performance and emissions. For example,
Sathiyagnanam et al. [4] blended DMM with diesel in a single cylinder
direct injection (DI) diesel engine and observed an appreciable reduc-
tion of emissions, smoke density, PM and an increase in the engine
performance, when compared with a normal diesel run. Zhu et al. [5]
investigated combustion characteristics, fuel efficiency and emissions of
a compression-ignition engine fueled with DMM blends. They found that
the thermal efficiency was improved and that the DMM presence was
beneficial for the reduction of smoke and CO emissions, as well as par-
ticulate matter. Pan et al. [6] studied the effect of diesel/DMM blends on
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the combustion and emission characteristics in a four-cylinder com-
mercial compression ignition (CI) engine and the results indicated that
the addition of DMM improves the brake thermal efficiency of diesel
engine and significantly reduce soot emissions. Due to the contribution
of DMM on decreasing PM emissions in CI engines, different experiments
have been carried out in flames [7–10], jet-stirred reactors [11–15],
flow reactors [16–19], shock tubes [11,19–23], rapid compression ma-
chines [8,19], in conjunction with detailed chemical kinetic modeling to
acquire an in-depth knowledge of DMM chemical conversion.

The efforts to understand the conversion of DMM have focused
mainly on its oxidation, while pyrolysis studies are still scarce. The
studies on the pyrolysis of DMM have been carried out mainly to obtain
the concentration of light hydrocarbons produced and to analyze the
reaction kinetics of DMM conversion e.g. [8,9]. However, few efforts
have been made to study other aspects of the DMM pyrolysis, such as
formation of soot and Polycyclic Aromatic Hydrocarbons (PAH) [24]. In
our previous work [25], the DMM pyrolysis was investigated in a plug
flow reactor operating at atmospheric pressure, in the temperature
range of 1075–1475 K and with inlet concentrations of fuel of 33,333
and 50,000 ppmv. That work focused on the gas-phase analysis (C2H2,
C2H4, C6H6, H2, CH4, CO and CO2) and the soot formation, together with
the development of a gas-phase model to describe the process. More-
over, the interaction of the soot formed with O2 and with NO, and soot
characterization (elemental analysis, physical adsorption with N2,
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD) and
Raman spectroscopy) were investigated. In this way, the present work
complements the previous study by reporting the concentration of the
16 EPA-priority PAH obtained during the pyrolysis of DMM.

PAH are a large group of organic compounds containing three or
more fused aromatic rings originated by natural (e.g. forest fires, vol-
canoes) and anthropogenic (e.g. burning of fossil fuels during heating
processes, waste incinerators, automobile exhausts) sources [26], being
their formation favored under high temperatures, fuel-rich and pyrolytic
conditions. These compounds are known to be hazardous to human
health, mainly the 16 PAH classified by the United States Environmental
Protection Agency (U.S. EPA) as priority pollutants (EPA - PAH) [27], i.

e., naphthalene (NAPH), acenaphthylene (ACNY), acenaphthene (ACN),
fluorene (FLUO), phenanthrene (PHEN), anthracene (ANTH), fluo-
ranthene (FANTH), pyrene (PYR), benzo(a)anthracene (B[a]A), chrys-
ene (CHR), benzo(b)fluoranthene (B[b]F), benzo(k)fluoranthene (B[k]
F), benzo(a)pyrene (B[a]P), indene[123-cd]pyrene (I[123-cd]P),
dibenzo(ah)anthracene (DB[ah]A) and benzo[g,h,i]perylene (B[ghi]P). B
[a]P is used as a reference compound to assess the health risk associated
with exposure to PAH [28,29].

PAH are important intermediates in the soot formation process,
which is not yet fully defined due to its complexity. However, it is well
accepted that the soot formation process starts with the formation of
linear hydrocarbons, such as C2H2, C3Hx, C4Hx, etc., to produce the first
aromatic ring, which is generally benzene. The, aromatic rings and other
hydrocarbon intermediate species gradually grow into PAH. There are
different mechanisms proposed to explain the formation of PAH, such as
the hydrogen abstraction-acetylene addition (HACA) [30], the combi-
native growth, such as propargyl radical recombination, [31,32], and
the Diels - Alder [33] mechanisms, all themmay be present in a PAH and
soot formation scenario. Once formed, subsequently PAH react among
them to form nascent soot (known as particle inception), and then gas-
phase molecules, such as acetylene and PAH, react on the surface of
growing particles [34,35]. Immediately, particle coagulation occurs
through the collision of growing soot particles, producing new spherical
structures [36], which agglomerate into irregular units, i.e., forming
chain-like structures [37].

In addition to the PAH being involved in the soot formation process,
they can also appear adsorbed on the soot surface which increase the
human health risk of these particles. In this way, PAH can be distributed
in different phases (soot, air) depending upon their molecular weight,
vapor pressure, temperature, pressure, concentration of PAH and soot
characteristics [38,39].

As DMM is proposed as a fuel additive, it is important not only to
study soot formation but also PAH formation during its conversion,
which can be affected by operating conditions, such as temperature or
concentration of fuel and, to our knowledge, it has not been studied so
far. In this way, the present study aims to analyze the formation of the 16

Fig. 1. Experimental setup: gas feeding, reaction, collection of soot and PAH, and gas analysis systems.
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EPA-priority PAH during the pyrolysis of DMM by performing experi-
ments in a tubular flow reactor installation operating at atmospheric
pressure and with different reaction temperatures and inlet concentra-
tions of DMM. The quantification of PAH present in different surfaces
(soot and reactor walls) and at the outlet gas stream has been made to
assess the distribution of PAH in each of these phases. Additionally, the
toxicity of the PAH samples, expressed as B[a]P-eq, have been analyzed
in all experiments. Finally, a comparison of the results obtained from
this work with those obtained in previous works on the formation of soot
and PAH during the pyrolysis of other oxygenated compounds is per-
formed. Specifically, a comparison is carried out with alcohols (ethanol,
butanol isomers: iso-butanol, 1-butanol, 2-butanol, tert-butanol), un-
saturated cyclic ethers (2,5-dimethylfuran (2,5DMF), 2-methylfuran
(2MF)), and a carbonate ester (dimethyl carbonate (DMC)). The re-
sults of this work contribute to the knowledge of the formation of PAH
during the pyrolysis of DMM and associated toxicity, and help to figure
out which type of fuel and operating conditions cause the least forma-
tion of these pollutants.

2. Experimental methodology

The experiments of the pyrolysis of DMM have been carried out in a
facility with a flow reactor operating under well-established laboratory
conditions. This installation has been used in several previous works of
the group on the pyrolysis of oxygenated compounds e.g. [40,41]. The
scheme of the installation can be found in Fig. 1.

Briefly, the reaction zone of the reactor, i.e., the heated isothermal
region length, is of 160mm, and is achieved bymeans of cooling air both
at the exterior of the inlet and outlet of the reactor. In this work, the
experimental conditions studied are similar to those used in the previous
work of our research group on the pyrolysis of DMM [25], but in this
case, the work in the present investigation is focused on the formation

and quantification of the 16 EPA-priority PAH. The total gas flow was
kept constant at 1000 mL (STP)/min, obtaining a gas residence time of
4168/T (K) (in seconds). The inlet concentrations of DMM were of
33,333 and 50,000 ppmv and were achieved through an isocratic HPLC
bomb with an electric resistance to vaporize the liquid, while the tem-
peratures in the reaction zone were 1075, 1175, 1275, 1325, 1375, 1425
and 1475 K. At the end of the reaction system, soot was collected by a
quartz fiber cartridge (< 1 µm pore diameter), followed by a XAD-2 resin
to collect PAH present in the gas-phase. Soot weight was calculated by
the difference in mass of the cartridge before and after each experiment.

The sampling and analysis of PAH have been developed previously
by our research group [42], according to EPA 3540C [43] and 8270D
[44] methods and have been widely employed in previous studies
[45,47]. A brief description of the procedure is shown below. PAH were
analyzed in three phases: in the gas–phase, using the XAD-2 resin placed
after the cartridge used to collect soot; on the reactor walls, by washing
the reactor walls with 100mL of dichloromethane; and on soot. The PAH
adsorbed on the resin and soot were extracted by Soxhlet apparatus and
concentrated using a rotary evaporator and a gentle stream of nitrogen.

The 16 EPA-priority PAH, were identified and quantified by a gas
chromatograph (model 7890A) coupled to mass selective (model MSD
5975C) detector (GC–MS) of Agilent Technologies, with a capillary
column DB-17Ms (60 m × 0.25 mm ID × 0.25 m). Selected ion moni-
toring (SIM) mode was employed to improve the selectivity and sensi-
bility. The injection volume in splitless mode was 1 µL, with helium as
carrier gas. The GC–MSwas calibrated with a standard solution of the 16
priority PAH provided by Dr. Ehrenstorfer GmbH. The quantification
method has shown recoveries greater than 80 % in several studies
[38,40,45]. The method repeatability has been verified through the
percent relative standard deviation (%RSD) of three trials, obtaining
values lower than 22 % for most of the PAH [42]. The estimated un-
certainty of the measurements is ± 5 %, but not less than 10 ppm, as eas
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Fig. 2. Pyrolysis of DMM, for two inlet concentrations of fuel, as a function of the reaction temperature: a) conversion of DMM, b) yield to soot, c) yield to gases, and
d) yield to PAH.
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reported in previous studies [38,40].
Besides, the B[a]P-eq (benzo[a]pyrene equivalent) was calculated to

estimate the cancer risk attributed to the inhalation of PAH airborne
samples Eq. (1). This value uses the toxicity equivalent factors (TEF) of
each compound and its respective amount [PAH] in the sample [48,49].

B[a]P − eq =
∑n

i=1
(TEFi) × [PAHi] (1)

3. Results and discussion

3.1. Conversion of DMM

The conversion of DMM yields to soot, gases and PAH obtained in the
pyrolysis of DMM, for two inlet concentrations of fuel (33,333 and
50,000 ppmv) as a function of the reaction temperature, is shown in
Fig. 2. The yields are defined as the ratio, in percentage, between the
carbon amount found in soot, outlet gases or PAH, respectively, and the
carbon amount fed at the inlet of the reactor. The DMM conversion is
high, over 95 %, for both concentrations of fuel tested, Fig. 2a. In gen-
eral, by increasing the concentration of DMM, a higher yield to soot
(Fig. 2b) and a lower yield to gases and PAH (Fig. 2c and 2d, respec-
tively) are obtained. This is because as the higher the concentration of
fuel is higher, the soot formation is enhanced and then, less carbon is
available to participate in the formation of gases and PAH.

As expected, the yield to soot increases as the temperature increases
(Fig. 2b), especially above 1375 K, reaching a value of around 7 % at the
maximum temperature tested, for both inlet concentrations of DMM
studied. On the other hand, the yield to gases decreases as the temper-
ature increases (Fig. 2c) with values in the range of 63.8–87.6 % and
58.4–79.9 % for 33,333 and 50,000 ppmv, respectively. The yield to
PAH (Fig. 2d) shows a maximum of around 0.5 % that coincides with a
significant increase of soot formation (Fig. 2b), which indicates the
consumption of PAH to form soot. These findings are consistent with
those obtained in previous works on the pyrolysis of hydrocarbons and
oxygenated compounds [38,39,45,46].

It is worth mentioning that DMMhas a very low capacity to form soot
and PAH because the carbon present in its structure is used to mainly
form CO, thus removing carbon from the typical paths for the formation
of soot and PAH, as will be discussed in more detail in section 3.4.
Furthermore, the formation of small intermediated species, such as
ethylene, acetylene, benzene, during the pyrolysis of DMM is low, as it
has been reported early [25]. Ethylene can be formed through the
CH3OCH2OCH3 → CH3OCHOCH3 → CH3 → C2H6 → C2H5 → C2H4 re-
action sequence. Then, ethylene can be converted to acetylene, with
vinyl radicals (C2H3) as intermediate. Vinyl radicals subsequently are

converted to vinylacetylene (C4H4) that can react with either vinyl
radicals or with more acetylene to form benzene, and can also partici-
pate in PAH formation at higher temperatures [25].

3.2. PAH speciation

The individual total PAH speciation, which represents the sum of
each concentration of analyte (PAH) found in XAD-2 resin, soot and
reactor walls at each temperature tested during the pyrolysis of DMM,
for two inlet concentrations of fuel (33,333 and 50,000 ppmv), as a
function of the reaction temperature, is shown in Fig. 3.

The individual total PAH reaches a maximum value at intermediates
temperatures, which can be attributed to their participation in the soot
formation process. Moreover, for both inlet concentrations of DMM, the
PAH with higher concentration are: NAPH, ACNY, PHEN, FANTH, PYR,
and in minor amount the heavy ones, B[a]P and B[ghi]P. The same trend
has also been observed in previous works on the pyrolysis of hydro-
carbons and oxygenated compounds [38,39,45,47].

In order to explain the evolution of individual PAH, Figs. 4 and 5
show their speciation together with their distribution at the different
phases (soot, resin and reactor walls), during the pyrolysis of DMM at
33,333 and 50,000 ppmv, respectively, and at all the temperatures
studied.

For both inlet concentrations of DMM, the most predominant PAH
are NAPH and ACNY, with a persistent presence in resin. While for
NAPH this occurs at all temperatures and for both concentrations of fuel
tested, for ACNY its highest concentration is shifted from resin to soot at
1375, 1425 and 1475 K. This behavior was also observed in a previous
study on the pyrolysis of ethanol [38] and could be explained by the
HACA route, that includes the addition of acetylene, from NAPH, up to
the formation of ACNY at high temperatures [50].

At the highest temperatures, 1425–1475 K (Fig. 4f, 4 g, 5f and 5 g), it
is observed a drastic increase in concentration of PAH in soot, especially
of high molecular PAH, such as PHEN, FANTH, PYR, B[a]P and B[ghi]P.
These results are in line with previous works [38,47], and could be
because lighter PAH are generally in the gas-phase, while heavy PAH are
in soot particles, mainly at high temperatures, where the soot formation
process is favored [51].

3.3. PAH toxicity

The toxicity of the PAH samples, expressed as B[a]P-eq, from the
pyrolysis of DMM with two inlet concentrations, 33,333 and 50,000
ppmv, as a function of the reaction temperature, is shown in Fig. 6. The
toxicity presents a maximum at 1425 K in both cases that agree with the
highest concentration of B[a]P in soot (Fig. 4f and 5f). Moreover, the
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higher the inlet concentration of DMM, the higher the toxicity.
The total PAH concentration and the toxicity in all phases studied

(soot, reactor walls and resin) in the pyrolysis of DMM, for two inlet
concentrations of DMM, as a function of the temperature is shown in
Fig. 7.

Fig. 7 shows that total PAH are distributed principally in the resin up
to 1375 K, while from 1425 K the distribution of total PAH is greater in

soot, with the highest total concentration occurring at 1425 K.
Regarding the toxicity, it is observed that it is higher on soot for any
temperature studied and shows a maximum at the same temperature
where a considerable increase in soot formation is produced (Fig. 2b).
The maximum of total PAH concentration (Fig. 7) occurs at 1425 K, with
a higher toxicity value during the pyrolysis of DMM 50000 ppmv
(Fig. 7b). This indicates the adverse health effects of soot particles,
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which additionally to the effect produced by inhaling small size particles
that exhibit high penetration in the respiratory system of humans, they
also have associated a certain degree of toxicity.

3.4. Comparison of the pyrolysis of DMM and other oxygenated
compounds

The importance of different oxygenated organic compounds
analyzed as fuels or diesel additives, due to their potential for mini-
mizing polluting emissions (soot, PAH), makes it interesting the com-
parison of the results obtained in the pyrolysis of these compounds. In
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Fig. 5. Individual PAH distribution from the pyrolysis of DMM (50,000 ppmv) at different reaction temperatures: a) 1075 K, b) 1175 K, c) 1275 K, d) 1325 K, e)
1375 K, f) 1425 K, g) 1475 K.
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this sense, this section shows a comparison of the results of the yield to
products (soot, gases and PAH), PAH speciation, and PAH toxicity ob-
tained both in this work and in previous pyrolysis experiments of
different oxygenated compounds carried out in our group. The oxy-
genates compared cover a range of oxygen contents, types of chemical
structures and functional groups, such as alcohols (ethanol, butanol
isomers: 1-butanol, 2-butanol, iso-butanol and tert-butanol), unsaturated
cyclic ethers (2,5-dimethylfuran (2,5DMF) and 2-methylfuran (2MF)), a
carbonate ester (C(=O)OO) (dimethyl carbonate (DMC)) and an acyclic
ether (O-C-O) (dimethoxymethane (DMM)), which are reported to be
important factors controlling the sooting and PAH tendency of a fuel
[52–57]. Literature results have shown clear effects of the presence of
alcohols in alcohol-diesel fuel blends for PAH formation during diesel
engines combustion e.g. [58,59].

For a proper comparison, the experimental conditions of the pyrol-
ysis of each oxygenated compound were selected in order to be similar
and are shown in Table 1. The comparison is performed for the tem-
peratures of 1275, 1375 and 1475 K, a residence time (in seconds) of
4168/T (K) and an inlet concentration of carbon ranging from 90,000 to
150,000 ppm. It is worth mentioning that in the present work some
additional experiments of the pyrolysis of 2,5DMF were carried out in
order to have a complete overview of the PAH formed in the pyrolysis of
furans, which chemical conversion has been analyzed in the past in our
group.

Fig. 8 shows the comparison of the yield to soot, gases, and PAH for
the reaction temperatures considered. In general, as the temperature

increases, the yield to soot increases, while the yields to gases and PAH
decrease. This is because the soot formation is favored at high temper-
atures, and carbon is being used in this process instead of being used to
form gases or PAH. For all temperatures, tert-butanol, 2MF and 2,5DMF
present the highest yield to soot, while DMC and DMM show the
opposite (Fig. 8a). On the other hand, DMC and DMM have the highest
yield to gases, at all temperatures tested, among all compounds
compared (Fig. 8b). The fuel structure, functional group, as well as the
routes involved in the formation of soot during the conversion of these
species, have an important effect on its tendency to form the different
products. In the case of tert-butanol, nine neighboring hydrogen atoms
are available in the hydroxyl group to form complex bonds, and then an
important pathway of fuel breaking of tert-butanol is through a complex
fission to eliminate H2O (R1) [47,61].

(R1)

It has also been identified that tert-butanol has high capacity to form
C3H3 which, in turns, forms benzene and subsequently soot [62].
Regarding the cyclic species, also known as furans, (2,5DMF and 2MF),
they have the ability to form soot through the conventional route (first
break up into small fragments and then form the first ring, which is
generally considered to be the rate-determining step in the soot forma-
tion process) and by a more direct pathway involving ring condensation
or polymerization reactions building on the existing cyclic structure
[54,63,64]. The consumption of 2,5DMF passes through cyclo-
pentadienyl radicals (C5H5) up to formation of PAH rings (R2-R3).

(R2)

(R3)

In the same way, the decomposition of 2MF conduces to the forma-
tion of vinyl radicals (C2H3) and vinyl acetylene (C4H4), which are
involved in the formation of soot precursors such as benzene (R4-R7).

(R4)

(R5)
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Table 1
Experimental conditions of the pyrolysis of the different oxygenated compounds.

Compound Functional group Chemical structure and
formula

Inlet fuel
concentration (ppmv)

Inlet carbon
concentration (ppm)

Temperature
(K)

Residencie
time (s)

Reference

DMM Acyclic ether

C3H8O2

50,000 150,000 1275
1375
1475

4168
T(K)

Present
work

Etanol Alcohol

C2H6O

50,000 100,000 [38]

1-butanol Alcohol

C4H10O

22,500 90,000 [47]

2-butanol Alcohol

C4H10O

22,500 90,000

Isobutanol Alcohol

C4H10O

22,500 90,000

Tert-
butanol

Alcohol

C4H10O

22,500 90,000

2MF* Unsaturated cyclic
ether

C5H6O

18,000 90,000 [60]

2,5DMF*

C6H8O

15,000 90,000 Present
work

DMC Carbonate ester

C3H6O3

50,000 150,000 [40]

* Also known as furans.
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(R6)

C4H4 + C2H3 +   H (R7)

The low tendency of DMC (carbonate ester) and DMM (acyclic ether)
to form soot could be associated to the absence of C–C bonds in their
molecular structure, which limits the capacity of these species to form
soot precursors. It is interesting to note that, even though DMC has a
higher oxygen content than DMM (53.3 wt% vs. 42.1 wt%), DMC has a
higher capacity than DMM to form soot by a factor of around 1.7. Such
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fact is mainly due to the specific molecular structure of these two oxy-
genates. In DMM, there are only C-O bonds in its structure and, during its
pyrolysis, all O atoms in their molecular structure are being used to
remove carbon from the typical paths that lead to the soot formation
[25]. The decomposition of DMM leads to the formation of formalde-
hyde that conduces to the formation of CO and CO2 (R8-R11).

CH2O + H            HCO + H2 (R9)

HCO             CO + H (R10)

CO + OH            CO2 + H (R11)

Regarding DMC, the bond structure including O atoms leads to a
considerable fraction of direct CO2 formation, which wastes the oxygen
in DMC [65]. Thus, DMC decomposes to methoxy formyl radicals and
formaldehyde which in turn lead to the formation of CO and CO2 (R12-
R14).

C H3
O

C
O

CO + CH3O (R13)

C H3
O

C
O

CO2 + CH3
(R14)

On the other hand, for all temperatures, the yield to gases is greater
in the pyrolysis of DMC and DMM and less for tert-butanol, 2MF and
2,5DMF (Fig. 8b). This is because carbon in DMC and DMM is used to
form gas products, mainly CO and CO2, instead soot (Fig. 8a) or PAH
(Fig. 8c) [25,65]. Fig. 8c shows that, at 1475 K, the yield to PAH is less
than 1 % for all oxygenated compounds, which could indicate that PAH
formed during the pyrolysis of these compounds are converted, almost
entirely, into soot. Furthermore, it is observed that at 1275 K the py-
rolysis of all the oxygenates studied, except DMC and DMM, have a
higher yield to PAH. This can be explained by the ease of leading to
reaction pathways that favor the formation of PAH and subsequently its
cyclization to form soot, which was explained above.

Fig. 9 shows the comparison of the PAH speciation at 1275 K, that is
the temperature at which soot formation begins and the highest con-
centration of PAH is obtained in the pyrolysis of most of the compounds
studied. The PAH obtained with the highest concentration in all the
cases analyzed are: NAPH, ACNY, FLUO, PHEN, ANTH, FANTH and

PYR, which represent more than 80 % of the PAH formed. Furthermore,
the lowest PAH formation is observed in the pyrolysis of DMC and DMM.
As mentioned above, the decomposition of these oxygenates mainly
leads to the formation of gases such as CO and CO2, removing carbon
from the PAH and soot formation pathways.

Tran et al. [66] also observed increased formation of PAH, such as

NAPH, PYR, and PHEN, during the study of 2,5DMF and 2MF in flame
experiments. During the pyrolysis of alcohols, in a flow reactor, similar
trend of the formation of NAPH was found [67], with the amount of the
PAH formed in the pyrolysis of ethanol being lower than the obtained in
the pyrolysis of 1-butanol and 2-butanol. Additionally, Chen et al. [62]
showed, in flame experiments of diesel bends with butanol isomers, that
the formation of PAH with 4 rings, such as PYR, would be directly
related to the soot formation tendency. Similar results to those shown in
the present work have been obtained in biomass pyrolysis studies [68],
and in previous investigations of the pyrolysis of soot precursors, acet-
ylene and ethylene, in which similar experimental conditions were used
[39,45,46,69].

In general, PAH are mostly adsorbed on the surface of soot, except for
NAPH, which can appear in significant concentrations both in the soot

and the resin. It is also observed that in the pyrolysis of tert-butanol, 2MF
and 2,5DMF, there is a higher concentration of high molecular weight
PAH (Fig. 9e, 9f and 9g, respectively), which could condense and in-
crease the formation of particles.

The total PAH concentrations and the toxicity in all phases studied
(soot, reactor walls and resin) at 1275 K are shown in Fig. 10. The
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highest concentration of PAH is found adsorbed on soot and is obtained
for 1-butanol, 2-butanol and tert-butanol. The highest B[a]P-eq value is
also found in soot and occurs for tert-butanol, 2MF and 2,5DMF. These
results could indicate that the pyrolysis of compounds with a branched
or cyclic structure, with a greater number of C–C bonds, could present an
effluent with a greater toxic risk in the initial stages of soot formation,
since PAH with carcinogenic properties such as B[a]P would be adsor-
bed on the soot particles formed from the pyrolysis of these compounds.

The B[a]P-eq values obtained in the pyrolysis of the oxygenated
compounds, considering all phases (soot, resin and reactor walls), at
1275, 1375 and 1475 K (Fig. 11) indicate that the highest B[a]P-eq
value, for all the compounds, is found at the lowest temperature tested,
except for DMM and DMC, due to their lowest PAH formation at this
temperature, as it can be observed at Fig. 10. Moreover, at 1275 K, the
highest toxicity is obtained in the pyrolysis of 2,5DMF, followed by the
pyrolysis of alcohols, in particular by tert-butanol, Fig. 11a. This is in
accordance with that observed in Fig. 9, which shows that the alcohols,
2MF and 2,5DMF give higher concentrations of B[a]P at 1275 K. At
1375 K (Fig. 11b), the toxicity decreases in the pyrolysis of all com-
pounds except for DMC and DMM, which show a slight increase, while
the pyrolysis of ethanol exhaust gases presents the greatest toxicity.

As mentioned, the toxicity was lower at 1475 K in all cases,
compared to the other two temperatures studied (Fig. 11c) and it can be
because the PAH with a greater number of rings formed during the py-
rolysis, including B[a]P, become part of the soot particles [36]. The
increased toxicity of DMM at high temperature is striking, since being a
compound with a large proportion of oxygen (42 %), a behavior similar
to the pyrolysis of DMC would be expected. In order to have an expla-
nation of why the increase in toxicity for DMM occurs at the highest

temperature studied, it would be necessary to carry out experiments at
temperatures above 1475 K, the maximum temperature of the present
work, in order to evaluate the trend as temperature is further increased.

4. Conclusions

The influence of the temperature and inlet concentration of fuel on
the formation of the 16 EPA-priority PAH during the pyrolysis of
dimethoxymethane (DMM) was analyzed, using inlet concentrations of
fuel of 33,333 and 50,000 ppmv, and in the temperature range of
1075–1475 K. Additionally, a comparison with the results of the py-
rolysis of different oxygenated compounds, focusing mainly on the for-
mation of PAH was made.

Results indicate that the high yield to gases in the pyrolysis of DMM
with a minimum value close to 60 %, for both concentrations of DMM
tested, decreases the formation of soot and, consequently, the reduction
of the yield to PAH, with values less than 0,5 %.

The yield to PAH presents a maximum, that could be due to the fact
that PAH go from being a material formed by the breakdown of low-
mass hydrocarbons, to becoming a precursor to the formation of soot
via HACA route.

In the individual total PAH concentration, for both concentrations of
DMM, the highest concentrations of PAH come fromNAPH and ACNY, at
all the temperatures tested, and are mostly distributed in the gas-phase
(resin). The same trend is observed for the rest of oxygenated com-
pounds analyzed.

The highest value of PAH toxicity is obtained comes from the py-
rolysis of 50,000 ppmv of DMM, at 1425 K on soot, which could indicate
that the higher the reaction temperature, the higher the toxicity of the
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soot generated.
During the comparison of the pyrolysis of oxygenated compounds,

the compounds that form higher soot amounts at 1475 K follow the
trend: 2,5DMF < tert-butanol < 2MF < 2butanol < iso-butanol < 1-
butanol < ethanol < DMC < DMM.

On the other hand, the trend to form PAH at 1275 K is tert-butanol <
2-butanol < 1-butanol < 2,5DMF < 2MF < iso-butanol < ethanol <
DMC < DMM.

Considering the B[a]P-eq values, at 1275 K, the highest toxicity
values come from 2,5DMF < tert-butanol < ethanol < 2 MF < 2-butanol
< 1-butanol < iso-butanol < DMC < DMM.

Overall, DMM can be considered a good option for its use as a fuel
additive due to its low ability to form soot and PAH under the conditions
studied. However, further investigations under additional operating
conditions, such as higher temperature and pressure, are needed to gain
a more complete picture of the ability of DMM to form these pollutants.
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[65] Alexandrino K, Salinas J, Millera Á, Bilbao R, Alzueta MU. Sooting propensity of
dimethyl carbonate, soot reactivity and characterization. Fuel 2016;183:64–72.
https://doi.org/10.1016/j.fuel.2016.06.058.

[66] Tran LS, Sirjean B, Glaude P, Kohse-Höinghaus K, Battin-Leclerc F. Influence of
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