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Abstract

The aim of this paper is to evaluate the effect of the oxygenated compounds concentration on
sooting propensities of Diesel and Biodiesel surrogates and to investigate the oxidative
reactivity of soot obtained by combustion of these surrogates using an atmospheric
axisymmetric co-flow diffusion flame burner. Methyl decanoate (MD) concentrations from 3
to 30 % (in mole %) are added to a Diesel surrogate made up of a binary mixture of 70 % of
n-decane and 30 % of a-methylnaphthalene (a-MN). The sooting propensities of these
mixtures are estimated through the Yield Sooting Indices (YSIs) in methane diffusion flames
doped with 35,000 ppm of surrogate vapors. The characteristics of the soot volume fraction
are extracted using the light extinction method (LEM). Additionally, soot generated from the
combustion of the model Diesel and Biodiesel fuels were collected, sampled and
characterized using physico-chemical techniques. MD addition is found to reduce sooting

tendencies. This decrease is more pronounced when the concentration of oxygenate additives



increases. On another side, the oxidative reactivity of soot generated from the diffusion flame
burner is found to decrease when the Biodiesel percentage increases. Furthermore, soot
generated from the combustion of Diesel and Biodiesel surrogates exhibited different
behaviors. Biodiesel-derived soot particles were smaller and less reactive than Diesel-derived
ones, the latter displaying less ordered graphite-like structures and higher amorphous carbon
concentration.

Key words: Diffusion flame, Yield Sooting Index, Oxygenated compound, Diesel, Biodiesel,
Surrogate, Soot, Reactivity.

1. Introduction

The use of biofuels regularly increases being one of the best contributors to the reduction of
greenhouse gases (GHG) emissions. Such products are indeed well known for their
renewability and their ability to represent a carbon dioxide-cycle during their combustion
through photosynthetic ways [1]. Biodiesel is a synthetic Diesel-like fuel produced through
the transesterification of triglycerides contained in vegetable or animal fats [2]. It can be used
blended with conventional Diesel or not [2,3]. The impact of the combustion of Biodiesel and
Biodiesel blends in Diesel engines on emissions, especially of particulate matter (PM),
received a special attention for the past few years [4-7]. Soot particles represent a significant
component of the PM emitted by engines [8]. These emissions contribute to smog and are
suspected to affect local climate [9]. Furthermore, the harmfulness of soot particles on human
health is mainly attributed to adsorbed ones. Soot particles may contain many chemical
species: heavy metals, inorganic compounds as well as organic species such as polycyclic
aromatic hydrocarbons (PAHSs) [10,11]. The latter are classified as carcinogenic, mutagenic or
toxic for the reproduction (CMR) by the International Agency for research on Cancer (IARC)

[12].



The mechanisms governing soot formation and oxidation in Diesel engines during fuel
combustion are complex and their evaluation is difficult. For a better understanding of
fundamental chemical and physical factors leading to soot production, laboratory scale
laminar non-premixed flames are usually used. Studies on diffusion flames at a laboratory
scale are indeed realized in order to evaluate the sooting tendencies of various model fuels
using the Smoke Point as an index to assess soot propensity [13-15]. The previous results
concerning the impact of oxygenated additives on sooting tendencies of surrogate fuels
proved that these sooting tendencies monotonically decrease with increasing oxygenate
concentration in the fuel mixture. Three main factors have been identified which explain this
relationship: the dilution effect of the base fuel when adding oxygenated additives [16,17], the
reduction of the mole fractions of key intermediate products which play an important role in
the formation of soot precursors [18] and the formation of oxidant radicals which enhance
more soot oxidation than soot formation [19]. Furthermore, McEnally and Pefferle [20]
measured the sooting tendencies of 186 oxygenated hydrocarbons in terms of the Yield
Sooting Index (YSI). These authors found that direct chemical effects associated with the
structure of additives mainly govern the measured trends. At a given carbon number, the YSI
increases in the following order: ethers < primary alcohols ~ n-alkanes < secondary alcohols.
They also found that the molecular structure of ester compounds plays a key role and has a
higher effect on soot elimination when compared to carbonyl compounds with a single
oxygen atom like alcohols and ethers.

The structure, the composition and the morphology of soot largely depend on their origin and
their production conditions. This fact has triggered a debate in order to highlight which of
these factors most contribute and affect soot reactivity. Many studies have correlated soot
characteristics and reactivity with the internal structure (nanostructure) of its primary

particles, which depends, among others, on the fuel type and origin [21,22]. As an illustration,



Vander Wal and Tomasek [23] showed that soot nanostructure mainly depends on the
synthesis conditions like temperature, time and nature of the fuel. They also evoked the
dependence of the reactivity on the relative number and accessibility of potential reactive
carbon edge sites. Other studies emphasized the role of the composition of tested fuels, more
specifically the impact of oxygenate additives on soot formation and reactivity. For instance,
Soeong and Boehman [19] suggested that the earlier the soot is formed in a given flame, the
less reactive it will be when it escapes from the flame tip. They also found that the surface
oxygen content is proportional to the soot oxidative reactivity and may be the main factor for
oxidation reactivity of oxygenated soot. On the other hand, Ghiassi et al. [24] studied the
impact of n-butanol addition at different mole fractions (10% / 30% / 60%) on a Diesel
surrogate, i.e. n-dodecane. When quantifying the soot stability during an oxidation process,
they found that the oxidation reactivity increases with increasing alcohol percentage up to
30%. After this level, they noticed a decrease of activity at 60% n-butanol even though the
amount of soot produced was decreasing. They attributed this non-monotonicity of the soot
reactivity to dissimilar nanostructures. In fact, soot derived from 30% n-butanol has shorter
carbon segments while that derived from 60% n-butanol has a higher amount of layer planes
with high curvature. This latter nanostructure was supposed to be less active than the first one.
Barrientos et al. [25] studied soot samples generated from the combustion of various methyl
esters, n-alkanes, Biodiesel and Diesel fuels in laminar co-flow diffusion flames via
thermogravimetric analysis (TGA) and Raman spectroscopy. They found that ester
compounds contained in Biodiesel have an impact on soot oxidative reactivity and soot
characteristics. Along the combustion of shorter alkyl chains of methyl esters, soot particles
exhibited higher soot reactivity and lower structural ordered. The authors also found that the
impact of fuel-bound oxygen on the soot reactivity became less significant as the carbon

chain length increases. Similar studies were performed in the case of real soot produced on



test bench. Song et al. [26] studied the reactivity of soot derived from the combustion of neat
Biodiesel (B100), ultra-low sulfur Diesel (ULSD), Fischer-Tropsch synthetic Diesel fuel
(FT100) and ULSD blended with 20% Biodiesel. In order to explain the high reactivity found
in B100 derived soot, the authors speculated that B100 derived soot undergoes a unique
oxidation process called “internal burning” leading to a total destruction of the core and a
possible formation of graphene layer structures. It was also discussed that not only the initial
nanostructure determined the reactivity of soot but also the degree of internal structure change
during oxidation had a strong influence on this soot reactivity. In another study [27], it was
found that the abundance on the soot surface of oxygen functional groups could enhance soot
reactivity. This incorporation of oxygen due to the use of Biodiesel may be more crucial than
the initial structure and pore size distribution of soot particles in terms of soot oxidative
reactivity. In addition to the high oxygen content, Lopez-Suarez et al. [28] attributed the
higher reactivity of B100 soot to the presence of metallic impurities which can play a catalytic
role.

In the present work, Diesel and Biodiesel surrogates are incorporated into the fuel stream
burning in a laminar co-flow diffusion flame which allows strictly controlled experimental
conditions. The impact of various oxygenated compounds like esters on both sooting
tendencies and soot oxidative reactivity can thus be assessed. The sooting tendency of
selected surrogates is measured in terms of the yield sooting indices (YSIs) in methane
diffusion flames doped with the vapors of tested fuels. The structure and the oxidative
reactivity of soot samples generated from the combustion of these surrogates are investigated
using temperature-programmed oxidation (TPO), thermogravimetric analysis (TGA) and
Raman spectroscopy. These results are compared with those concerning the reactivity of soot

generated by a real Diesel engine.



2. Experimental procedure

2.1. Burner configuration

Santoro et al. [29] established non-premixed diffusion flames over an axisymmetric co-flow
burner. This configuration allowed McEnally et al. [20,30] to extract YSIs values for a wide
range of fuels. Kashif et al. [31] proposed an experimental procedure based on previous
investigations in order to measure the volume fraction of soot particles emitted by primary
reference fuels using the laser extinction method (LEM).

In the burner, the fuel stream flows through a vertical axial brass duct, which has an effective
11 mm injection diameter dr. The co-flowing oxidizer mixture is introduced into a concentric
brass cylinder of 102 mm inner diameter through four bend canals thus favoring the
homogeneity of the final mixture. Gases flow rates are controlled by mass flows type
Bronkhorst EL-FLOW. Finally, a combination consisting of perforated copper plate, glass
beads and ceramic cell with honeycomb shape of 1.22 mm in size, allows the rectification of
oxidant flows and ensures an up-laminar-flow through the burner.

The symmetry axis is (Oz) and its origin is located at the burner tip, defining the height above
the burner (HAB). The cross-stream coordinate is r, which is the distance from the symmetry

axis. The inner radius of the axial duct is R=dg/2.

2.2. Flow control
Atmospheric-pressure co-flow laminar non-premixed flames were generated with a burner in
which the reactants come from a high-purity gas cylinder (CH4 and or N2; 99.9% stated
purities) and a compressor (air). Figure 1 describes the experimental setup.
After establishing the vacuum in the whole line (1,2,10), the liquid fuel whose tendency will
be quantified is filled in through the padding valve (5). The liquid fuel which is stored in a

specific fuel tank (3) is then pushed away by an inert gas — argon — and flows through a



Coriolis mass flow controller (6). The liquid fuel is then vaporized and mixed with a carrier
gas — methane — using a Bronkhorst controlled evaporation and a mixing (CEM) system (7).
The gaseous mixture is finally carried out through a heated line (8) to the inner central duct of
the burner. A heating wire is indeed wrapped around this duct inside the burner up to the
honeycomb inlet. From the evaporator to the burner tip, the different duct connections are
thermally insulated and the walls along the fuel line are maintained at a temperature of 180 °C
in order to prevent the tested fuels from condensing.

A thermocouple inserted in the central tube at the bottom end of the burner measures the
temperature of the gaseous mixture in order to be sure that no condensation occurs.
Furthermore, the possible condensed fuel can be flushed through a valve located at the very
bottom of the burner. No fuel droplet leaked through the valve during the flush purging which

was performed after each experiment.

2.3. Tested fuels
In the present work, due to the complex Diesel composition, a Diesel surrogate named Aref
and consisting of a binary mixture of 70% (in mole %) of n-decane and 30% of a-
methylnaphthalene (a-MN) was chosen as model fuel. This surrogate was previously used in
the literature in order to simulate the combustion process which occurs in Diesel engines and
the reproduction of the soot formation process which occurs during the combustion of
commercial Diesel [32-35]. Methyldecanoate (C11H2202) has been selected as the oxygenate
additive and has been added to the reference surrogate (Aref) in proportions of 3, 7, 15 and 30
mole % in order to obtain the corresponding Biodiesel surrogates named MD3, MD7, MD15
and MD30 respectively. Table 1 presents the different surrogates used in the present study

with their chemical composition. Soot particles generated from the combustion of these



surrogates using the co-flow diffusion flame burner will be named Aref soot, MD3 soot, MD7

soot, MD15 soot and MD30 soot, respectively.

2.4. Methodology for the evaluation of sooting tendencies of Diesel and Biodiesel
surrogates
2.4.1. Light extinction measurement (LEM) diagnostics and soot volume fraction
measurements

It has already been shown that the light extinction measurement (LEM) technique provides a
good resolution in both time and space, which allows a better tracking of soot formation in
diffusion flames [36]. The optical diagnostic contributing to the measurement of two-
dimensional soot volume fractions will here be based on this technique. The system consists
of a continuous laser beam whose power is equal to 100 mW (11) and with a wavelength of
645 nm (-5 /+7 nm). A complex setup with collimator optical lenses and mirrors is then used
to shrink the original laser beam (13,14). Once the flame passed through, the beam is
decollimated through a specific lens (16), which will be filtered and then collected by a
camera (17). Finally, a frame grabber records the frames captured by the camera on a
computer.
In order to have a spatial resolution of 50 um for the LEM projected data over the 70 mm
diameter investigated, an optical arrangement is needed leading to the construction of the
matrix 1312 x 1082 pixels. In this arrangement, the Photon Focus MV1 12-bit progressive
scan monochrome camera is equipped with a conventional lens, with a narrow band filter
centered at 645 nm (x 2 nm) and with a bandwidth at one-half the transmissivity maximum of
20 nm. Further details about this technique can be found in [37].
In order to compute the extinction measurement on every pixel, a sequence of four frames is

requested:



- Frame with flame on and laser established (attenuated laser light intensity, 1',),

- Frame with flame established and laser off (background and flame emission intensity,
|f,bj)1

- Frame without flame but laser on (unattenuated laser light intensity, 1°)),

- Frame without flame and laser off (background intensity, 1°,).

For a given zj height above the burner (HAB) and according to the Beer-Lambert law, the
monochromatic transmission for a given radius r, measured in pixels, is related to the local

extinction coefficient k according to the Eq. 1:

[ L ..
log ﬁ :—_[O k7" (ri,Z)ds Eq. 1
I I

However, as a line-of-sight technique, LEM needs to be combined with a subsequent
deconvolution to infer the local extinction coefficient distribution. Many numerical studies
have been developed for this purpose [38-40]. Once the adjustments of parameters are done,
Mie’s theory is applied in order to calculate the soot volume fraction of soot particles from the

field distribution of k® (ri,zj), assuming that the soot particles are in the Rayleigh limit:

. 1K (riyg

f\/(r|,z]):M Eq. 2
60E(m)

where E(m) is a function of the complex soot refractive index. In the present study, its value is

taken equal to 0.27 based on the work of Kashif et al. [31].

2.4.2. Quantifying sooting propensities to calculate the Yield Sooting Index (YSI)
In order to evaluate the apparatus-independent Yield Sooting Index (YSI) of tested Diesel and
Biodiesel surrogates, the maximum soot volume fraction fymax = max {fv(r,zmeas)|r € [0,R]} is

measured in diffusion flames burning with co-flowing air which are doped at a given



concentration with the vapor of the tested surrogate (methane), as reported by McEnally and
Pfefferle [30]. At a fixed height zmeas above the burner, the YSI is calculated using Eqg. 3:

YS =Cf D Eq. 3
where C and D are apparatus-specific parameters which are determined by arbitrary YSI
values attributed to two reference fuels, namely n-heptane and isooctane as reference fuels: 0

and 48.6, respectively.

2.4.3. Experimental parameters: flame conditions and soot sampling
Table 2 shows the experimental parameters that were kept constant throughout the present
study.
The co-flowing oxidizer stream consists of filtered laboratory compressed air. For YSIs
measurements, the nominal flow rates were kept constant at 210 cm3/min for carrier gas (100
% CHa) and 60,000 cm®/min for air.
The temperature of the heated lines was kept at 180 °C in order to prevent variations of the
rate of tested surrogate vapour along the fuel line. Methane flames were doped with the
vapours of different blends of Diesel and Biodiesel surrogates with flow rates corresponding
to vapour fractions greater than 35,000 ppm (Xvap = 3.5 x 102 mole fraction).
For the soot sampling stage, a carrier gas was diluted with nitrogen (30% CHa, 70% N>). This
gaseous mixture is then mixed with vapors of different surrogates and then carried along a
heated line up to the central burner channel. The dilution is here required in order to bring the
concentration of fuel vapors close to the limits of the smoke point, which leads to the
emission of soot particles when opening the flames. Soot samples were collected in the post
flame region by suction with a pump on a glass microfiber filter (@ = 110 mm) placed in a

glass enclosure and isolated from the surrounding atmosphere. Soot were collected every 45

10



min for each surrogate sample and then placed in glass vials stored in a desiccator at room

temperature for further characterizations.

2.5. Soot particles characterization
2.5.1. Laser granulometry
Measurements of particle size distributions of soot aggregate particles were carried out in
FRITSCH laser particle sizers ANALYSETTE 22 Nano Tec plus, under wet dispersion in
which water was used as a suitable liquid. The sample was continuously recirculated and
dispersed in a closed circulatory system unit. For the support of the dispersion process, an
integrated ultrasonic generator was used whose intensity is adjustable via an operating
software. The system provides continuous feedback about the already added soot sample

amount and indicates when 10 % of sample dilution is mitigated.

2.5.2. Elemental analysis: CHONS + ICP
Elemental soot composition was measured by CHONS and inductively coupled plasma

(ICP) for phosphorus (P) content.

2.5.3. Raman spectroscopy
Raman spectroscopy measurements were realized using a micro-Raman system (Horiba Jobin
Yvon HR 800 UV) with green sourced laser excitation at 532 nm. The output power was
chosen at 0,1 mW in the scanning range of 800-3500 cm™. The spectrometer includes a

grating with 600 grooves mm™ and a CCD detector with 50 x magnification objective lens.

2.5.4. Thermogravimetric analysis (TGA)

11



Two different thermogravimetric analyses (TGA) were performed on a TA Q500 apparatus.
TGA under air up to 700 °C were performed in order to measure the ash content. TGA under
nitrogen up to 400 °C with a 4 h stage were performed in order to evaluate the volatiles
content. Each TGA was performed with about 5 mg of soot and with a heating ramp of 5
°C/min.
2.5.5. Temperature Programmed Oxidation (TPO)

The soot reactivity was studied performing tests under a temperature program oxidation
(TPO) and under different atmospheres: 9% b.v. O2/Ar, 400 ppmv NO2 in N2, 400 ppmv NO>
+10% b.v. Oz in N2 or 400 ppmv NO2 + 10% b.v. Oz + 10% b.v H20 in Na.

TPOs using only Oz (9% b.v. O2/Ar) were performed in a U-shaped quartz reactor (internal
diameter 8 mm), the soot sample building a fixed bed of width approximately equal to 2 mm,
on a porous frit. 5 mg of soot sample were deposited inside the reactor placed in a thermally
isolated furnace and flushed with argon (Ar) at room temperature for approximately 15
minutes. The total flow rate through the reactor was 15 NI/h. Samples were then heated up to
800°C with a 10 °C/min heating ramp. The temperature was monitored by a K-type
thermocouple located in a thermowell centered in the particle bed. Gas mixtures were
produced using calibrated Brooks 5850TR mass flow controllers. Concentrations of CO, COa,

NO and NO2 were measured in the outlet gases by an analyzer (Siemens Ultramat6).

TPOs under a gas mixture composed of NO2, NO2+O2 or NO2+O2+H20 were performed
using a tubular fixed bed reactor (internal diameter 16 mm) (Table 3). All gases were injected
through different mass flow meters (Brooks 5850S and Brooks Delta Il). The water vapor was
introduced using a liquid mass flow meter (Brooks Flomega 5881) followed by an evaporator.
The total flow rate through the reactor was 90 NI/h. The temperature was measured by a
thermocouple (K-type) located in the soot bed. 15 mg of carbon sample was diluted in 200 mg

of SiO2 in order to avoid heat transfer and reactor clogging. The reactive gas flow was

12



injected at ambient temperature. Then the temperature was increased up to 700 °C with a 5
°C/min heating ramp. The outlet gas was analyzed using an infrared Rosemount Xstream
analyzer in order to quantify the outlet NO, NO2, CO and CO2 molar fractions.

The reactivity of the burner soot will be compared to one real Diesel Soot, denoted as B7-
BM-CA soot.

From each experiment, the carbon specific oxidation rate (Vspec in mg/s/gcini) Was calculated

from CO and CO2 emissions (Xco and Xco2 in ppm) using Eq. 4:

— (Xco"'xcoz), D™ M

<7 10°736007 V,, ~ M

Eq. 4

Where Xco: molar fraction of CO (ppmv),
Xco2: molar fraction of CO2 (ppmv),
D: flow rate (NI/h),
Mc: molar mass of carbon in (mg.mol™?),
Vm: molar volume = 22.4 (L/mol),

Mmc,ini: initial carbon mass introduced (g).

2.6. Soot production on vehicle in real driving conditions
The B7-BM-CA soot was obtained using a Medium-Duty truck (19T Volvo truck) equipped
with an 8L Diesel engine and an EuroVI after treatment system composed of a Diesel
oxidation catalyst (DOC), a Diesel particulate filter (DPF) and a selective catalytic reduction
system (SCR). The production of real soot was operated in real driving conditions by the
combustion of a standard EuroV1 fuel (EN 590) blended with 7% (in volume) of rapeseed
methyl ester (FAME). Driving was indeed performed on a city-distribution low loaded cycle
(in winter conditions, ambient temperatures between 2 and 15°C), with an average speed of
25 km/h. Under such driving conditions, the low exhaust temperature linked to this low load
cycle reduces the passive soot regeneration and allows a maximal soot collection in the

Diesel Particulate Filter (DPF). Once this DPF was loaded at the targeted value, it was
13



removed and soot were collected from the DPF under temperatures between 2 and 15 °C (as
soot loading was performed in winter conditions), blowing the DPF during 15 minutes using a
pneumatic cleaner (compressed air). Soot samples were then transferred and stored in an

appropriate closed bowl for further characterizations.

3. Results and discussion

3.1. Oxygenate blending effect on sooting tendencies of Diesel surrogates

Figure 2 displays the soot volume fraction fields fv (ppm) in pure methane flames doped with
a vapor of tested surrogates. These fields show that the peak of soot volume fraction in the
flame tends to decrease as the addition of the oxygenated compound (MD) increases from 3 to
30 %.

Furthermore, Figure 3 shows the YSIs associated to the different surrogates with the same
vapor mole fraction Xvap = 3.5 % 102 in the same diffusion flame conditions.

As expected, the highest YSI value is obtained for the Aref surrogate, while the lowest value
is obtained after adding 30 % of the oxygenated compound methyldecanoate MD30. This is in
agreement with the literature review [16-20,41]. This highest soot reduction observed when
MD is used as an additive in the Diesel reference fuel surrogate Aref can mainly be linked to
the dilution effect, which replaces highly sooting components (a-MN) (which are well known
for the promotion of soot formation) by less sootier components like paraffinic chains,
whatever the oxygen concentration in the MD [16,17]. Moreover, adding oxygenated groups
like esters were found to reduce the sooting tendency of the base fuel due to chemical effects.
In fact, two hypotheses could be posed in order to explain the decrease of soot production in
the non-premixed methane flame when using an oxygenated fuel (Figure 2 and Figure 3). The
first hypothesis highlights the reduction of soot precursor formation (nuclei). According to

Lin et al [42], the pyrolysis of fuel composed of oxygenated species, such as alkylester or

14



alkyl radicals, present in the Biodiesel surrogates considered in the present study, induces a
higher CO production. As CO does not decompose during further pyrolysis, the amount of
carbon which can contribute to the inception of soot precursors is reduced. The second
hypothesis evokes a difference in soot formation pathways leading to more abundant radical
species, such as O and OH, adding the oxygenate compounds [19]. The higher O content in
soot composition, with increasing Biodiesel surrogate fraction, improves the soot oxidation
process in the flame as it is observed that, in co-flow diffusion flames, the soot particle

inception and subsequent coagulation and growth are followed by oxidation [43].

3.2. Particle size distribution
Figure 4 shows the size distribution of soot particles aggregates of different soot samples. As
may be seen, the soot samples have different size distributions. The B7-BM-CA soot
generated from Diesel engine has the narrowest particle size distribution and presents only
one peak centered on particles whose diameter is close to 4,5 um. On the other hand, soot
generated from the burner (Aref soot, MD7 soot and MD30 soot) present a bimodal and larger
distribution than the B7-BM-CA soot. Moreover, the Aref soot has the widest particle size
distribution among soot generated from the burner, with a majority of particles having a
diameter equal to 10 um. A smaller peak centered at 2,5 pum is also observed. When
increasing the percentage of Biodiesel surrogate, the distribution of particle aggregates is
shifted to smaller diameters and the distribution between the two peaks is reversed so that the
size of soot aggregates of MD30 soot is centered on particles with diameter size equal to 2 um
for the first peak, and at 7 um or the second peak. Finally, for the MD7 soot, the two peaks
are centered at 3 and 6 um with an almost identical distribution. The decrease in particle size
distribution by adding oxygenated compound to the reference Diesel surrogate Aref,

correlates well with the results of soot volume fraction and sooting tendencies of surrogates

15



discussed in section 3.1. In fact, many explanations can be evoked in order to explain the
reduced size of soot particles. The first one underlines the presence of higher percentages of
radical species when adding methyldecanoate in the Biodiesel surrogates, which leads to a
more significant soot oxidation process. The second one highlights the role of the dilution
effect which reduces the concentration of surface growth species like acetylene and PAH and

contributes to a smaller growth of particle size.

3.3. Soot composition

Table 4 presents the composition of the different soot. It can be seen that the carbon content
increases with the MD concentration. This trend is in agreement with the addition of C in the
surrogate via the addition of methyldeconoate (C11H220,). On the contrary, oxygen content
decreases with the MD concentration. The low oxygen content obtained with the soot
generated from the burner can be explained by a higher soot oxidation on the soot formation
ratio in the flame when the MD concentration increases. The oxidation of soot seems to
become more important when oxygenate compounds are added to the initial Diesel surrogate.
No significant change is observed in the hydrogen concentration. According to their
production mode, Aref soot, MD7 soot and MD30 soot have a very low ash content (< 1%).

In agreement with the literature [28], B7-BM-CA soot present a high oxygen content (almost
12 %) and a significant concentration of inorganic compounds (14.77 % of ash) like calcium
(3.02 %), zinc (1.56 %) and phosphorus (0.79 %).

SOF content of Aref soot, MD7 soot and MD30 soot also seems to be linked to the MD
percentage: the higher is the MD concentration, the lower is the SOF content (Table 4 and
Figure S5Figure 5). This can be explained by the dilution phenomenon. It is noteworthy that all
the samples have a SOF percentage in the same order, when produced on a test bench or in the

burner flame. Figure 5 presents the weight loss for the four soot samples with respect to time
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during TGA experiments under N». It can be seen that during the 4 h stage (1 h shown), Aref
soot, MD7 soot and MD30 soot present no loss of weight unlike B7-BM-CA soot. Biodiesel
soot is oxidizing under N2 because of its high oxygen content. On the contrary, Aref soot,
MD?7 soot and MD30 soot, with their lower oxygen content, do not oxidize.

3.4. Raman spectra analysis
Figure 6 shows, as an example, the observed Raman spectrum of Aref soot collected from the
burner.
As reported by Sadezky et al. [44] Raman spectra analysis by 5-band curve fitting method of
soot samples and related carbonaceous materials consists of a combination of four Lorentzian-
shaped bands (G, D1, D2, D4) at about 1580, 1350, 1620 and 1200 cm, respectively, with a
Gaussian-shaped band D3 at 1500 cm™. The G-band refers to an ideal graphitic structure. In
fact, the higher the gap between the G-band and the ideal graphite (1580 cm™), the smaller are
the graphite sheets in the soot structure and the lower is the degree of organization of these
sheets [45]. Among the whole defective D-bands observed, D1 (1350 cm™Y) is the most intense
which implies the presence either of a disordered graphitic lattice or of hetero elements. In our
study, the D1-band is due to this disorder, as a consequence, for instance, of the graphene
layer edges as the surrogate used for generating soot is hetero element free. The D3-band
represents the amorphous carbon [46-48], while a lower intensity of the D-band indicates a
higher disorder in the soot [48,49]. In Raman spectra, the ratio between the D-bands and the
G-band intensities (Io/lg) is related to the structural defects in the basal plane of individual
graphene layers [50].
Lapuerta et al. [50] used a Raman analysis for the characterization of different types of soot
retrieved from a DPF. They found that soot produced from Biodiesel combustion show
graphite-like structure with a low amorphous carbon concentration, which is in contradiction

with the reactivity observed for Biodiesel soot. They attributed this high reactivity to high
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curvatures of carbon fringe present in the structure of the particles of Biodiesel soot, which
enhance the carbon sheets to detach and form smaller carbon segments with a higher specific
surface area.

The different fitted spectra of soot samples (Figure 7) indicate a very similar structure,
although MD30 soot may show a slightly higher intensity of the D-peak indicating a slightly
higher ordered nanostructure [51]. The intensities ratio Ip/lc = 0.93 for the MD30 soot is also
slightly higher compared to that of MD7 soot and Aref soot, Ip/lc = 0.89 and Ip/lc = 0.88,
respectively, indicating an increase of the structural order. In addition, a small shift of the G-
band is more pronounced for the Aref soot (1591 cm™) compared to MD7 soot and MD30
soot both at 1589 cm™, assuming that the graphite sheets in the Aref soot structure are slightly
smaller and less organized. Overall, Aref soot generated from the combustion of the Diesel
surrogate seem to show less ordered graphite-like structures and higher amorphous carbon
concentration than the Biodiesel-derived MD7 soot and MD30 soot. This is in good

agreement with the observations of previous works [26,27].

3.5. Soot oxidative reactivity analysis by TPOs

The soot reactivity has been determined by temperature-programmed oxidation experiments
under different oxidizing environments (Figure 8 to Figure 11). The temperature of maximal
emission Tmax IS @ measure of the soot oxidation reactivity [52].

For each carbon sample, the activity order of the gas mixture (O2 < NO2 < NO2+0; <
NO2+0,2+H20) is found like in previous works [53-55]. In presence of only O, the soot
ignition starts after 500 °C (Figure 8), while under NO: the ignition occurs before 200 °C
(Figure 9). The catalytic activity of water at low temperatures is clear (Figure 10 and Figure
11): Aref soot achieved, at 300 °C for example, a carbon specific oxidation rate three times

greater with water than under NO,+0Ox.
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In presence of only oxygen, burner Biodiesel soot emit mostly CO, in contrary to Diesel soot,
suggesting a different oxidation behavior, see Figure 12. With NO- in the gas mixture, a better
oxidation is allowed and Aref soot, MD7 soot, MD30 soot and B7-BM-CA soot here present
similar CO/CO2 emissions, hence a closer behavior (Figure 13).

Under NO> (Figure 9Erreur ! Source du renvoi introuvable.) the complete oxidation of the
soot bed is not obtained at the end of the experiment (700 °C).

Under NO2+02+H,0 (Figure 11), a new shape of TPO profiles is obtained: several peaks can
be observed. The presence of these peaks can be attributed to the existence of different types
of carbon sites. The peak around 500 °C is linked to the oxidation of the most reactive carbon
sites corresponding to the most amorphous carbon site (D-band of the Raman spectrum as
observed in Figure 6 and Figure 7). The last peak (around 600 °C) matches with the less
reactive carbon sites corresponding to more graphitic carbon sites (G-band of the Raman
spectrum observed in Figure 6 and Figure 7).

During TPO experiments, whatever the conditions, the four soot samples present the same
reactivity order: Aref soot > MD7 soot > B7-BM-CA soot > MD30 soot (Figure 8 to Figure
11). Whatever the MD concentration, surrogate soot present the same reactivity order than
Biodiesel soot. Even if the addition of oxygenated compounds does not lead to more reactive
soot as expected, a direct correlation exists between MD concentration and burner soot
reactivity.

Several hypotheses are proposed to explain this activity hierarchy. First, the reactivity of
burner soot is linked to their oxygen content: the higher O percentage, the higher soot
reactivity [19,56,57]. Second, the better reactivity of the Aref soot can be linked to its higher
SOF content, as it can initiate carbon oxidation [58]. Moreover, the shoulder visible around
200 °C on all Aref soot TPO profiles is attributed to the oxidation of volatiles compounds.

Soot with heavy HAP condensed at the surface, hence with high SOF content, will also have a
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more amorphous structure. This type of structure allows a better access to oxidant to carbon
material and therefore soot will be more active [28,48,59,60]. The Raman spectroscopy
pointed out the greater disorder of the Aref soot carbon structure (see section 3.4).

Moreover, the reference surrogate Aref contains 30% of a-methylnaphthalene. A greater
aromatic content will enhance soot reactivity. A dilution effect occurs when adding MD to
Avref, resulting in a replacement of highly sooting components which are known as promotors
for the soot formation (a-MN) with less sootier components like paraffinic chains, whatever
the oxygen concentration contained in the MD.

Finally, the addition of oxygenated compounds in the Aref mixture modifies the
characteristics of the surrogate. This chemical effect leads to the production by fuel pyrolysis
of oxygenated species and radical species like O and OH, which enhance the soot oxidation

and affect the soot reactivity.

4. Conclusion

This study focused on the impacts of oxygenated compounds concentration on both sooting
tendencies and soot oxidative reactivity of Diesel and Biodiesel surrogates. The flames have
been established under atmospheric conditions using the Santoro axisymmetric diffusion
flame burner. Sooting propensities were evaluated in terms of Yield Sooting Indices (YSIs)
for methane diffusion flames doped with 35,000 ppm vapors of tested surrogate. Data
concerning the soot volume fraction were extracted using the light extinction method (LEM).
The soot samples have been characterized using laser granulometry, Raman spectroscopy,
thermogravimetric analyses (TGA) and temperature programmed oxidation (TPO)
experiments. Sooting propensities and soot characterization results are summarized in the

following observations:
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- Biodiesel surrogates are proved to be effective in suppressing soot formation.

- An increase in Biodiesel content means a decrease of sooting tendencies of the
tested fuels in non-premixed diffusion flames.

- A decrease in particle size distribution is noticed when adding oxygenated
compounds to a Diesel surrogate.

- Soot generated from the combustion of Diesel surrogates seem to show less
ordered graphite-like structures and higher amorphous carbon concentration than
the Biodiesel-derived soot.

- The oxidative reactivity of soot generated from the diffusion flame burner

decreases when increasing the Biodiesel percentage.

The results presented here prove that the addition of oxygenate compounds to a Diesel
surrogate fuel reduces the tendency of soot particles production. However, Biodiesel-derived
soot particles are smaller and less reactive than Diesel-derived soot and require specific
oxidation conditions and higher temperatures in order to be eliminated.

To conclude, adding oxygenate compounds to a Diesel surrogate burning in a laminar co-flow
diffusion flame burner has the same impact on sooting propensities (i.e. decrease in soot
formation) like when the combustion is carried out in a Diesel engine. Moreover, it can be
noticed analyzing the results obtained from laser granulometry and TPOs that the particle size
distribution and the oxidative reactivity of model soot collected from the burner are in the
same range of size and oxidation temperature as soot derived from a Diesel engine working
under specific conditions and with different types of fuel blending (B7-BM-CA). Soot derived
from burner installation can thus be considered as a suitable model for further studies of
Biodiesel impact on soot emissions and reactivity.

Additional works will be realized in order to highlight the effect of carbon chain length of the

oxygenate additives as well as the increase of pressure on both soot formation and reactivity.
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Table 1 : Composition of the Diesel and Biodiesel surrogates

Percentage of
Surrogate Composition (% Molar) additives

(% molar)
Aref 70% n-decane + 30% a-methylnaphthalene |  -----------
MD3 Aref + methyldecanoate 3
MD7 Aref + methyldecanoate 7
MD15 Aref + methyldecanoate 15
MD30 Aref + methyldecanoate 30
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Table 2 : Experimental parameters kept constant for the evaluation of YSls.

Parameter

Ambient temperature (°C) 20

Carrier gas flow rate (cm®min) 210+ 1.2

Evaporator temperature (°C) 150+1

YSI (n-heptane) =0
Reference YSIs
YSI (isooctane) = 48.6




Table 3: TPOs experimental conditions

Flow | Sootmass | Heating ramp
Gas mixture Gas composition
(NI/h) (mg) (°C/min)
02 9% b.v. Oz in Ar 15 5 10
NO: 400 ppmv NOz in N2 90 15 5
NO2+0O2 400 ppmv NO2 + 10% b.v. O2in N2 90 15 5
400 ppmv NO2 + 10% b.v. O
NO2+02+H20 90 15 5

+ 4% b.v. H20 in N2
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Table 4 : Composition of the different soot samples

Sample %C! | %H! %0 | %N! %P! | %ash? | %H,03 %SOF*
Arefsoot | 8851 | 076 | 602 | 022 | nd. | 085 | 143 3.28
MD7soot | 91.90 | 084 | 449 | 021 | nd | 091 | 046 1.82
MD30soot | 9319 | 070 | 296 | 020 | nd. | 059 | 037 1.27

B7'Eo“é't' CA 17288 | 038 | 1144 | 017 | 0797 | 1477 | 138 24

!Elemental composition CHONS + ICP
2 Determined from the mass loss between 20 and 700 °C in TGA under air

3 Determined from the mass loss between 20 and 110 °C in TGA under nitrogen

4 Determined from the mass loss between 110 and 400 °C in TGA under nitrogen

n.d.; non-determined
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Figure 1 : Experimental setup for measuring the soot volume fraction in diffusion flames doped with methane: (1-2) valves
for establishing the vacuum in the lines, (3) liquid fuel tank, (4) manometer, (5) valve to allow the padding of the liquid fuel,
(6) Coriolis mass flow controller, (7) Bronkhorst controlled evaporator and mixer (CEM), (8) heated line, (9) methane flow
controller, (10) vacuum pomp, (11) 100-mW continuous wave laser (A =645 nm), (12) shutter, (13) collimating achromatic
lens (d = 75 mm, f = +750 mm), (14) mirror, (15) burner, (16) decollimating achromatic lens (d = 82 mm, f = +300 mm),

(17) Photon Focus MV1 12-bit progressive scan monochrome camera.
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Figure 2: Soot volume fraction fields in methane diffusion flames doped with 3.5 x 102 mole fraction of Diesel surrogate

(Aref) and Biodiesel (MD3, MD7, MD15, MD30) vapor.
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Figure 4 : Particle size distribution of four types of soot: Aref soot (purple square), MD7 soot (blue triangle), MD30 soot

(green circle), B7-BM-CA soot (orange cross).
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Figure 5 : TGA profiles under nitrogen of different soot: Aref soot (purple square), MD7 soot (blue triangle), MD30 soot

(green circle), B7-BM-CA soot (orange cross). Temperature in red dotted line.
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Figure 6: Analysis of the Raman spectra and curve fit of the Aref soot sample.
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soot (green circle).
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Figure 8 : TPO profiles under Oz (9 %) of different soot: Aref soot (purple square), MD7 soot (blue triangle), MD30 soot

(green circle), B7-BM-CA soot (orange cross).
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Figure 9 : TPO profiles under NO2 (400 ppm) of different soot: Aref soot (purple square), MD7 soot (blue triangle), MD30

soot (green circle), B7-BM-CA soot (orange cross).
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Figure 10 : TPO profiles under NO2+0O2 (400 ppm/10 %) of different soot: Aref soot (purple square), MD7 soot (blue
triangle), MD30 soot (green circle), B7-BM-CA soot (orange cross).
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Figure 11 : TPO profiles under NO2+02+H20 (400 ppm/10 %/4 %) of different soot: Aref soot (purple square), MD7 soot
(blue triangle), MD30 soot (green circle), B7-BM-CA soot (orange cross).
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Figure 12 : CO (dotted line) and COz2 (full line) emissions for different soot samples under Oz: Aref soot (A -purple), MD30
soot (B - green), MD7 soot (C - blue), B7-BM-CA soot (D - orange).
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Figure 13 : CO (dotted line) and CO2 (full line) emissions for different soot samples under NO2+0Oz2: Aref soot (A -purple),
MD30 soot (B - green), MD7 soot (C - blue), B7-BM-CA soot (D - orange).
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