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ABSTRACT: Soot is a major anthropogenic air pollutant that affects human health and contributes to global warming. To
understand its formation pathways and reduce emission, several flame and engine studies exist in the literature, though the
fundamental differences in the characteristics of engine and flame soots are not well understood. This study presents a detailed
comparative investigation of soot nanostructural properties and their relationship with the oxidative reactivity of soots from an
engine and a diffusion flame using diesel and 20% Jatropha biodiesel/diesel blend fuels. X-ray diffraction, Raman spectroscopy, high-
resolution transmission electron microscopy, electron energy loss spectroscopy, and thermogravimetric analyses confirm that engine
soot has greater primary particle diameter, higher concentration of loosely held aliphatics, greater degree of graphitized
nanocrystallites with lower interplanar separation, longer fringe lengths, lower tortuosity, and greater resistance for oxidation than the
flame soot, though the differences in several properties were minor. The effects of biodiesel addition to diesel on soot properties and
sooting tendency were predicted very well with both flame and engine setup. Moreover, the enhanced soot oxidation in the
combustor catalyzed by fuel-bound oxygen in biodiesel further reduces the nanostructural and reactivity differences between engine
and flame soots. Though engine soot properties have more relevance to anthropogenic particulate matter, flame setups appear to be
suitable for screening and studying the effect of fuel additives on the sooting propensity and physicochemical properties of soot prior
to their testing and utilization in engines.

1. INTRODUCTION Therefore, a great deal of research focus has been devoted to
Air pollution and climate change are important environmental elucidate the chemical composition, morphology, and nano-
issues of the present decade. The degrading air quality due to structural characteristics of soot particles.9 The soot nano-
anthropogenic emission of pollutants such as CO, NO,, SO,, structure and its disorder are greatly influenced by the
and soot via the combustion of fossil fuels has become the combustion conditions and the type of fuel additive. Improved
major source of air pollution."”” CO, NO,, and SO, mitigation engine performance and soot suppression potential have been
is being addressed via engine design modifications and reported so far by blending diesel with oxygenated biofuels

improvements in fuel quality and catalytic converters.” Curbing
soot emission economically remains a challenge. Though diesel
particulate filters (DPFs) have been very effective in capturing
soot, their cost has limited their usage in developing countries.
Soot, a carbonaceous material consisting of randomly oriented
stacks of polycyclic aromatic hydrocarbons (PAHs), is formed

such as bio-alcohols,'® biodiesels from ]atropha,11 Karanja,12
palm oil,"”’ and camphor oil."* Interestingly, each biofuel,
depending on the chemical structure and functional groups
such as oxygen content, degree of unsaturation, existence of
five-membered cyclic structure, number of aromatic rings, and

due to the incomplete combustion of fuels via nucleation— C/H ratio, significantly influences the soot formation rate and
condensation—growth processes.” Many of these PAHs are its oxidative reactivity.'> Along with the fuel properties, soot
known carcinogens.” Recent findings suggest that soot reactivity is also affected by the presence of chemical
influences regional climate and enhances melting of polar functionalities on soot structure found through infrared
icecaps to contribute to global warming.é Therefore, several techniques such as diffuse reflectance infrared Fourier

strict legislations and regulatory policies are being imple-
mented across the world to optimize engine designs, DPF
technologies, and advanced fuel designs as mitigation steps.”
The studies on physicochemical characteristics of soot help
in understanding its formation mechanisms and reactivity and
in finding methods to reduce its emission. The oxidative
reactivity of soot is considered extremely important, as more
reactive soot is easily oxidized in the engine and in DPF to lead
to its faster regeneration at relatively lower temperature.®

transform spectroscopy (DRIFTS), as reported in ref 16.
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Several studies on the influence of engine operating
parameters such as engine load, speed, fuel injection pressure,
and fuel physical parameters such as density, viscosity, and
molecular weight on soot emission potential of a fuel have
been reported.17 However, some disagreements also exist in
the literature regarding the nanostructural characteristics of
soot and its oxidative reactivity. For instance, Ruiz et al.'®
studied alcohol—diesel blends in a direct-injection diesel
engine and observed that the fringe separation in soot
decreases as the engine load increases, but they found no
influence of engine load on crystallite parameters using bio-
alcohols. On the contrary, X-ray diffractometer (XRD) analysis
of soot collected from a twin-cylinder diesel engine by Braun et
al."” led to the conclusion that soot parameters such as PAH
stack size (L,) and PAH stack height (L.) increase as the
engine load is increased. Raman spectroscopic analysis of soot
in engineszo_22 suggests that, as the engine load increases, the
nanostructural order in soot increases. The primary particle
diameter of soot reduces when biodiesel is blended with
diesel,”* and also when engine load is increased as a result of
high in-cylinder temperature that favors soot oxidation
overgrowth. The effect of injection timing on soot crystallite
parameters remains largely inconclusive.”™

High-resolution transmission electron microscopy
(HRTEM) analysis has been crucial in providing evidence of
soot nanostructural disorder. For instance, Verma et al**
found that, by increasing the oxygen content in the butanol—
diesel blends, soot fringe length and fringe separation
increased, while the tortuosity decreased. On the contrary, in
the study on waste cooking oil methyl ester—diesel blends by
Man et al,”® it was observed that the reduction in soot
emission in a DI engine is a result of greater oxidative reactivity
due to shorter fringe length and greater tortuosity of diesel
engine soot. Such contradictions in understanding soot
nanostructural disorder and oxidative reactivity arises because
the engine operating parameters such as engine speed, load,
fuel injection system, exhaust gas recirculation, temperature,
and pressure simultaneously influence the soot formation and
oxidation mechanisms. This makes it complicated to derive a
realistic and confirmative evidence that can specifically
highlight the actual effect of the additive on the sooting
tendency of a fuel and detect the influence of the additive’s
chemical structure on the soot’s nanostructural disorder and
reactivity. Therefore, flame setups are also used to study
sooting tendencies of fuels with or without additives.”***

While several fuel additives and their effects on soot
nanostructure and oxidative reactivity have been independently
studied by several research groups using either engines or
flames, there is no systematic comparative analysis of the
differences in the nanostructural characteristics of soot
generated from a §iven fuel using an engine and a flame test
together. Maricq™ presented a study comparing flame and
engine soots, although different fuels were tested in each
method (ethylene and propane in flames and gasoline and
diesel in engines). The results were compared in terms of black
carbon content in flame and engine soots, but for flame soots,
particle size distribution was also presented. It was found that
flame soots matched the black carbon content of engine soots
fairly well and that the flame soots could act as a surrogate for
particulate matter from engines, although no comparisons on
nanostructures in soots and their reactivity (physicochemical
properties) were presented. The engine operating conditions
are different from the flame tests in terms of operating
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conditions such as temperature, pressure, residence time, and
fuel—air mixing ratios, which may affect the radical reactions,
leading to soot formation, which, as a result, may affect soot’s
morphology, nanostructural characteristics, chemical composi-
tion, distribution of aromatic/aliphatic content, and reactivity.
The comparison of soots from flames and engines could
provide crucial information such as (a) if flame-generated soot
characteristics are substantially different from engine soots,
when same fuel is used in both setups, and (b) if the results of
sooting tendencies of fuels and soot reactivity studies
conducted using flames could be extrapolated to engine soot
emissions and the efficiency of DPF regeneration.

The present study provides a systematic investigation on the
nanostructural characteristics and the oxidative reactivity of
soots generated from the combustion of diesel and 20%
Jatropha biodiesel/80% diesel blend in both an engine and a
diffusion flame. The analysis of nanostructural characteristics
of soot such as fringe length, tortuosity, primary particle
diameter, PAH stack size, and aliphatic/aromatic ratio and
their influence on the oxidative reactivity of soots generated
from an internal combustion engine and a standard smoke
point flame setup are discussed. This study provides a rational
estimate for evaluating fuel additives and their soot suppression
potential based on the type of combustion method used.

2. EXPERIMENTAL DETAILS

2.1. Fuel Properties. The commercial diesel fuel (Grade No. 2-D
S15, ASTM D975°) was obtained from a local fuel station from Abu
Dhabi, UAE, and Jatropha biodiesel was purchased from SVM Agro
Processor, India. The two fuels were completely miscible without any
phase separation. The physical properties of both pure diesel and the
Jatropha biodiesel blends were measured, and the results are displayed
in Table 1. A Stabinger Viscometer (SVM 3000, Anton Paar) was

Table 1. Characteristics of Fuels and Flames

20% Jatro-
physical properties diesel pha 80% diesel
density (kg/m®) 829 842.7
dynamic viscosity (kg/m-s) 0.00289 0.00297
kinematic viscosity 3.49 3.52
(mm?*/s)@20 °C
heating value, MJ/kg 43.47 42.27
flash point, °C 94.4¢ 99.3¢
Flame Engine Flame Engine

fuel flow rate (mL/h) 3.47 800 2.56 625
soot production rate (mg/h) 42 2.05 33 1.08

“Calculated using correlations, as shown in the Supporting
Information. The calculated values match well with the range of
values reported in the literature.

used to measure the kinematic viscosity and the density of the fuel
blends following the procedure as per the ASTM D7042 standard.”
The calorific values of the tested fuels were found using the ASTM
D240 standard technique. All tests were run using the same batch of
fuels to have consistency in the results.

2.2. Smoke Point Apparatus. Smoke point apparatus serves as a
standard laboratory instrument to evaluate the sooting tendency of a
fuel.** This procedure was noted to have certain advantages over the
diesel engine setup. For instance, it is free from impurities generated
from lubricating oil and wear and tear of the engine parts. Moreover,
the flame conditions can be easily tuned to achieve highly sooting
flames easily unlike the engines. The smoke point apparatus
(RAP172) was utilized to produce diffusion flames at atmospheric
pressure and perform experiments using the standard ASTM D1322-
08 procedure.®® A detailed representation of the smoke point setup is
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Figure 1. (A) XRD pattern of diesel and 20% Jatropha 80% diesel soot from engine before (DE-Ex, JE-Ex) and after (DE, JE) heat treatment in Ar
at 300 °C with a schematic (inset) depicting elimination of aliphatic side chains upon heat treatment. (B) Overlay of XRD patterns of all engine-

and flame-generated soot samples in comparison to graphite.

shown in Supporting Information Figure S1A. Briefly, in the smoke
point apparatus, (i) the fuel is filled in a cylindrical fuel reservoir, in
which a cotton wick is soaked and the tip is ignited to produce the
flame, (ii) the flame is housed in a metallic body with a scale behind
the flame, which is read through a glass door in front of the flame, and
(iii) a long chimney at the upper end contains a perpendicularly
mounted borosilicate microfiber filter assembly (from Sierra Instru-
ments). The use of a suction pump allows trapping of soot particles
on the filter.>> With the aid of this lab-scale setup, the pure diesel fuel
and the blend of Jatropha biodiesel and diesel were tested. The smoke
point of diesel was 19 mm, while that of 20% Jatropha biodiesel/80%
diesel was 25 mm. Soot particles were collected 2 mm above the
respective smoke point values to be able to generate enough soot for
characterization. Flame soot from pure diesel was labeled as DF, while
that from 20% Jatropha biodiesel/80% diesel was labeled as JF. Above
20% biodiesel in the blend, it was difficult to keep the flame height
constant in the smoke point apparatus for a long time, and it
frequently suffered from flame extinction due to the reduced energy
density of the blended fuel. This makes it difficult to obtain reliable
experimental data. This has also been highlighted before.”*** Thus,
we did not perform experiments at higher blending percentages.
2.3. Diesel Engine Setup. Fuel combustion and soot formation
were also studied in a four-stroke, direct-injection diesel engine with a
single cylinder that is fixed at a constant rotation speed. The layout of
the diesel engine setup is shown in Figure SI1B, and its detailed
specifications are shown in Table S1 of the Supporting Information.
With the aid of this fixed diesel engine setup, two sets of soot samples
were collected by mounting the soot collection microfiber assembly
perpendicular to the engine exhaust line assisted with a suction pump.
Soot generated using pure diesel fuel was denoted as DE, while the
soot from 20% Jatropha biodiesel/80% diesel blend was labeled as JE.
2.4. Material Characterization. The collected soot samples were
heat-treated at a rate of 20 °C/min at 300 °C under Ar flow and were
subsequently used for chemical and structural characterization. For
high-resolution transmission electron microscopy (HRTEM) analysis,
the soot samples were dispersed in ethanol under sonication for 5
min, and a drop of this mixture was added onto the Lacey carbon-
coated Cu TEM grid. The TEM grid was then air-dried, and the
HRTEM analysis was performed using a spherical aberration-
corrected microscope of Titan 80-300ST model from Thermo Fisher
Scientific that was equipped with an electron energy loss spectrometer
(EELS) of GIF Quantum 963 model from Gatan, Inc. The
microscope was operated at an accelerating voltage of 300 kV during
the analysis of samples. First, the aberration-corrected imaging
analysis®® was applied to measure the size and shape of soot particles
present in the samples. Several images containing low and high
resolutions were recorded in this mode using the charge-coupled
device (CCD) camera of US1000 model from Gatan, Inc. The
fraction of graphitized carbon present in the samples was determined
by figuring out the fraction of sp* hybridization in the sample from the

acquired EELS spectra. The complete details of carrying out this
exercise can be found in ref 37. The entire data acquisition and
subsequent image analysis were performed in Gatan Microscopy Suite
(GMS) of version 3.2.

A thermogravimetric analyzer (TGA, NETZSCH STA 409PC-
LUXX) was utilized to measure soot oxidative reactivity in air under
temperature-programmed conditions with heating rates of 1, 3, and S
°C/min in the region of 300—800 °C.** The X-ray diffraction patterns
of soots were recorded in the range of 10—90° using a PANalytical
Empyrean X-ray diffractometer (XRD).>> The soot structural
parameters such as length of the PAHs (L,), thickness or height of
the stack (L), and spacing between graphene layers (dy,) were
calculated. A Witech a 300 RAS instrument containing a 515 nm laser
source and a dual-purpose 50X objective lens was used to record the
Raman spectra, which were subsequently deconvoluted using Origin
Pro software, and the ratio of disordered D band to graphitic G band
was calculated.

3. RESULTS AND DISCUSSION

3.1. Effect of Jatropha Biodiesel//Diesel Blending on
Soot Production. From Table 1, it is evident that the diesel
fuel has a lower density and kinematic viscosity compared to
the blended fuel. The higher density and viscosity of the
blended fuel resulted in a relative decrease in its fuel flow rate
compared to diesel in the flame setup by 26% and in the
engine setup by 22%. Nevertheless, the above limitation is
greatly compensated by the increased cetane number of the
blend (~58) compared to diesel (~51), which results in
improved combustion and reduced emission rates of CO, HC,
and particulate matter, as reported by Datta et al.*® The overall
soot production rates with both the fuels in the engine setup
were lower than those in the flames, which is expected since
flames were being operated in the high-sooting zones (above
the smoke point at high fuel flow rate to purposefully produce
more soot), while the engine is designed for efficient fuel
combustion to lead to less soot. With the addition of Jatropha
biodiesel to diesel in the flame setup, the soot production rate
reduced by 51%, while in the engine setup, it was reduced by
67%. The more significant effect, observed in the engine setup,
is possibly a result of improved combustion of blended fuel
with increased cetane number, as mentioned earlier. The soot
generated from the engine and the flame setups were then
subjected to a series of surface characterization tests, and the
results of these tests are analyzed and discussed in detail in the
subsequent sections.

3.2. X-ray Diffraction. The X-ray diffraction method
serves as an effective tool for elucidating the bulk crystal
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Table 2. Summary of Calculated Soot Nanocrystallite Parameters”

sample
properties DE soot DF soot JE soot JF soot
XRD Results
interlayer spacing, dy, 0.350 nm 0.354 nm 0.364 nm 0.375 nm
nanocrystallite height, L. 1.349 nm 1.246 nm 1.030 nm 1.004 nm
nanocrystallite width, L, 3.067 nm 2.989 nm 2.845 nm 2.786 nm
L/dyg, (no. of layers, N) 3.80 3.52 2.83 2.68
HRTEM Results
mean fringe length 1.61 nm 1.77 nm 1.49 nm 1.3 nm
mean fringe tortuosity 1.74 1.95 2.10 225
primary particle diameter 36.7 nm 21.3 nm 18.7 nm 18.3 nm
Raman Results
Iy, /I ratio 1.01 1.27 1.30 1.36
lattice width, L, 3.9 +£ 0.5 nm 3.38 + 0.5 nm 3.31 =+ 0.5 nm 3.16 + 0.5 nm

“DE: diesel soot from engine, DF: diesel soot from flame, JE: 20% Jatropha biodiesel/80% diesel blend soot from engine, and JF: 20% Jatropha

biodiesel/80% diesel blend soot from flame.

structure disorder in soot samples. The background-corrected
XRD pattern of soot samples (DF, JF, DE, and JE) are shown
in Figure 1A,B. The XRD pattern of the “as-obtained” engine
soot without heat treatment showed the typical broad peaks at
26 values of around 25° and 44°, but an additional peak of high
intensity, called as the y-band, at around 19° was observed.
The y-band could be attributed to loosely held long-chain
aliphatic structures (i.e., highly amorphous carbon resulting
from unburned fuel or hydrocarbons adsorbed on soot surface,
possibly during soot collection on the filters), as depicted in
the schematic (inset) in Figure 1A. Some literature studies also
attribute this y-band to the amorphous carbon at the edges of
contiguous crystallites or even to the subsequent bulking and
exfoliation of carbon layers.””” The concentration of such
aliphatic molecules was significantly greater in diesel engine
soot (DE) compared to biodiesel-blended diesel engine soot
(JE), as evident from the high intensity of the (002) peak in
DE. This is due to the reduction in unburned hydrocarbon
concentration with the addition of Jatropha biodiesel to diesel,
as observed in engine experiments in ref 38. Such a y-band
structure was missing from the XRD patterns of flame-
generated soot samples DF and JF since the fuel flow rate in
flames is significantly lower compared to that in engine (Table
1) that lead to lower amounts of unburned hydrocarbons per
unit time emanating from flames to adsorb on soot. This is an
interesting difference between the raw soots from the flame
test and the engine. However, upon drying these soot samples
at 300 °C in Ar gas atmosphere, the loosely held aliphatic
compounds got separated from the engine soots, which
allowed a systematic comparative analysis of the peak
positions, crystal lattice parameters, and the structural
disordered analysis of the soot samples derived from the two
combustion devices (see Figure 1B and Table 2). The graphite
sample (99%, 325 mesh particle size; Sigma-Aldrich) was used
as a reference for comparison. The XRD pattern of graphite
exhibited very high intensity peaks at 26 values of 26.4 and
54.6° with an interlayer separation of 0.335 nm. The extensive
broadening and the low intensity of the (002) and (100) peaks
and a relative shift to lower 20 values, as observed in all soot
samples in comparison to graphite, are a clear indicator of the
excessive crystal disorder in soot samples due to random
orientations of the PAH nanocrystallites present in both engine
and flame soots. The Bragg angles (6y, and 6,o,) and the full
width at half-maximum (FWHM) were obtained via Gaussian
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fitting of the respective peaks using MATLAB software. The
PAH interlayer spacing (dy,) and thickness of the PAH stack
(L.) were obtained from the above analysis of the peak at 25°,
while the average longitudinal size (i.e., nanocrystallite width,
L,) of the PAH stack is calculated from the (100) peak at 44°
using eqs EE1—EE3, respectively. In eqs EE2 and EE3, the
values 0.9 and 1.84 represent experimental shape factors.”"’
The obtained values are listed in Table 2.

_ A
%27 2 sin G0z (E1)
I = 0.94
¢ Byg, €05 Oy, (E2)
o 184d
By cos by (E3)

As evident from the table, all of the soot samples exhibited
greater interlayer separation (dgo,) than graphite. The
interlayer spacing within the PAH stacks for engine soots
was slightly lower than that for flame-derived diesel soots. A
comparison between the DE and JE soots (and DF and JF
soots) confirms that the addition of Jatropha biodiesel to diesel
results in an increase in the interlayer separation within the
PAH stacks (in agreement with the observations of Verma et
al.”*). This effect of biodiesel on diesel soot was captured in
both flame and engine setups. The greater interlayer spacing is
an indicator of lower binding energy within the PAH stacks
(also arising from smaller PAHs in stacks), which could make
soot more disordered in structure and more prone to oxidation
by O, or radicals."’ However, when JE and JF soots are
compared, the interlayer separation in flame-derived soot is
marginally greater in the en§ine-derived soot, suggesting a
possible graphitization effect.”” This graphitization effect is
expected to be more dominant under the engine conditions
(higher pressure and temperature’”) compared to a flame
setup. As shown in Table 2, the crystallite parameters, L, L,
and the number of layers in a PAH stack in engine soots from a
given fuel were only slightly higher than their values in flame
soots. However, these parameters for diesel soots (DE and
DF) were notably greater than those for Jatropha biodiesel-
blended diesel soots (JE and JF), and both flame and engine
setups could capture this trend. For example, the biodiesel

https://dx.doi.org/10.1021/acs.energyfuels.0c02063
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Figure 2. Aberration-corrected TEM images of samples acquired at low and high magnifications. The acquired images depict (A—C) graphite and
nanostructures and primary particle size distribution of (D—F) DE soot, (G—I) DF soot, (J—L) JE soot, and (M—O) JF soot.

addition to diesel reduced the L. and L, values by 23 and 7%,
respectively, in the engine and by 19 and 7%, respectively, in
the flame. The percentage reductions in crystallite dimensions
due to biodiesel addition to diesel in both the flame and engine
setups were quite close and not notably different. Moreover,
the average number of PAH layers in the nanocrystallites in
diesel soots (DE and DF) was around 4, while on the other
hand, it was around 3 for soots from blended fuel (JE and JF).
The shorter crystallites in soots from the blended fuel are a
result of reduced soot growth rate due to efficient hydrocarbon
combustion and/or partial oxidation of soot during combus-
tion. The shorter and curved (shown later through HRTEM
analysis) PAHs in soot from blended fuel lead to smaller L.
that was also observed in ref 43.

3.3. High-Resolution Transmission Electron Micros-
copy (HRTEM). All of the soot samples derived from the flame
and engine setups along with a graphite sample were subjected
to HRTEM analysis. For consistency of imaging analysis, a
sampling region under low magnification (at 200 and 100 nm
scale) with maximum number of soot particle agglomerates
(>100 particles) was identified. Several high-magnification and
high-resolution images were recorded of many carbon particles
by applying aberration correction during imaging. Figure 2

presents the HRTEM images recorded at the resolutions of 5
and 50 nm. Graphite does not have an agglomerate structure
like soot, and therefore, no primary particle size could be
measured. All soot samples exhibited high agglomeration and
were composed of carbon spherules partly merged with the
neighboring particles due to sintering effect. Each primary
particle exhibits a typically oxidized and disordered core
structure with highly curved fringes and relatively ordered
graphitic layers along the periphery in the shell (see Figure
2F,LL,0). On the contrary and as expected, the graphite
sample completely lacks the core—shell structure and is
composed of dense, long-range, ordered graphitic layers or
fringes, as shown in Figure 2C. A detailed analysis of soot
primary particle diameter of approximately 100 particles using
ImageJ software and further analysis using Microsoft Excel
obtained the kurtosis and skewness values. The observed
values of kurtosis and skewness were in the range of —0.3 to
0.3 and —0.1 to 0.4, respectively, which suggested that the size
distribution was close to the normal distribution. The mean
particle diameters suggested that the primary particles were
relatively bigger in the case of engine-generated soot samples,
DE (36.7 nm) and JE (18.7 nm), compared to the
corresponding flame-generated soot samples, DF (21.3 nm)

https://dx.doi.org/10.1021/acs.energyfuels.0c02063
Energy Fuels 2020, 34, 12960—12971


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig2&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c02063?ref=pdf

Energy & Fuels

pubs.acs.org/EF

» 0.08

0.6

0.4

0.2

Fraction of fringes
*' te
Fraction of fringes

0.06

w

2

Tortuosity (no units)

Fraction of fringes
s = L D
l O
-
Fraction of fringes
= n h
| 0O
N

2

Tortuosity (no units)

)1 2 3 5 ) 2 4.6 8 10
" Tortuosity (no units) Fringe Length (nm)
< 03 - B
o0
£0.25 B,{ & 0.2 2
S 0.2 =
So0.15 S 0.15
=7 =
2 0.1 S 01
s =
£0.05 £0.05
= 0 =

3 4

h

2 4 6 8 Ii)
Fringe Length (nm)

0.1

3 4 S 0 4 6 8 10

2
Fringe Length (nm)

~

Fraction of fringes

1 2 3 4 5
Tortuosity (no units)

D,

Fraction of fringes

2 4 6 8 10
Fringe Length (nm)

Fraction of fringes

( 1

2
Tortuosity (no units)

2

Fraction of fringes

.

3 4 5 0 2 4 6 8 10
Fringe Length (nm)

Figure 3. MATLAB-processed soot nanostructure analysis with corresponding tortuosity and fringe length distribution of graphite (A, Al, A2), DE
soot (B, B1, B2), DF soot (C, C1, C2), JE soot (D, D1, D2), and JF soot (E, E1, E2).

and JF (18.3 nm). This is possibly because of the higher
temperature and pressure in engine compared to flame setup,
which results in greater sintering of the primary particles and
higher condensation rate of PAHs on soot to increase their
size."*> Moreover, the difference between the mean primary
particle diameters of JE and JF is lower than that of the DE and
DF because, during the combustion of diesel with Jatropha
biodiesel having fuel-bound oxygen in both the combustion
environments, soot oxidation is enhanced, which competes
with soot growth to keep the 4particle size relatively small, as
observed in the literature.'****

Furthermore, a MATLAB code, based on the algorithm
reported in ref 47, was utilized to get quantitative information
about the fringe length (L,) and fringe tortuosity index. Each
HRTEM image was subjected to negative transformation and
grayscale conversion. The negative transformation is defined as
Liegative = L-1-Iorigingy wherein Iy is the image pixel value of
images prior to transformation and L is the discrete intensity
levels (minimum 256 per image). Several regions of interest
(ROI) were operated with Gaussian filter, histogram equal-
ization, and Tophat transformation to eliminate errors due to
unequal illumination throughout the micrograph, which
consequently improved the fringe contrast. Fringe skeletoniza-
tion using parallel thinning algorithm™® in the MATLAB code
allowed eliminating branches from parent fringes so as to

12965

retain the longest possible fringes. The smallest branch was
identified, and the branch connections were broken by setting
the first pixel to this branch as zero. The detailed procedure,
equations, and algorithms used are already listed in detail in ref
47, and hence not repeated here. From the TEM images with
around 100 particles, five high-resolution microstructural
images of each primary particle are randomly chosen having
at least >100 fringe microstructures. The MATLAB image
analysis of these provides the mean values of the fringe length
and fringe tortuosity values (listed in Table 2). The analyzed
fringe structures for all soots and graphite are shown in Figure
3.

The quantitative fringe structure analysis revealed that the
graphite sample shows near-straight, long-range ordered fringes
with a tortuosity index of 1.02 and a mean fringe length of 5.1
nm. On the contrary, all soot samples exhibited a greater
degree of fringe curvature and shorter fringe lengths. The
fringe length in DE was only marginally smaller than that in
DF, thus following qualitatively the same trend as XRD results.
However, the fringe lengths from HRTEM were smaller
compared to L, values from XRD possibly due to uneven
contrast in HRTEM images that can lead to a fringe being
unintentionally broken down into smaller fringes during
MATLAB processing. The fringe tortuosity was greater in
flame soot compared to engine soot. The differences in the
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Figure 4. Raman spectra of (A) graphite, (B) DE soot, (C) DF soot, (D) JE soot, and (E) JF soot.

crystallite structure parameters of engine and flame soots (DE-
DF or JE-JF) could well be due to excess oxygen and higher
pressure and temperature in engines that may be supporting
planar PAH formation over curved ones or would be
eliminating the curved ones that are more reactive than planar
ones.”” The effect of combustor operating conditions on
curved PAH chemistry is not well understood, and it is still an
active area of research.’’™>*

The addition of Jatropha biodiesel to diesel enhances soot
oxidation, resulting in a reduction in the fringe length and an
increase in tortuosity in soot from blended fuel compared to
diesel soot. An increase in tortuosity is a result of partial
oxidation of PAHs in soot, where the oxidation of a six-
membered aromatic ring forms a five-membered ring that
introduces curvature in their structure.*”*® A similar
observation was made in refs 25, 43, where the presence of
fuel-bound oxygen (and increased oxygen:fuel ratio) induced
greater internal oxidation in soot.

The crystallite length (fringe length), found through
HRTEM image analysis, is lower than that found through
XRD analysis in Table 2, though the difference is less than
some similar studies.'”** Aberration correction can be a reason
for it, as it significantly reduces the circle of least confusion
arising from the spherical aberration of the lens, and thus
enhances image quality and resolution and reduces blur. This
further improves the image processing in Matlab to provide
more accurate estimation of crystal structure parameters. It is
expected that HRTEM would underpredict crystal structure
parameters due to the unavoidable projection error (since the
incident beam is not always at 90° for all of the fringes, and
imaging a fringe from an angle different from 90° would reduce
its projected length). Moreover, the recorded area in XRD is
near 50p X 50y, while is it is near 250 nm X 250 nm (or lower
depending on the desired resolution). Thus, XRD is expected
to provide a better estimate of crystallite parameters than
HRTEM. However, both the techniques predicted similar
trends qualitatively.

3.4. Raman Spectroscopy. Raman spectroscopy is a
useful technique to analyze soot nanostructure, especially
because, unlike XRD, it can provide information about the
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amorphous carbon content in soot. The disordered carbon
structure exhibits Raman signals in the region of 900—2000
cm™, as presented in Figure 4 for the four soot samples and
the graphite reference sample. The graphite sample has the
characteristic high-intensity and sharp peak at 1590 cm™,
called the graphitic peak (G), which represents a highly
ordered structure made up of graphene layers, while the crystal
defects are represented by a very low intensity peak at 1350
cm™ L. Unlike the graphite sample, the Raman spectra of all soot
samples exhibited low-intensity broad bands, centering at 1350
and at 1590 cm™". The increase in the intensity of the D bands
relative to the G band in these Raman spectra is a result of
enhanced crystal disorder.*>>*

The broad-band structure is further deconvoluted via a five-
peak fitting model using the Voight function,” as shown in
Figure 4B—E. The corresponding fitted peaks are described as
D1 = 1350 cm™, D2 = 1560 cm™!, D3 = 1445 cm™, D4 =
1220 cm™, and G =1590 cm™. The lattice vibrations from
disordered graphene layers and the amorphous carbon from
organic functionalities are represented by D2 and D3,
respectively. D4 represents the C—C bonds of polyene-like
structures. The ratio of peak intensities (Ip,/I;) is a good
measure of the crystal structure disorder in soot samples, and it
is relate§6to the lattice width (L,) through Knight and White
eq EE4.”

-1
I

L= 4.4[ﬂ]
IG

As evident from Table 2, the ratio of I, /I; is higher in the
flame soots compared to engine soots for both the fuels,
indicating less orderly structure in the former than the latter.
As an alternative, the ratio of the peak areas of D1 and G
curves was also calculated for comparison for each soot sample,
and it was found to be 1.61 for DE, 2.04 for DF, 2.50 for JE,
and 2.58 for JF soot samples. This trend is in good agreement
with the ratio of peak intensity values (I,/I;) reported in
Table 2.

As expected, the trend is similar to that depicted by L. values
from XRD analysis. The DE soot exhibited an intense G band

(E4)
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measured through TGA experiments.

and a significantly lower D band with a lower Iy, /I; ratio
compared to DF soot. This is a result of increased
graphitization and ordering in soot produced in an engine at
higher pressure and temperature than a flame. The Ip,/Iq
ratios of JE and JF soots also follow a similar trend, although
the extent of disorder is significantly higher compared to DE
and DF. The calculated values of lattice width, L,, followed the
same trend as that of L, found from XRD analysis, with engine
soots having higher L, values than flame soots, which is already
explained before. Through Raman analysis in a recent study,”’
it was observed that an increase in combustion pressure
increases L, values in soot, which is in line with the results
found here for flame and engine soots. The Jatropha biodiesel-
blended diesel soot has a lower L, and a higher I, /I ratio
(disordered structure) than diesel soot as a result of enhanced
internal oxidation of soot catalyzed by the fuel-bound oxygen,
which is in agreement with refs 25, 58.

The differences in the calculated values of L, from Raman
and XRD analysis could be due to the fact that, in XRD, only
the signals corresponding to crystalline carbon aggregates were
detected, while in the case of Raman spectroscopy, even the
amorphous and disordered carbon contributes to the signal
intensity, which represents the analysis of the bulk structure of
soot.

3.5. Thermogravimetric Analysis (TGA). TGA serves as
one of the most useful techniques for the integral analysis of
soot oxidative reactivity and its oxidation kinetics. Such a study
is crucial for estimating the soot oxidation rate and
regeneration efficiency of diesel particulate filters. Typically,
(Mu_MT)
(M, —M,)
of temperature at heating rates of 1, 3, 5, and 7 °C/min. M,,
My, and Mj represent initial soot mass, partially oxidized soot
mass, and leftover soot mass (mainly, ash), respectively. The
activation energy of soot oxidation is then calculated using the

the soot conversion (a) = is measured as a function

. . de
Friedman method.>® The rate of soot conversion ( d—‘: ) and

soot conversion () are related through eq EES

da

= K@) -
wherein k(T) is the soot oxidation rate constant obeying
Arrhenius equation, k = A e %", Here the preexponential
factor, activation energy, and the temperature of soot oxidation
are denoted as A, E,, and T, respectively.60 The conversion
function, f(@), represents the overall reaction model, which
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avoids the need for detailed individual oxidation reactions.
Equation EES can be represented in a logarithmic form as

(da) .
T el
dt),,  RT,

a,i

+ In[A(f ()],
(ES.1)

wherein i varying from 1 to 4 is representative of the
experimental results that correspond to the heating rate of (2i
— 1) °C/min, and E, and T, represent the activation energy
and the temperature corresponding to a given a, respectively.
The slope of the plot of In(da/dt),; vs 1/T,; at a given
conversion gives the E, value for soot oxidation. The plot of
soot conversion and soot conversion rates as a function of
temperature and different heating rates is presented in Figure
S2 in the Supporting Information. Figure S3 in the Supporting
Information presents the plots of eq EES.1.ES.1, from which
activation energies were obtained. The term In [A(f(a))],; in
eq EES.1.LES.1 includes important information related to the
preexponential factor (A) and the soot oxidation model, and
can convey some information related to entropy of activation
(entropy difference between the reactants and the transition
state) for the rate-determining step during soot oxidation.
Therefore, this term was calculated and is plotted in Figures S4
and S5 in the Supporting Information. A discussion on the
entropy of activation and its relation to the observed reactivity
trend is also provided in the Supporting Information. More
details about the procedure for activation energy calculation
using the soot conversion profiles at different heating rates can
be found in refs 60, 61. A more accurate estimation of
activation energy would be based on a detailed combustion
kinetic model of fuels/soots, but such combustion models are
extremely complex with a large number of reactions and
chemical species, many of which are radicals and undergo fast
reactions. Moreover, in a given TGA experiment at a fixed
heating rate, the temperature gradient between the sample
holder and soot sample also has an effect on the soot
conversion profile in a dynamic system that is difficult to
model accurately. While the above-discussed method of
calculating activation energy considers some artifacts in the
results due to the temperature gradient by estimating soot
conversions at different heating rates (e.g., fast heating rates
such as 5 and 7 °C/min ensure that the temperature gradient
effects are minimum and the oxidation chemistry of soot
governs the observed trends in activation energy), it is still
possible that the observed variations in activation energy with
time could be a result of: (a) experimental artifacts such as the
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temperature gradient in the sample and the gas phase and the
mass transfer limitations in the penetration of O, molecules in
the core of soot samples that are difficult to model, and (b) the
model assumption that soot oxidation would follow eqs EES
and EES.1.ES.1 to be able to use Friedman method for
determining activation energy. Therefore, as per the recom-
mendations of ICTAC Kinetics Committee for kinetic
computations on thermal analysis data,°' the complex detailed
reaction models are avoided and are replaced by a global
kinetic model represented by f(a) so that global activation
energies can be estimated, which have been very useful in
predicting oxidative reactivity of soots.

Typically, a shift in the soot conversion curve toward higher
temperatures is observed, as the heating rate is increased. This
is a result of (a) temperature gradient between the soot sample
and the air due to heat transfer delay. (b) As the heating rate is
increased, the time available for soot to reach a given
temperature and get oxidized by O, at that temperature
reduces. This reaction delay causes the same soot conversion
level to be achieved at a higher temperature with a higher
heating rate. By performing TGA experiments at different
heating rates, a cumulative analysis of all possible effects of
time delays and reactivity of soot with O, can be accounted for,
thus allowing a more accurate estimation of global activation
energy.62 Figure SA presents the typical soot conversion (a) as
a function of temperature measured at a constant heating rate
of 5 °C/min.

As evident from Figure SA, 10% conversion of DE and DF
soots occurs at temperatures of 535 and 520 °C, while JE and
JF soots need relatively lower oxidation temperatures of 512
and 503 °C, respectively. The conversion of 50% for DE and
DF soots occurs at 587 and 579 °C, while that for JE and JF
occurs at 569 and 562 °C, respectively. At a stage near
complete oxidation, i.e., 90% conversion, DE and DF need 617
and 612 °C, while 608 and 592 °C are needed for JE and JF
soots, respectively. This clearly shows that the differences in
the soot nanostructural characteristics such as lower primary
particle size, higher tortuosity, and smaller fringe length, as
observed in XRD and HRTEM analyses, especially in the case
of Jatropha biodiesel-blended diesel soot, result in enhanced
oxidation of soot structure at a relatively lower temperature.
Figure SB depicts the variation in activation energy as a
function soot conversion. The initial activation energy serves as
a good indicator of the soot nanostructural reactivity and its
ease of oxidation with O,. As evident from Figure 5B, DE soot
has the highest initial activation energy of ~170 +10 kJ/mol,
while JF has the least value of ~123 + 10 kJ/mol. The
difference in the activation energies of engine- and flame-
generated diesel soots (DF and DE) is around 30 kJ/mol,
while the activation energy of Jatropha biodiesel-blended diesel
engine soot (130 = 10 kJ/mol) is 7 kJ/mol higher than that of
flame-generated soot. This suggests that engine-generated
soots are relatively difficult to oxidize due to their enhanced
graphitic character and lower nanostructural disorder, as
observed in Raman and HRTEM analyses. The lower
difference in activation energies between flame and engine
soots with the biodiesel-blended fuel implies that the enhanced
soot oxidation due to fuel-bound oxygen with Jatropha
biodiesel possibly surpasses the soot formation rate, the effect
of which partially compensates for the differences in engine
and flame combustion conditions. This observation is
consistent with the earlier observations regarding soot
nanostructural characteristics in Table 2.

3.6. Electron Energy Loss Spectroscopy (EELS). The
EELS technique proves to be effective in obtaining the
information about the atomic structure of carbons in soot. In
this method, the energy loss that occurs during the inelastic
collision of an electron beam with that of orbital electrons of
carbon in soot is measured. Typically, two electronic bands,
one around 285—287 eV, called the n* band, and the other
near 290—305 eV, called the ¢* band, are observed, as shown
in Figure 6. A qualitative comparison of the 7* and o*
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Figure 6. EELS spectra of graphite, diesel soot (DE and DF), and
Jatropha biodiesel-blended diesel soot (JE and JF) generated using
engine and flame.

intensity values of graphite with that of soot samples shows a
critical difference in the relative peak intensity and the shape of
the peaks. In the case of graphite, the 7* peak is more intense
and well resolved compared to the o* band intensity,
confirming that the sp” character is prominent due to the
presence of C=C in the graphene layers. On the contrary, the
7* intensity is much lower than the ¢* band in all of the soot
samples, confirming a greater degree of crystal structure
disorder and an increased sp® character due to surface
functionalities in combustion-generated soots. Therefore, the
7* peak intensity provided an estimate of the sp® character of
the carbon bonds present in the soot structure. Initially, the sp*
content (R) of the soot sample is calculated as

_ L(7*)L(A)
L(A)I, (E6)

wherein the K shell intensity of z* peak is denoted as L(z*),
while the K-loss integrated throughout the energy range A
(=50 eV) beginning at the threshold is denoted as I;(A). The
ratio I;(A)/I, represents low-loss and zero-loss intensities,
which are used to correct for plural scattering existing in I, (A).
Subsequently, the percentage of sp® carbons in the soot sample
is calculated with respect to the sp” content of the graphite
sample (Rg) as follows
=R %100
Ry (E7)

The quantitative values determined from the above analysis are
presented below. The DE and DF soots have around 61 and
57% sp” character, respectively, while JE and JF soots have 47
and 39% sp” character, respectively. It is to be noted that the
engine soots, DE and JE, have relatively greater sp” character
compared to their counterparts, DF and JF, generated from

https://dx.doi.org/10.1021/acs.energyfuels.0c02063
Energy Fuels 2020, 34, 12960—12971


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02063?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c02063?ref=pdf

Energy & Fuels

pubs.acs.org/EF

flame, due to the relatively increased graphitization effect of
carbon structure in the engine environment, which is in good
agreement with the results obtained from Raman analysis.
Moreover, the diesel soots from engine and flame setups show
significantly higher sp® character (more graphitized) than the
Jatropha-blended diesel soots. With addition of neem biodiesel
to diesel, a decrease in sz/ sp3 ratio was also reported in ref 34
through EELS analysis. On the contrary, an investigation by
Song et al.”* on soot particles from Fischer—Tropsch fuel and
pure soybean biodiesel using EELS spectroscopy concluded
that pure biodiesel soot was more ordered with higher sp’
character compared to the Fischer—Tropsch fuel soot. The
effect of biodiesel was probably substantially reduced in our
soot samples, as we did not use 100% biodiesel to replace
diesel in engine, but only 20% Jatropha biodiesel was blended
with diesel. Nonetheless, the higher oxidative reactivity, the
lower sp” character, and PAH stacks of smaller lengths and
greater interplanar separation (as observed in previous
sections) point toward the presence of aliphatics (that are
more reactive than aromatics) on soot from biodiesel/diesel
blend, which is possibly induced by the addition of oxygen/
OH/hydrocarbon radical species on the PAH layers at the
edge carbon atoms.'

Based on the above studies, it is observed that atmospheric-
pressure flame setup in smoke point apparatus is able to
qualitatively predict the fuel effects on the physical and
chemical characteristics of soot particles that were observed in
engine, although some differences were found quantitatively
due to higher pressure, temperature, and oxygen content in
engine compared to a sooting diffusion flame.

4. CONCLUSIONS

A series of detailed nonstructural characterization tests and
comparisons between soots obtained from diesel and Jatropha
biodiesel/diesel blend obtained via engine and flame setups
were conducted. Two sets of soot for each fuel blend were
generated using an ASTM standard smoke point flame
apparatus and a four-stroke, single-cylinder diesel engine. A
striking difference between soots from these two combustors
was found through XRD analysis, where engine soots had a
high concentration of loosely bound aliphatic hydrocarbons,
although they tend to detach from soot easily when heated at
merely 300 °C, far below the oxidation temperature of diesel
soot. It was due to high fuel flow rates in engines than in flames
that increase the unburned hydrocarbon concentration per unit
time to adsorb on soot during collection. In general, engine
soots exhibited greater graphitic character than flame soots due
to the graphitization effect under engine conditions of high
temperature and pressure. The overall trend in soot nano-
structural analysis by HRTEM, XRD, Raman, TGA, and EELS
analyses suggests that engine soots have greater primary
particle diameter, lower interplanar separation, greater PAH
stack dimensions, lower fringe tortuosity, lower oxidative
reactivity (higher activation energy), and higher sp® character
than the flame soots (though the differences in some
parameters such as interplanar separation, crystallite length,
thickness, and tortuosity were minor, and could be considered
to be similar). However, no difference in the trend prediction
was found irrespective of the combustion setup (flame and
engine), when a biodiesel was blended with diesel. For
example, in both flame and engine, the addition of biodiesel to
diesel reduced particle size, increased interlayer spacing,
reduced crystallite dimensions (i.e., reduced graphitic charac-

ter), increased tortuosity, reduced sp2 character, and enhanced
soot reactivity. Moreover, biodiesel addition to diesel also
reduced the differences observed between flame soot and
engine soot, which indicates that, in less sooting conditions,
flame and engine soots appear more similar to each other. The
oxidative reactivity trend in TGA agreed well with the above
changes in soot nanostructures. The results suggest that, while
engine soot nanostructure has more relevance to the actual
anthropogenic particulate matter, the smoke point apparatus
appears to be an economical and suitable tool for studying the
effect of an additive/blending component to diesel on the soot
physicochemical properties and soot reduction potential, and
can be helpful to screen fuel additives before utilizing them for
engine applications.
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